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SYNOPSIS 

Polyethylene (PE) pulp fiber was treated by ozone for surface modification. Surface analysis 
was performed by using X-ray photoelectron (ESCA) and IR (FTIR) spectroscopies. Carbon 
(C)  and oxygen (0) were the main atoms detected by ESCA (Cis, 01, regions) on the 
treated fiber. Analysis of the C1, peaks (Cl, C2, and C3) showed that the oxidation level 
changed with the ozonation time. O1. peak components (00, 01, and 0 2 )  were very useful 
to complete the surface analysis. FTIR spectra showed the presence of carbonyl groups 
( 1740-1700 cm-' ) , even on nontreated fiber, which increased in intensity as treatment 
time increased. Ozone treatment went beyond the surface level to the bulk of the fiber. 
This was marked by a large increase of the intensity of the carbonyl band after 3 h of 
ozonation. Thermal analysis suggests structure and morphology changes of fiber when 
exceeding 2 h of ozonation. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Pulp is the raw material for the production of paper, 
paperboard, fiberboard, and similar manufactured 
products. Wood is the principal origin of the pulp 
fiber produced around the world. Pulp fiber can be 
produced also by synthetic ways. Polyolefin syn- 
thetic pulps (polyethylene and polypropylene) are 
the most common and are designed to be blended 
in all proportions with wood pulp and made into 
papers using conventional equipment. As polyolefin 
surfaces are hydrophobic and not chemically bond- 
able to other materials,' poor interfiber adhesion is 
the main problem with such composites and is 
greatly dependent on the surface properties of the 
blended materials. Thus, understanding the nature 
of surfaces and interfaces is an issue of major con- 
cern for these applications. For paper applications, 
the modification of synthetic fiber is required for 
bondability and water wettability and also for better 
adhesion with wood fiber as in composite papers. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 49. 361-373 (1993) 
0 1993 John Wiley & Sons, Inc. CCC 0021-8995/93/020361-13 

However, an efficient, economical, and practical 
method to modify the surface of polyolefin fiber is 
needed to ensure market expansion. 

For better interfiber bonding and water wetta- 
bility and dispersion, a wide variety of water-soluble 
polymers or even conventional surfactants may be 
added before fiber making. Forbess et a1.2 showed 
that poly(viny1 alcohol) (PVA) is preferred es- 
pecially for polyethylene (PE) pulps. These treat- 
ments provide only superficial wettability rather 
than true compatibility with lignocellulosic fiber? 
To improve compatibility, a mixture of unmodified 
polyolefins and copolymers of a-olefins and acrylic 
acid or maleic anhydride has been subjected to a 
spurting process as an aqueous emulsion to introduce 
polar groups in the resulting pulp: Chemical grafting 
of polar monomers, e.g., acrylamide, acrylic acid, and 
maleic anhydride, also has been r e p ~ r t e d . ~ - ~  The in- 
crease of surface energy following the introduction 
of polar groups onto a nonpolar material improves 
adhesion. It is also possible to increase the surface 
energy by generation of polar groups through dif- 
ferent techniques on polymeric surfaces, such as the 
corona discharge on poly (ethylene terephtalate) 
(PET) and PE filmss-'' and UV light on PET,' ny- 
lon 6, and polypropylene (PP) l1 films. 
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Dasguptal reported that ozonation of dilute 
aqueous slurry of PP pulp generates carboxyl groups, 
and this yields better responses toward paper wet- 
strength resins. However, the ozonation degraded 
the chain length of polyolefins as shown by the in- 
trinsic viscosity of the treated material.' 

X-ray photoelectron spectroscopy or electron 
spectroscopy for chemical analysis (ESCA) involves 
the measurement of binding energies of electrons 
ejected by ionization of atoms with a monoenergetic 
beam of soft X-rays. It has been already used for 
the surface characterization of wood, 12,13 wood 
pulp fiber, 14-16 textiles, 17*" cellulose, 15,19 and poly- 
m e r ~ ~ ~ - ~ ~  such as films preirradiated with UV radia- 
t i ~ n , ~ ~  PE film modified by halogenated gas,25 and 
PET film grafted with poly (acryl amide) .26 

Infrared spectroscopy has been extensively used 
in the characterization of cellulose, 27*28 lignin, 29930 

and  polymer^.^^,^^ In recent years, with the advent 
of FTIR spectroscopy, surface sensitivity has im- 
proved but not as much as with ESCA. However, in 
systems with variable chemical composition within 
the surface depth range 0-1 pm, the two techniques 
are complementary. 

The objective of this work was to study the effect 
of ozone treatment on PE pulp fiber, pretreated by 
a wetting water-soluble polymer, at the surface level 
and in the bulk, using ESCA and FTIR techniques. 

EXPERIMENTAL 

Materials 

Synthetic pulp fiber used in this work was a PE fiber 
from DuPont. A wetting agent, apparently PVA, was 
previously introduced into the polymer solution be- 
fore flash spinning. PVA is synthesized from 
poly (vinyl acetate) through an alcoholysis reaction: 

This is seldom carried to completion. Hence, both 
hydroxyl and acetate groups should be present at 
the fiber surface. 

Polyolefin pulp fiber has a very irregular surface 
with many crevices. It has a quite large specific sur- 
face area, typically 5-20 m2/g, a high brightness 
(> go%)), and a bulk density of 0.2-0.4 g/cm3. PE 
pulp fiber was received as folded, thick, low-density 
sheets. It was washed with lukewarm water to dis- 
solve any surface-adsorbed water-soluble polymer. 
The PE pulp fiber was then oven-dried and defi- 

brated. An aspect ratio of 74 k 59 (L = 0.6 mm, 
d = 8 pm) was measured. 

Fiber Ozonation 

The experimental procedure used for the ozonation 
of PE fiber was partially similar to the procedure 
described by Dasgupta.' The reaction was carried 
out in a cylindrical resin-making flask (1.5 L glass 
flask), with inlet and outlet tubes for gas flow and 
a stirrer (Fig. 1 ) . The slurry containing around 3% 
fiber by weight (25 g of PE fiber/800 mL of water) 
was heated to 70 k 10°C and well stirred while pass- 
ing a regulated amount of ozone into the slurry. Two 
drops of surfactant (Tween 80) were added to the 
slurry to maintain a good dispersion of fibers in the 
water. 

A Matheson laboratory ozonator, Model 8340, 
was used to generate ozone from oxygen at  a power 
of 130 W and a pressure of 0.4 bar. An excess of 
potassium iodide solution was used to neutralize the 
amount of unreacted gas (ozone) leaving the reac- 
tion flask. Samples are described in Table I. 

Apparatus 

The ESCA apparatus used for the pulp surface 
characterization is an ESCALAB Mk I1 spectrom- 
eter, fitted on a Microlab system from Vacuum Gen- 
erators and equipped with a nonmonochromatized 
dual Mg- A1 anode X-ray source. Kinetic energies 
were measured by a hemispherical electrostatic an- 
alyzer ( r = 150 mm) in the constant pass energy (20 
eV) mode with a resolution of 1.1 eV. The base pres- 
sure was 10-8-10-6 Torr. The PE fiber was intro- 
duced into a stainless-steel cup, then into the vac- 
uum system. Before analysis, samples were cooled 
for 20 min at a temperature of about -8OOC. This 
yields a minimal sample degradation. All analyses 
were done with a MgKa source at 300 W. 

FTIR results were obtained with a Mattson spec- 
trometer, Model Sirius 100. Infrared spectra were 
recorded in transmittance units in the range 400- 
4000 cm-l, with 4 cm-' resolution and 300 scans 
with triangular apodization. PE fiber was dispersed 
in a tablet of KBr prepared by grinding the sample 
(3 mg of anhydrous fiber) with KBr (197 mg) and 
compressing the whole into a transparent tablet. 
Compression time and pressure were 15 min and 
15,000 psi, respectively, and this was done using an 
evacuated die. 

Thermal analysis was done on a Mettler TA 4000 
Thermal Analysis System interfaced with a com- 
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Figure 1 Schematic representation of PE pulp fiber ozonation. 

puter using Mettler Graphware TA72. Four milli- 
grams of PE fiber were enclosed in Mettler ME- 
27331, 40 pL capsules. The temperature range as 
scanned was 40-300OC. 

RESULTS AND DISCUSSION 

ESCA Results and Data Treatment 

The binding energy, Eb (eV), of an electron on its 
original shell calculated through an X-ray photo- 
electron technique is given by the following equation: 

Table I 
Used in This Study for Recording 
the ESCA and FTIR Spectra 

Description of Synthetic Pulp Fiber 

Samples Description 
~ ~ 

A 

B 
C 
D 
E 
F 

PE fiber (PE/PVA/PVAc) as received 

Modified by ozone treatment during 1 h 
Modified by ozone treatment during 2 h 
Modified by ozone treatment during 3 h 
Modified by ozone treatment during 4 h 
Modified by ozone treatment during 5 h 

and washed by lukewarm water 

where E, is equal to the incident photons energy 
(1253.6 eV in this work for the Mg source); Ek, the 
kinetic energy of the electrons leaving the sample 
surface; E,, the energy lost in counteracting the po- 
tential associated with the steady charging of the 
surface; and @, the work function of the spectrom- 
eter. 

O/C Atomic Ratio and C,, Spectra 

ESCA spectra of elements detected on fiber surfaces 
are illustrated in Figure 2. A comparison between 
high-resolution CIS spectra obtained at the beginning 
and the end of each analysis shows no sample deg- 
radation during spectra recording. 

Doris and Gray1' reported that the atomic ratio 
O/C  of oxygen and carbon at  the surface level an- 
alyzed by ESCA can be estimated from their re- 
spective peak intensities (areas) by the following 
equation: 

0 1 I0 
X -  

C 2.85 Ic 
- 

where &E, is a correction term for the photoionization 
cross section. However, this equation does not take 
into account other correction terms related to the 
attenuation length, the angular asymmetry, etc. 
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Binding Energy (eV). 
Figure 2 
nonmodified ( A )  and ozonated fiber (B-F) . 

ESCA CIS and 0, spectra as intensity vs. binding energy expressed in eV of 

In this work, atomic concentrations of elements 
are calculated through their peak areas (intensities), 
taking into account 22 a relative sensitivity term as 
mentioned in eqs. (3-5). These concentrations are 
qualified as apparent because the composition in the 
analyzed volume (around 50 mm2 X 5 nm) is con- 
sidered homogeneous. 

Apparent surface concentrations of elements de- 
tected by ESCA are presented in Table 11. These 
concentrations were calculated automatically using 
a special program developed in the X-ray photo- 
electron ( GRAPS ) laboratory. After entry of re- 
cording conditions of the high-resolution spectra, 
the program normalized peak intensities (areas). 
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0 O/C theoretical 
o/c m. (5 )  

Table I1 Apparent Concentrations of Elements 
Detected by ESCA on Surfaces of Untreated (A) 
and Ozone-treated Fiber (B-F) 

Detected Elements (% Atomic) 

Samples C 0 S i" Nan 

- A 90.6 9.0 0.4 
B 94.4 5.4 
C 92.4 7.6 
D 96.6 2.8 0.6 
E 95.7 3.9 0.4 - 
F 97.0 2.9 0.1 

0.2 - 
- - 

- 

- 

Elements detected with very low concentrations. 

This normalization is necessary if the high-resolu- 
tion spectra (CIS and Ols) are recorded with different 
acquisition conditions: 

Ae: step size (= 0.1 eV, in this work) 
At: time per channel ( =  50 ms per channel, in 

n: scan number (23-50 scans, in this work) 
this work) 

Automatic normalization of peak intensities (areas) 
is made according to the following expression: 

Ae 
n X At 

I N  = I M  X - (3 )  

where I N  and IM are normalized and measured in- 
tensities, respectively. Based on the following equa- 
tion, 22 

where k is a proportionality term; N, the atomic 
density of element, related to concentration X; u, 
the photoionization cross section; L, a correction 
due to angular asymmetry; X, the attenuation length; 
T, the analyzer transmission; D, the detector efi- 
ciency; J, the incident flux of X photons on the 
analyzed surface; x ,  the molar fraction; and S, a 
relative sensitivity term ( = u L * X * T J) , the pro- 
gram calculates the relative elementary concentra- 
tions using the following expression: 

S a  x, = - 
Ii c-  
Si 

Since [O] = ( I O / S o ) / Z ( I i / S i )  and [Cl = ( I d & ) /  
Z ( Ii / S i  ) , then the O/C atomic ratio is given by 
the following equation: 

Figure 3 shows the variation of the atomic ratio 
0 / C calculated through apparent concentrations 
[ eq. ( 5 ) ]  and through a theoretical approach, dis- 
cussed later, as a function of the ozonation time. 
The 0 / C atomic ratio was higher before oxidation. 
Oxygen should then be from hydroxyl groups 
( - OH) in poly (vinyl alcohol) ( PVA) , and/or 
from carboxyl groups ( 0 - C = 0) in the poly (vinyl 
acetate) (PVAc) that seem to be still present at the 
surface of the PE fiber, even after the lukewarm 
water wash. The decrease of the O/C atomic ratio 
detected by ESCA, after the first ozonation hour, 
suggests elimination of PVA and PVAc on the fiber 
surface, and this may increase the PE surface ac- 
cessibility. The outermost layers lose their oxygen 
with the wetting agent accessible at the surface. The 
oxidation of the PE surface took place at  the same 
time, and this may account for the re-increase of 
the O/C atomic ratio a t  the second ozonation hour. 
The decrease of the O/C atomic ratio after 2 h of 
ozonation suggests the loss of oxygen-containing 
functionalities from the PE surface, probably due 
to low molecular weight oxidized molecules, soluble 
in aqueous solution during fiber ozonation. 

21 I I I I I I I 
0 1  2 3 4 5  

Ozonation time (hours) 
Figure 3 O/C atomic ratio at the surface of PE fiber, 
calculated by apparent concentrations [ eq. (5)] and by a 
theoretical approach, as a function of the ozonation time. 
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A detailed examination of the C1, spectra showed F 
that these signals are composed of more than one 
peak. Each peak is attributed to a different chemical 
group. We performed spectra synthesis (Fig. 4 ) ,  
consisting of the addition of analytical peaks ( a  
product of Gaussian and Lorentzian functions) in 
order to reproduce as near as possible the experi- 
mental spectra.33 The adjustable parameters are 

E 
the energy position (Eb) , 
the full-width at  half-maximum ( A & ) ,  
the Gauss-Lorentz ratio (G/L)  , and 
the peak amplitude (height). 

Iwata et a1.,l0 citing Clark and Stephenson,'8 at- 
tributed the binding energies ( & )  of 286.4, 287.8, 
and 289.3 eV to the carbon in the C-0 groups, 
C=O or 0-C-0 groups, and 0 - C = O  
groups, respectively. D i l k ~ ~ ~  gave the carbon binding 
energies in the following groups: 

C2: -C-0-: 286.6 f 0.2 eV, 

c3: - c = o :  287.8 f 0.2 eV, 

-0-C=O: 289.0 f 0.2 eV, 

0- 

290.6 k 0.2 eV. 
I 

I 
c4:  o=c: 

D 

C 

B 
0- 

Doris and Gray" evaluated the chemical shifts 
of the C1, peak components relative to the value of 
285.0 eV for the C1 (C - C ) component of the C1, 
peak. Choosing this value is equivalent to referenc- 
ing the binding energy scale to the value of 533.2 
eV for the 0 2  component of the 01, peak. In this 
work, we chose 285.0 eV as the binding energy for 
the C1 component of the C1, peak components, and 
we correct the binding energies of C2 and C3 (Table 

to it. 

A 

111), as well of 00, 0 1 ,  and 03 (Table IV) relative tos.0 PP.0 

Tables I11 and IV present the results of the CIS 
and ol, peak synthesis, respectively; all energies (Eb, 

Binding Energy (eV) . 
A&) are in eV, and ?6 represents the percentage of 
each component with regard to the considered ele- 
ment. In these tables, the Eb were corrected with 
the hypothesis that the C1 component, representing 
C - C and C - H bindings, corresponds to a binding 
energy of 285.0 eV." 

Graphical results of the peak synthesis are pre- 
sented in Figures 4 and 5. Three components are 
observed for the C1, spectra (Fig. 4 )  : The C1 com- 

Figure 4 ESCA CIS spectra as intensity vs. binding en- 
ergy expressed in e V  experimental spectrum (e.s); total 
peak synthesis (t.p); analytical peaks (a.p) of nonmodified 
(A) and ozonated fiber (B-F). 

ponent is attributed to aliphatic carbon (CH,),, 
whereas C2 and C3 are attributed to carbon-oxygen 
bonds. It is evident from Figure 4 that, even after 
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Table 111 Corrected Binding Energies Eb (eV), fwhm AEb (eV), Gauss/Lorentz (G/L) Ratio, 
and Fractional Area for Deconvolution Components from ESCA CIS Peaks 
of Untreated (A) and Ozone-treated Fiber (B-F) 

Carbon C,. Peaks 

c1 c2 * C3b 

Samples Eb G/L % Eb AEb G/L % Eb AEb G/L % 

A 285.0 1.60 .58 91.6 286.6 2.10 .58 7.5 289.3 1.3 5 8  0.9 
B 285.0 1.63 .54 95.3 287.0 1.95 .54 3.9 289.0 1.5 .54 0.8 

.63 1.2 C 285.0 1.68 .63 94.6 287.1 1.83 .63 4.2 289.2 1.5 
D 285.0 1.77 5 4  97.8 287.6 1.12 .54 1.1 289.0 1.8 5 4  1.1 
E 285.0 1.76 .56 97.8 287.5 0.95 .56 1.0 288.8 1.6 .56 1.2 

5 6  1.3 F 285.0 1.74 .56 97.5 287.6 1.18 .56 1.2 288.9 1.8 

* Based on the Eb, C2 = C3" for samples D-F. 

several hours of ozonation, aliphatic carbon, as C1, 
is still dominant on the surface. 

Following D i l k ~ , ~ ~  C3 is attributed to the binding 
energies of 287.8 k 0.2 and 289.0 k 0.2 eV. We define 
C3" and C3b, and we associate them to the two last 
binding energies, respectively. From Table 111, C3 
could be associated to C3 ( 0 - C = 0 ) and this is 
based on the binding energy being relatively the 
same. C3b (carbon in carboxyl groups) concentra- 
tion increases from 0.9% on the nonozonated fiber 
(sample A)  to 1.3% on the 5 h ozonated fiber. Car- 
boxyl groups on sample A are proof of the presence 
of PVAc on the nonozonated fiber surface. This is 
due to carboxyl groups introduced at  the end of PE 
chains. Table I11 also shows that the binding ener- 
gies for C2 are relatively higher, compared with 
D i l k s ' ~ ~ ~  value, especially at  high ozonation times 
(D, E, and F) . There is (Table 111) an increase in 

C2 binding energies as ozonation time increases. A 
shift of 0.5 eV in C2 binding energy between sample 
C (ozonation time = 2 h )  and D (3  h )  is observed. 
This shift is equal to 1.0 eV if the comparison is 
done between sample A (nonozonized fiber) and 
sample D. The C2 binding energies of samples D, 
E, and F are relatively the same as the binding en- 
ergy attributed by D i l k ~ ~ ~  to C3 (here, C3": (3x0). 
Samples D, E, and F seem to be different from other 
samples (A, B, and C) . This difference is remarkable 
on for the C2 component, which increases in binding 
energies and decreases in A&,. Thus, we see (Table 
111, C2) two series of binding energies changing from 
about 287.0 to about 287.6 eV between 2 and 3 h 
ozonation time. There is the same discontinuity in 
the A&, from about 2.0 to 1.0 eV. There is an increase 
in the oxidation state of the carbon atoms, in a rather 
discontinuous manner at these times. These changes 

Table IV Corrected Binding Energies Eb (eV), fwhm AEb (eV), Gauss/Lorentz (G/L) Ratio, 
and Fractional Area for Deconvolution Components from ESCA O1. Peaks 
of Untreated (A) and Ozone-treated Fiber (B-F) 

Oxygen 01, Peaks 

00 01 0 2  

Samples Eb AEb G/L % Eb G/L % Eb G/L % 

A - - - - 532.4 1.8 .75 44.0 533.2 1.8 .77 56.0 
B - - - - 532.3 1.9 .83 51.5 533.2 1.9 .80 48.5 
C - - - - 532.3 1.9 .80 49.4 533.2 1.9 .80 50.6 

- - - - 532.4 2.0 .80 59.5 533.4 2.0 .85 40.5 D 
E - - - - 532.4 2.1 .80 66.6 533.3 2.1 .82 33.4 
F 529.4 2.2 .80 8.1 532.4 2.1 .80 49.5 533.4 2.1 .80 42.4 
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F 

E 

D 

C 

B 

A 

are also in evidence in FTIR measurements, as 
shown later. 

As a test of self-consistency, we define R, as an 
atomic ratio, and Q , as a sum of atomic ratios, based 
on stoichiometric relations between c2, c3, and 
O/C as 

R =  O/C, and 

Q = lc2(%) + lc3"(%) + 2 ~ 3 ~ ( % )  (7) 

where c2(%) = [C2]/[C]; c3(%) = [C3]/[C]; 
c3"(%) = [C3']/[C]; and ~ 3 ~ ( % )  = [C3b]/[Cl. 
In eq. ( 7) ,  numbers in front of concentrations are 
the number of oxygen atoms per each carbon atom. 
R should be equal to Q for all samples. For samples 
A, B, and C, Q = lc2 + 2 ~ 3 ~  (c3" = 0) , whereas Q 
= lc3" + 2 ~ 3 ~  (c2 = 0) for the remaining samples. 
Table V shows that R is not quite equal to Q. This 
could be explained in three ways: 

Not enough precision in the deconvolution of 
the C1, spectra and the evaluation of C2 and 
C3 peak areas, which are very small compared 
with those of the C1 component. 
Presence of oxygenated species, adsorbed at the 
PE fiber surface, whose 01, binding energy is 
not so different from the energy of the oxygen 
bonded with carbon. 
Presence of anhydride moieties (O=C- 
0-C=O),  in which two atoms of carbon 
( C3b) correspond to only three atoms of oxygen, 
rather than to four. 

O,, Spectra 

The envelope of the oxygen 01, spectra (Fig. 5 )  re- 
veals two main components: 01 at 532.3 and 532.4 
eV and 0 2  at  533.3 f 0.1 eV. A binding energy of 
533.2 eV attributed to the 0 2  component of the 01, 

Table V Apparent Concentration Ratio O/C (R) 
and Theoretical O/C Values (8) Estimated from 
C2 and C3 Fractional Area of Untreated (A) 
and Ozone-treated Fiber (B-F) 

Binding Energy (eV). 
A 
B 

9.9 
5.7 

9.3 
5.5 

C 8.2 6.6 
D 2.9 3.3 
E 4.1 3.4 
F 3.0 3.8 

Figure 5 ESCA 01, spectra as intensity vs. binding en- 
ergy expressed in e V  experimental spectrum ( e.s ) ; total 
peak synthesis (t.p); deconvoluted peaks (d.p) of non- 
modified (A) and ozonated fiber (B-F). 
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I 1 I 1 1 1 

4ooo 3Mo 3ooo WK) 2000 1500 loo0 m 

Wavenumber (cm-I). 
Figure 6 FTIR spectra of (A) nonmodified and (B-F) ozonated fiber: (a )  0 - H valence 
vibration; (b)  C - H valence vibration; ( c )  C = 0 valence vibration; (d)  CH2 deformation 
vibration; ( e )  C - 0 valence vibration. 

peak is frequently reported in the literature.'2-20 The 
binding energies of the 0 2  component measured in 
this work and corrected, based on the binding energy 
of 285.0 eV attributed to C1, correlate very well with 
the 0 2  c omponents arise from the 
hydroxyl (OH) oxygen, whereas 01 components 
arise from the other oxygens such as (0 = C and/ 
or - 0 - ) . It should be pointed out that, for non- 
ozonated fiber, the surface is richer in hydroxyl 

groups (Table IV, A 0 2 / 0  = 56% and 01/0 = 44%, 
where 0 corresponds to the total oxygen concentra- 
tion). This reveals the presence of PVA and PVAc 
at the surface. 

The decrease of 0 2 / 0  vs. the increase of 0 1 / 0  
after the first hour of ozonation can be a sign of the 
elimination of PVA, and, therefore, of hydroxyl 
groups, as discussed above. Table IV shows an im- 
portant increase in the 0 1  / O  ratio for sample D ( 3 
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Figure 7 Carbonyl band (1740-1700 cm-', valence vi- 
bration), relative to hydrocarbon band ( 2930-2852 cm-' , 
valence vibration) area, as a function of the ozonation 
time. 

h of ozonation) and especially for sample D ( 4  h )  . 
This should be accompanied by a significant vari- 
ation in surface energy. 

An important result is revealed also by Table IV. 
It is the onset of a new component for the 01, peak 
(Fig. 5; F ) ,  with a lower binding energy, a t  529.4 
eV. We attribute this binding energy to 0 0  com- 
ponents probably arising from oxygen bonded 
with a double bond (carbonyl) involved in a hy- 
drogen bond with a neighboring hydroxyl group 
( -O-H. . .O=C)  . This results in a lower 
binding energy. The existence of intra- and inter- 
molecular hydrogen bonds is a highly probable phe- 
nomena after a long time of oxidation (5 h)  by ozone. 
A similar binding energy (= 530.2 eV) has been 
associated to the 0 0  component by Ahmed et al.35 
in a study of the solid residues of supercritical ex- 
traction of Populus tremuloides in methanol. They 
believe that it could be attributed to the oxygen in 
strongly adsorbed water. 

FTIR Analysis 

To determine the level of modification caused by 
ozone treatment on PE fiber, FTIR spectroscopy 
measurements were performed as a function of re- 
action time. FTIR spectra of all samples are illus- 
trated in Figure 6. This figure shows that the vibra- 
tional bands that are significantly perturbed as a 
function of ozone treatment time are the carbonyl 
band vibrations at about 1740-1700 cm-' . It should 

be pointed out that no spectrum is free from carbonyl 
band vibrations, but the intensity of this band in- 
creased relatively from one sample to another as a 
function of reaction time. Here, in the FTIR anal- 
ysis, we mean by the word intensity the height of 
the peak and not the area as in the ESCA analysis. 
The carbonyl band area is measured relatively to 
the hydrocarbon (C - H ) band area, and the result 
is shown in Figure 7, as a function of the ozonation 
time. In this figure, a large increase in the [ C = 01 / 
[ C - HI area at the third hour of reaction can be 
observed. As discussed above (ESCA results ) with 
O/C atomic ratio, two series of fiber stand out 
through this discontinuity in the [ C = 01 / [ C -HI 
area ratio. However, Figure 3 showed an outstanding 
decrease in the O/C atomic ratio at this time of 
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Figure 8 
( A )  unmodified and (B-F) ozonated fiber. 

FTIR spectra focused on carbonyl band of 
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reaction ( 3  h )  . An exact agreement between ESCA 
and FTIR analysis cannot be expected since they 
have different sampling depths. The large increase 
in the [ C =0] / [ C - HI area ratio thus means that 
the bulk has been oxidized largely, while the out- 
ermost layers have lost part of their oxygen-con- 
taining moieties, as evidenced by the ESCA O/C 
ratio. 

Figure 8 shows the infrared spectra focused on 
the carbonyl stretching bands. A detailed exami- 
nation of these spectra shows the onset of a band 
at about 1700 cm-', after 3 h of reaction, and also 
the presence of two bands at  1717 and 1740 cm-'. 
Figure 9 illustrates the intensity of 1700 cm-' rel- 
ative to bands at  1473 and 2852 cm-'. This frequency 
should be attributed to moieties of conjugated al- 
dehyde strongly adsorbed in the bulk. A conjugated 
aldehyde is formaldehyde (gas) that should evapo- 
rate when it is a t  the surface. It is detected at  the 
bulk of fiber by FTIR. The appearance of conjugated 
aldehyde moieties at the third hour of oxidation is 
a clear sign of some chain ablation and degradation. 
Formaldehyde molecules should be involved in three 
hydrogen bonds with neighboring groups such as 

. 

=O . .H-0-C- 
c=o.. 

C=O..H 

Figure 10 shows a large increase in the intensity 
of the band at  1717 cm-' (attributed to a noncon- 
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Figure 10 Intensity of the nonconjugated ketone 
[ RR'C =0] band ( 1717 cm-'), relative to the intensities 
of [C-HI (2852 cm-', valence vibration) and of 
[ - CH2 - ] ( 1473 cm-' , deformation vibrations) bands, 
as a function of the ozonation time. 

jugated ketone: RIR& = 0 ) measured relatively to 
2852 and 1473 cm-' band intensities. This increase 
reveals a discontinuity in chemical composition, not 
only at  the surface as mentioned above by ESCA 
results, but also in the bulk of the fiber occurring 
between 2 and 3 h ozonation time. This change is 
due to a deep oxidation of the macromolecules by 
the introduction of oxygen atoms as hydroxyl groups 
and carbonyl (double) bonds. 

The relative intensity of the band at  1740 cm-' , 
attributed to a nonconjugated aldehyde, RHC = 0 
(located at  the end of the chains), does not increase 
SO much (Fig. 11 ) , compared with Figures 9 and 10. 
The presence of nonconjugated aldehyde moieties 
on sample A (nonozonated fiber) is a sign of some 
thermal oxidation of chain ends occurring during 
fiber making (flash spinning). 

Thermal Characterization 

To determine the effect of bulk modification, caused 
, I I I I I I I by ozone treatment, on fiber characteristics, we 

measured the melting and the degradation temper- 
atures of the fibers as a function of reaction time. 

Figure 9 Intensity of the conjugated aldehyde Thermal results are illustrated in Figure 12, which 
[HHC=OI band (1700 cm-i), relative to the intensities shows a slight decrease in the melting temperature 
of [C-H] (2852 cm-1, valence vibration) and of and a significant decrease in the degradation tem- 
[ - CH2 - ] ( 1473 cm-', deformation vibrations) bands, perature after 3 h of ozonation. This figure indicates 
as a function of the ozonation time. an important change in the structure and the mor- 

0 1 2 3 4 5  Ozonation time (hours) 
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phology of the fiber, caused by the large oxidation 
reaching the bulk when exceeding 2 h of ozonation. 

CONCLUSIONS 

ESCA and FTIR spectra of PE fiber reveal well the 
effect of the ozonation on the fiber chemical history 
at  the surface and the bulk. Synthetic pulp fiber, 
used as the ozonation substrate in this study, was 
not pure PE. The presence of a wetting agent, i.e., 
PVA/PVAc, at the outermost layers level was de- 
tected by FTIR and confirmed by the ESCA tech- 
nique. 

The C1, and 01, spectra are useful tools for ana- 
lyzing the surface oxidation and complement each 
other. The 0 0  component of the 01, spectra, for 
sample F, could not be detected by only CIS synthesis 
(C2 and C3). The atomic ratio O/C decreasing after 
1 h of ozonation indicates the elimination of the 
PVA/PVAc, which is more accessible at the surface. 
The increase of 0 / C after the second ozonation hour 
indicates the oxidation of the PE surface. 

The third hour was a critical time in the oxidation 
process. It was marked by a significant increase in 
the carbonyl band vibrations detected by FTIR. On 
the other hand, ESCA detects only a low atomic 
ratio O/C. 

The appearance of the band attributed to moieties 
of conjugated aldehyde at  1700 cm-' and the drastic 

I I I I I I 

0 1  2 3 4 5  
Ozonation time (hours) 

Figure 11 Intensity of the nonconjugated aldehyde 
[ HRC = 01 band ( 1740 cm-I), relative to the intensities 
of [C-HI (2852 cm-', valence vibration) and of 
[ - CH,- ] (1473 cm-', deformation vibrations) bands, 
as a function of the ozonation time. 
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Figure 12 Melting and degradation temperatures of 
nonmodified and ozonated fiber, as a function of the ozone 
treatment time. 

increase in nonconjugated ketone (R'RC = 0) in- 
tensity at 1717 cm-', a t  the third ozonation hour, 
are proof of chain scission and ablation and the ox- 
idation of the chains. Oxygen-containing function- 
alities were lost a t  the third hour of ozonation, from 
the outermost layers level, whereas the bulk was 
largely oxidized. Thermal analysis indicates that 
exceeding 2 h of ozone treatment affects the struc- 
ture and the morphology of the macromolecules of 
the PE fiber. 

Further studies are underway to determine the 
variation of surface energies vs. the variation of the 
chemical composition caused by the ozone treat- 
ment, as well as composite paper characteristics. 
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