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The crystallinity in membranes and fibres prepared by sulphochlorination of low-density polyethylene 
was determined by an X-ray diffraction method. A considerable decrease in the crystallinity was detected 
as the sulphochlorination reaction proceeded. The rate of decomposition of crystalline phase was 
strongly influenced by the degree of perfection of the polyethylene crystals and was much greater that 
the less-perfect crystals in the cold-drawn fibres than for more perfect crystals in sheets. 
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I N T R O D U C T I O N  

The transport of molecules through polymeric 
membranes has been shown to be influenced by the degree 
of crystallinity of the polymer 1-4. The behaviour of ion- 
exchange membranes or fibres consisting of a 
polyethylene-based matrix may thus be influenced by 
changes in crystallinity which may take place during 
chemical modification of the matrix. A widely used group 
of membranes of this type are usually prepared by 
sulphochlorination of low-density polyethylene, followed 
by hydrolysis or aminolysis 5-v. The reaction may take 
place in the liquid or the gaseous phase, with u.v. light or 
organic promotors for initiation of the chlorination 8 - t z.  
Some authors found that the crystallinity of the original 
material changed during the course of the reaction 13 -14, 
but others reported that it did not, even after long reaction 
times7' 15. 

In this work, measurements of the crystallinity of a 
polyethylene-based matrix were carried out during the 
course of a sulphochlorination reaction, and an attempt 
was made to explain the conflicting results obtained by 
other authors 13-15 

EXPERIMENTAL 

Materials 
Polyethylene fibres (the Israel Fiber Institute) and 

polyethylene sheets (Petrochemical Industries, Israel) 
were used as the starting materials. The fibres were melt 
spun and cold drawn at a ratio of 4:1. (This type of ion- 
exchange fibres was developed by our laboratory for 
industrial applications 16 - 17.) The fibres were 
photochemically reacted with SO2 and CI 2 (1:4) at 60°C 
for various times up to 20 h after preswelling in decaline 
(decahydronaphthalene)l 7. The polyethylene sheets were 
treated in the same way. 

Although the fibres and sheets were both produced 
from low-density polyethylene, there were marked 
structural differences between them. These differences 
were reflected by that fact that the width of the diffraction 
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peaks for the fibres was more than twice that for the sheets 
(the broadening being a function of the lattice distortion 
and the small size of the crystallites in the polyethylene 1 s). 

For example, the half-height width of the 110 peak was 
1.10 ° for the fibres and only 0.5 ° for the sheets. We did not 
attempt to separate the effects of lattice distortion and 
crystallite size, although it seems likely that both effects 
were present, since the value of the half-height width of the 
220 peak was intermediate between one for a pure 
distortion effect and one for a pure size effect. The 
increased lattice distortion in fibres is apparently the 
result of plastic deformation of material during cold 
drawing. Annealing considerably reduces the half-width 
of the 110 p e a k ~ o  0.9 ° at an annealing temperature of 
60°C and to 0.6 ° at 90°C, 

Methods of analysis 
Three different methods are in common use for the 

determination of the crystallinity of polymers: X-ray 
diffraction, measurements of density and determination of 
the heat of fusion. In our case, X-ray diffraction seems to 
be preferable, since the determination of density or heat of 
fusion does not seem viable for the following reasons. The 
measurement of density is based on the fact that the 
density of crystalline polyethylene differs from that of the 
amorphous polymer by 159/o. Since introduction of the 
comparatibely heavy atoms S and C1 into the 
polyethylene matrix during sulphochlorination may 
cause a change in density of about the same magnitude, 
the method is obviously not practicable for the 
determination of crystallinity. The heat-of-fusion method 
is based on a comparison of the heat of fusion of a pure 
crystalline phase and that of the sample under 
investigation. Since the effect of sulphochlorination on the 
heat of fusion of the polymer is not known, it is not 
possible to use this method. 

We therefore chose to use an X-ray method similar to 
that of Hermans and Weidinger 19. Some difficulties arose 
due to changes in absorption, preferred orientation, 
density and the dimensions of the sample resulting from 
the sulphochlorination of the polyethylene. These 
difficulties were overcome by means of the following 
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treatment of the results. For each phase (crystalline or 
amorphous) in any sample, we can write the following 
equation2°: 

I - K i  
ij-~ijXijAij (1) 

where I u is the intensity of the diffraction peak of the ith 
phase in thej th sample; K~ is a constant for the ith phase; 
X u is the weight fraction of the ith phase in thejth sample; 
Pu is the density of the ith phase in thejth sample; A u is the 
absorption factor. 

From two equations of the form of equation (1) written 
for two samples with different crystallinities and two 
equations of the kind: 

~ X  u = 1 ( 2 )  
i=1 

written for the same samples, we can derive an equation 
for any X u 

For example X ~ 1 - L~(1  - L . )  ( 3 )  
L¢ - L a 

where Lc=(IllPll/All):(I12Pl2/A12) 

/n = (121 P2 l/A21):(I22 P22/A22) 

As was shown in ref 21 the error in analysis increases 
drastically if L C-~L.. Therefore, in order to reduce this 
kind of error, we chose from the samples to be analysed, 
two pairs of samples with the largest and smallest values 
of L c and L,. The samples chosen were: 

Pair 1: Untreated fibres and fibres treated for 10 h and 
Pair 2: Untreated fibres and untreated sheets. 

Finally, the crystallinity of a sample of untreated fibres 
was determined and served as a reference for the 
crystallinity of other samples determined according to 
equation (1). 

diffuse halo was clearly visible (Figure lb). The problem 
was more complicated for the untreated samples of fibres, 
for which the diffuse halo was hidden under the tails of the 
very strong and very broad 110 peak (Figure la). In this 
case the diffuse halo obtained during the transmission 
meridional run of the untreated sample, i.e. the scattering 
of the amorphous phase, was subtracted (after absorption 
corrections) from the pattern obtained by reflection 
geometry. 

For the treated samples, an additional correction was 
introduced for the scattering of the heavy atoms (SO2 
groups and C12). It seems reasonable to assume that SO2 
and C1 would be concentrated in the amorphous part of 
the material. The content of these atoms was rather low, 
between 1 and 2 atomic %, and their positions were 
irregular with respect to each other. We could, therefore, 
consider the scattering of these atoms as gas scattering 
and subtract it from the diffuse halo in the following way. 
A scattering angle of 0,,~ 50 ° far from the sharp diffraction 
peaks was chosen, and the intensity I measured at this 
angle was approximated as the sum of the following items: 

I=Clf12 q-C2f22 q-C3f32 q-Clil q-C2i2 q-C3i3 (4) 

where Ca, C2, C3--molar concentrations of CH2, SO 2 
and C12, respectively;fl f2, fa--scattering factors of these 
groups; i~, i2, i3--incoherent scattering of these groups. 

The quantities C1-C 3 are known from chemical 
analysis, and f~-f3 and il-i 3 may be obtained from ref 22. 
It is then possible to divide the intensity I between all the 
items of equation (4). After this step, it is possible to 
subtract the scattering caused by the heavy atoms and 
the incoherent scattering from the intensity of the diffuge 
halo at the angular range 10-30 ° by using the known 22 
dependence of f and i on 20 angle. 

Absorption correction 
For symmetrical reflection geometry and for a sample 

of thickness tj, the absorption factor Au 2° may be 
calculated from 

Instrumentation 
Diffraction patterns were obtained with a Philips 

diffractometer equipped with a copper tube and a 
proportional counter. The divergence slit was set at 1 ° and 
the receiving slit, at 0.2 mm. Both transmission and 
reflection geometries were used. The samples were taken 
either from a single sheet or from a row of parallel fibres. 
For each sample, the diffraction pattern was also obtained 
with a Philips pinhole flat-film camera, and the 
distribution of the intensity along the l l0 ring was 
measured by means of a Joyce and Loeb 
microdensitometer. 

The distribution of sulphur and chlorine in the 
sulphochlorinated sheets and fibres was examined with a 
JEOL (JSM-35) scanning electron microscope with an 
EDAX attachment for X-ray spectrochemical analysis. 

Intensity measurements 
The integral intensity of the 110 and 200 peaks 

represented the scattering by the crystalline phase, and the 
halo between 20 = 10 ° and 30 ° gives the intensity of the 
scattering by the amorphous phase. 

The separation of the diffraction peaks from the diffuse 
halo was not difficult for the treated samples because the 

A u = ~j , [  1 - exp - (2p];/sln Oi)] = 

( pst; "][1 - exp - (2p#Hsin Oi)] (5) 
2p]jJ 

where #~--linear absorption coefficient of sample j; 
#*=mass  absorption coefficient; p s ~ e n s i t y  of the 
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Figure I X-ray diffraction patterns of untreated polyethylene 
sheets (a) and fibres (b} 
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Table I Crystallinity of polyethylene fibres and sheets 

Integral intensity of 
Time o f  t reat-  110 and 200 peaks ~r/2 Crysta l ini.ty 

Sample Preswelling ment  (h) counts x l O  5 1~ f ( e )  cos<xda  (%) 

Fibre - -  0 19.0 0,45 51 
" + 1 9.70 0,45 37 
" + 4 6.90 0,50 29 
" + 10 2.80 0.57 17.5 

F i lm --  0 7.3 1,00 31 
" + 4 3.20 1.00 21.5 
" + 10 3.00 1,00 21.5 
" + 20 2.30 1.00 19.5 
" -- I 5.2 1.00 26 
" -- 10 3.80 1.00 24 
" - -  20 3.30 1.00 24 

sample, tj~thickness of the sample. 0j--scattering angle 
of phase i. 

For symmetrical transmission geometry 

Air = pjt j exp - (lljt j/cos Oi) (6) 

The quantity ~jtj w a s  obtained experimentally by direct 
measurement of the absorption of monochromatic CuK~ 
radiation by the sample. The quantity pjtj (the 'surface 
density') could be measured without difficulty: if Uj is 
the area of the sample (approximately 4 x 3 cm 2) and G j - -  
the weight of the sample, then: 

p jr; = GJUj (7) 

Preferred orientation correction 
In polyethylene fibres, the direction (001) is 

approximately parallel to the fibre axis, and the 
distribution of the poles to any hkO plane has an axial 
symmetry. This distribution can be described by the 
function f(~) where ~ is the latitude of the pole. If the 
function f(~) is normalized so that f (0 )=  1, then the 
average intensity of reflection from planes hkO is given by: 

n / 2  

o 

d~ (8) 

where lo{0)--intensity of diffraction for the equatorial 
(~ = 0) run in the diffractometer. 

The function f(~) was obtained by measuring the 
intensity distribution along the 110 Debye ring, and the 
correction was applied according to equation (8). The 
validity of preferred orientation correction was confirmed 
by comparing the intensities lij for untreated fibres with 
those of the same fibres annealed at 60°C. 

RESULTS AND DISCUSSION 

The crystallinity of the untreated fibres was obtained 
according to equation (3): for this equation the first 
member of each pair of samples was taken as untreated 
fibres; the second member of the one pair was a sample of 
untreated sheet; and the second member of the other pair 
was a sample of fibre after 10 h of treatment. Two 
independent results obtained for the crystallinity of the 
untreated fibres--51~o and 50.5~o--were in excellent 
agreement. The crystallinity of the untreated sheet and 

fibres after 10 h of treatment was 31'~o and 17.5'~o, 
respectively. The crystallinity of the other samples was 
determined according to equation (1) with samples of 
untreated fibres and untreated sheet serving as standards. 

From the results summarized in Table 1, we can see that 
the crystallinity of both the polyethylene fibres and sheets 
decreased as the sulphochlorination reaction proceeded. 
Preswelling of the polyethylene matrix facilitated a 
further decrease in crystallinity. The latter phenomenon is 
not unexpected since preswelling will enhance matrix 
relaxation which will in turn tend to facilitate the diffusion 
of gases into the matrix during the reaction. 

The decrease of crystallinity in the fibres was 
considerably larger than that in the sheets for comparable 
reaction times. Let us now examine the three main 
factors which may contribute to the rate of decomposition 
of the crystalline phase, i.e. the initial concentration of the 
crystalline phase in the sample, the specific (external) 
surface area of the sample and the reactivity of the 
crystalline phase, defined by size of the crystallites and the 
extent of lattice distortion. The average rate of 
decomposition of the crystalline phase in fibres is 3.4% 0 per 

1 ° c hour for the 10 h period, as opposed to ,,o ~or the sheets. 
The ratio of the initial crystallinity in these samples is 1.5 
which is much lower than the ratio of the decomposition 
rates (3.4). Furthermore, the crystallinity of fibres dropped 
below that of sheets after the same time of reaction. It is 
thus clear that difference in the initial crystallinity cannot 
be the only factor causing the greater rate of 
decomposition of the crystalline phase in our fibres, and 
the remaining two factors should be considered. 

The specific surface area Sy of the fibres with diameter d 
and density p is equal to 4/pd. Consequently, for sheets of 
thickness t, provided that t is very much less than the 
planar dimensions of the sheet, Ssh=2/pt. In our case 
d~0.18 ram, t~0.2 mm and ratio Sj,/S~h~2, i.e. the 
difference in the specific surface area between fibres and 
sheets is considerable. At this stage, it became necessary to 
determine the mechanism of the sulphochlorination 
reaction, since a diffusion-controlled mechanism would 
imply that the specific surface area would exert a 
considerable influence on the sulphochlorination reaction 
and thus on the crystallinity, whereas a reaction rate 
dependent entirely on the sulphochlorination mechanism 
would imply that the specific surface area does not play an 
important role. 

In order to elucidate the mechanism of reaction, we 
performed line-scan profiles of the chlorine and sulphur 
contents in fibres and sheets by means of a scanning 
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Figure 2 Distribution of chlorine (a) ahd sulphur (b) across the 
sulphochlorinated polyethylene sheet 

electron microscope with an EDAX attachment (Figure 
2). The direction of scan was normal to the plane of the 
sheet or along the diameter of the fibre cross section. 
Uniform distribution of chlorine or sulphur along the 
cross section would show that the mechanism of 
sulphochlorination is reaction-kinetics controlled and a 
decrease of concentration towards the middle of the sheet 
cross section or the centre of the fibre cross section would 
imply a completely or partially diffusion-controlled 
mechanism. According to our results (Figure 2) the 
chlorination process is reaction-kinetics controlled, but 
sulphochlorination is at least partially diffusion 
controlled. 

If the line-scan profile of sulphur is known, the average 
concentration of sulphur can be calculated as follows. 

For fibres 

a12 

C 1 : = v l  2~XLC(X)dX 

0 

For sheets 

t 

0 

where v is the volume of the fibre or sheet; L is the length of 
the fibre or sides of the rectangular sheet; C(X) is the 
distribution of the sulphur concentration along the 
diameter of the fibre or along the axis normal to the plane 
of the sheet. 

According to equations (9) and (10) and distribution 
C(X) shown in Figure 2b, the ratio of the average 
concentrations C:/Csh is only ~ 1.10. Thus, in our case the 
difference in specific surface area between fibres and sheets 
has only a minor influence on the average concentration 
of sulphur and chlorine and, consequently, on the rate of 
decomposition of crystalline phase. 

Now, we have to take into account the significance of 
the third remaining factor, size of crystallites and the 
extent of lattice distortion, on the process of 
decomposition of the crystalline phase. Although it is 
difficult to perform any calculations, it is obvious, at least 
qualitatively, that this factor must have an important 
effect on the decompositon of the crystalline phase: both 

increasing the concentration of lattice defects and 
increasing the surface area of crystalline phase will lead to 
increasing internal energy and chemical activity of the 
polyethylene. 

In our process the decomposition of the crystalline 
phase is facilitated by the photochemical breakdown of 
the chlorine molecules within the polymer. The results 
presented in this paper will thus help to resolve the 
question of whether the crystalline phase of the 
polyethylene decomposes on sulphochlorination. In 
keeping with our resules Konishi et al) 3 found that the 
crystallinity of polyethylene decreased after 
sulphochlorination induced by irradiation. Similarly, 
Keller14 found that a single crystal of polyethylene placed 
in a chlorine gas stream was completely destroyed at 60°C 
or higher. He deduced that chlorine radicals found their 
way into the crystal lamellae and disrupted their order. In 
contrast, Bickson et al. 7 did not find any change in 
crystallinity after their sulphochlorination process. The 
difference between our process and that oPBickson et al. 
may explain the incompatibility of the results: our 
reaction was carried out in the gas phase at 60°C, whereas 
that of Bickson et al. was carried out in the liquid phase at 
15°C with an organic peroxide (methyl ethyl ketone 
hydroperoxide) as the initiator and cobalt naphthenate as 
the promotor. This latter reaction is sterically hindered 
since the large organic radical cannot find its way into the 
lamellae and thus attacks only the amorphous part of the 
matrix. 
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