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SY NOPSlS 

The incompatibility of hydrophilic wood fiber and hydrophobic polymers is the main dif- 
ficulty with wood thermoplastic polymer composites. To  overcome this issue, many re- 
searchers suggest grafting polymer onto wood fiber for improving the interfacial adhesion 
during mixing. A systematic ESCA study of chemi-thermo-mechanical pulp (CTMP) grafted 
fiber has been performed to provide chemical information about surface composition mod- 
ification. The material analyzed included initial CTMP fiber, the pure polymer i.e., 
poly (methyl methacrylate) (PMMA) as reference material, and grafted fiber at  different 
polymer loadings. Interest is focused on the carbon and oxygen spectra. Samples a t  high 
polymer loading or high grafting level have an O/C, C,, Cz, Cl, OI , and 0, intensities much 
similar to those of the PMMA but a little different since some wood fiber sites have still 
not fixed the polymer. ESCA spectra provide information on about 1-5 nm depth. The 
ESCA technique allows the monitoring of grafting polymer onto wood fiber as a surface 
phenomenon. 

INTRODUCTION 

Use of cellulose, cellulose derivatives, and entire 
wood fibers from the pulping process as reinforce- 
ments and/or filler agents in thermoplastic com- 
posites offers the potential of manufacturing a new 
class of materials.'t2 Very little is known about wood 
fiber surface chemistry and its effects on the prop- 
erties of the final product. 

The first issue confronting the design of wood 
fiber thermoplastic composites is the incompatibility 
of phases due to the mixing of hydrophilic wood fi- 
bers with hydrophobic polymeric Wood 
fibers absorb water from humid atmosphere, and this 
results in a decrease in interfacial adhesion with a 
hydrophobic polymer matrix. The incorporation of 
some hydrophobic polymer onto fiber surface could 
markedly improve the interfacial adhesion that is 
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crucial in determining the performance of a com- 
posite.6 

Many researchers suggested fiber surface modi- 
fication either by grafting some specific polymer or 
using a coupling agent.4,9-'6 In recent studies, 6,7 in- 
frared spectroscopy was used to analyze wood fibers 
modified by anionic grafting, cellulose treated with 
styrene, and modified  textile^.^-^,'^ This technique, 
however, also yields information about the bulk as 
well as the surface of modified wood fibers. The ob- 
jective of the present study is to characterize only 
the chemical surface composition of grafted wood 
fibers by using electron spectroscopy for chemical 
analysis (ESCA) . This technique allows quantita- 
tive determination of surface chemical composition 
and chemical bonding on a surface by measuring the 
chemical shift of the electron binding energies of 
the surface elements. The ESCA technique yields 
information about the chemical surface with a spa- 
tial resolution of a few millimeters in the system 
used and a depth resolution of about 5 nm depending 
on the take-off 
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ESCA involves the measurements of binding 
energies of the electrons photoejected by interaction 
of a molecule with a monoenergetic beam of soft X- 
rays. The most commonly used photon sources are 
Mgk,,,, (1253.6 eV) and Alk,,,, (1486.6 eV). The 
sample-size requirements are minimal ( about 15 
mg) . The time required to accumulate the spectrum 
of a sample is relatively short: It is about 300 s for 
a high-resolution spectrum of carbon or oxygen and 
about 600 s for the sulfur spectrum, due to its low 
signal-to-noise intensity ratio. 

ESCA has already been employed for the char- 
acterization of  WOO^,^^-^^ pulp wood fiber, 21*25-29 tex- 
tiles, 1730 cellu~ose, 3-5,2930,31 and  polymer^?^,^*-^^ This 
work presents ESCA spectra of poly( methyl meth- 
acrylate) (PMMA) grafted onto the chemi-thermo- 
mechanical pulp (CTMP) fiber, at different grafting 
levels, in the region of 0-1000 eV with a focus at 
153-180 eV, 275-295 eV, and 525-545 eV, corre- 
sponding to sulfur (Zp), carbon, and oxygen(1s) 
spectra. These spectra are compared to those of the 
initial CTMP wood fiber and pure polymer. 

EXPERIMENTAL 

Materials 

Wood fibers used in this work were CTMP from 
Consolidated Bathurst and were made up of soft- 
wood and hardwood. 

Methyl methacrylate (MMA) from Kodak, used 
as monomer, was purified by distillation after re- 
moving inhibitors with sodium hydroxide (2.5N) 
and stored in a dark bottle in a refrigerator at 
4-5°C. 

PMMA obtained from Polyscience was dissolved 
in acetone and 10 mL of a 10% weight solution pi- 
petted in a Petri dish. The Petri dish was covered 
and the acetone evaporated over 48 b to obtain a 
thin film of PMMA ready for the ESCA analysis. 
All other chemical products were used as received. 
Sodium peroxide from Anachemia, carbon disulfide, 
ferrous ammonium sulfate (FAS) , hydrogen per- 
oxide, and Tween-80, all from Fisher Scientific, were 
ACS reagents. Potassium metabisulfite and acetone 
were obtained from Canlab and meet the specifi- 
cation of analytical reagents AR. 

Fiber Treatment 

Experimental procedures used for grafting monomer 
onto wood fibers were similar to those previously 
p ~ b l i s h e d . ' ~ , ~ ~  Without going into a detailed de- 

scription of the grafting procedure, specific condi- 
tions were the following: 

Pulp, 4.50 .+ 0.10 g, (o.d.), corrected for its sol- 
ubility (3.5% ) in NaOH were alkali-treated in 300 
mL of NaOH (0.75N) at  25°C for 45 min. Xantha- 
tion was performed for 2 h in CS2 vapor in a des- 
sicator a t  25°C. The pulp was then washed with 
acidified distilled water (pH 4.5). Ion exchange was 
done for 2 min in 300 mL of 0.006% solution of FAS. 
The pulp was then filtered and washed with neutral 
distilled water (pH 6.5). Monomer and Tween-80 
were added depending on the polymer loading de- 
sired.12 After 15 min of impregnation, 5 mL of 
aqueous hydrogen peroxide (30%) were mixed in. 
The reaction time is about 20 h in a nitrogen at- 
mosp here. 

After 20 h, the grafting and polymerization re- 
actions are quenched by adding 1% of potassium 
metabisulfite during 5 min and washing with dis- 
tilled water. Acetone is used to remove the homo- 
polymer by Soxhlet extraction for up to 8 b. The 
level of grafting or the polymer loading (PL)  ex- 
pressed as grafting percentage was determined 
gravimetrically after soxhlet extraction using the 
following equation 16: 

A - B  
P L ( % )  = 100 x ~ B 

where A is the weight after polymerization, grafting, 
and extraction in grams; B is the initial pulp weight 
in grams; and PL is the polymer loading in per- 
centage. The standard error on PL is about 3% ac- 
cording to balance error, loss during washing and 
filtering, and extraction steps. This value was esti- 
mated by blank tests. 

ESCA SPECTROSCOPY 

ESCA analysis of the fiber surfaces was performed 
using an ESCALAB MKII spectrometer fitted on a 
Microlab system from V.G. Scientific (base pressure 
< lo-'' Torr) and equipped with a nonmonochro- 
matized dual Mg-A1 anode X-ray source. 

Kinetic energy measurements were made using 
an hemispherical electrostatic analyzer with 150 mm 
radius working in a constant pass energy mode (20 
eV) . Under the experimental conditions employed, 
the gold A ~ ~ ~ ( 7 / 2 )  level a t  84 eV, the Ag3d(5/2) 
level a t  368.3 eV, and the CuZp (3/2)  level at 932.7 
eV binding energies were used for spectrometer cal- 
i b r a t i ~ n . ~ ~ . ~ '  The silver level Ag3d( 5/2)  had a full 
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width at half-maximum (fwhm) of 1.2 k 0.2 eV; this 
value was taken as the spectrometer resolution. Fi- 
bers were pressed into a steel cup with maximum 
care to avoid sample contamination, before being 
introduced in the working chamber. To avoid ther- 
mal and radiation deterioration, the sample and steel 
cup were kept at about 80 K with liquid nitrogen 
and at  pressure of lo-' Torr. Spectra were recorded 
using the Mg anode at 300 W with typical accu- 
mulation times of 600 s for the sulfur S2, peak, 300- 
400 s for the carbon C1, peak, and 200-300 s for the 
oxygen 01, peak. To check that the fiber surface was 
stable with exposure time, repeated spectra acqui- 
sitions were performed. The suitable maximum ex- 
posure time was determined to be about 30 min. The 
spectrometer was operated in a computer-controlled 
scanning mode, and another computer with appro- 
priate software was used for peak s y n t h e s i ~ . ' ~ , ~ ~ . ~ ~ , ~ ~  

Data Treatment 

Monochromatic X-rays impinge upon the sample, 
interact with the surface atoms of all elements con- 
tained in the sample, and eject core-level electrons 
from these atoms. With a take-off angle of 30°C, 
only electrons originating from atoms lying within 
10 nm of the surface have a high probability of es- 
caping from the sample with a characteristic kinetic 
energy, Ek, given by the following formula: 

where E, is the energy of the incident X-ray ( 1253.6 
eV for Mg) , Eb is the binding energy of the electron 
on its original shell (eV) , and E, is the energy lost 
in counteracting the potential associated with the 
steady charging of the surface. To obtain the ab- 
solute value of E,, the oxygen 1s peak is set at 533.2 
eV or the carbon C1, a t  285 eV as reference for cel- 
lulosic materials.19.21225-27.29 @ is the work function of 
the spectrometer. 

The binding energy, Eb, is influenced by the nu- 
clear charge, oxidation state, and formal charge of 
the atom from which the electron is ejected. Rear- 
rangement of eq. (2)  gives 

Then, Ek, the kinetic energy, is, respectively, 
968.6 eV and 720.4 eV for the carbon and the oxygen 
ejected electrons from a sample as detected by a 
given spectrometer (ours) and a monochromatized 
Mg X-ray source. 

The atomic ratio of oxygen and carbon at the 
surface region analyzed by ESCA can be estimated 
from their respective peak intensity by the following 
equation 1921,2225-2729- 

(4 )  

where (T refers to cross section for photoelectron 
generation; D, to the spectrometer transmission; A, 
to the mean path of photoelectrons depending on 
their kinetic energy; and I, to the integrated surface 
of the peaks. Using Scofield's cross sections for the 
oxygen Ols, carbon CIS, and sulfur SZp cor- 
rected for angular a~ymmetry,~'  eq. (4)  can be re- 
written as 

I0 

2.85 - Ic 
o/c = ~ 

From eqs. ( 5 )  and ( 6 ) ,  calculation of various atomic 
ratios are straightforward from the peak areas. 

In this study, the complex spectra structure was 
resolved by a curve-fitting technique. From a spec- 
trum, several theoretical peaks with a fixed Gauss/ 
Lorentz ( G / L )  ratio and fixed fwhm give a calcu- 
lated envelope that fills in the experimental spec- 
trum with an accepted area standard error of 2%. A 
good fit was obtained with an fwhm of 2.0 i 0.2 eV 
and a G / L  ratio of 60% for the components of the 
C1, and 01, peaks. 

RESULTS 

Table I is the classification of different carbon and 
oxygen component lines for woody and methacrylate 
materials as observed by the ESCA t e c h n i q ~ e . ~ ~ , ~ ~  
This classification is based on carbon and oxygen 
binding energies references, respectively, a t  285 eV 
for Cl and 533.2 eV for 02. 

Table I1 contains binding energy correction E, 
for different samples when the cellulose oxygen peak 
O2 is used as a reference at  533.2 eV as suggested by 
Dorris and Gray.25-27 This energy value corresponds 
to the most intense peak for the cellulose oxygen 
spectrum. The values of binding energy E b  of C1, 
C2, C3, C4, 01, and O2 are, respectively, about 285 
k 0.4 eV, 286.5 f 0.4 eV, 288 i 0.4 eV, 289.5 f 0.4 
eV, 531.5 f 0.4 eV, and 533.2 eV, in full agreement 
with those reported in the Th e 
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Table I 
Peak Components: C1. and O1. ESCA Lines 
for Woody and Methacrylate Materials"-' 

Classification of Carbon and Oxygen 

Carbon or 
Oxygen Atoms 

Group AEb (eV) Symbol Bound to 

Carbon 
I 

I1 

I11 
IV 

Oxygen from 
Cellulose 
Methacrylate 
Methacry late 

0.0 5 0.4 C, C-C or/and 

1.5 f 0.4 C, C-0 
C-H 

C=O or/and 
3.0 * 0.4 C3 0-c=o 
4.5 5 0.4 Cq O-C=O 

0.0 f 0.4 0 2  C-O 
0.0 -+ 0.4 0 2  Q-C=O 

-1.5 f 0.4 0, O-C=Q 

Chemical shift (AEh) is referenced to carbon C1 a t  285.0 eV 

a Ref. 27. 
Ref. 22. 
Refs. 41 and 42. 

and oxygen O2 at 533.2 eV. 

chemical shifts of CIS components are relative to 
285 eV, corresponding to the C, peak. These chem- 
ical shifts aEb of C1, components are displaced from 
the C, component by 1.50 ? 0.4 eV when a carbon 

is bound to an oxygen by a single bond and, respec- 
tively, 3.0 f 0.4 eV and 4.5 k 0.4 eV, for double and 
triple bonds as observed in woody and methacrylate 
 material^.^^*^^^^^ 

Table I11 shows the experimental atomic ratio 
O/C calculated from eq. (4) and representing the 
oxygen concentration divided by the carbon con- 
centration at  the surface region sensed by ESCA for 
the PMMA, CTMP, and grafted CTMP fiber versus 
PL. The various peak components of carbon spectra 
(C,, C,, C3, C4) and oxygen spectra (O,, 0,) are 
expressed relative to total carbon and total oxygen 
peak area, respectively. Also, the ESCA spectrum 
at  about 160-175 eV reveals a low-level S,, signal 
for different samples. 

DISCUSSION 

As shown in Figure 1, grafting and polymerization 
reactions of some specific monomers to cellulose, 
cotton textiles, or wood fibers are well known." 
From this figure, several steps are involved: the al- 
kali-treatment (I), the xanthation (l), the ion ex- 
change ( 2 ), the free radical formation ( 3  ), and the 
grafting (4) .  In this work, after the free radical for- 
mation, wood fibers are considered as the woody ref- 
erence. 

Table I1 
Shift AEb (eV) for the Reference PMMA, CTMP Fiber, and Grafted Fiber at Different PL 

Experimental Corrected Energy E, (eV), Corrected Binding Energies Eb (eV), and Chemical 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

CTMP 
FAS 
HzOz 

5 
10 
20 
25 
30 
40 
50 
60 
80 

100 
120 
140 
PMMA 

2.8 285.0 
3.3 285.1 
2.5 285.3 
3.4 285.2 
2.3 284.8 
2.7 285.0 
3.5 285.0 
3.2 285.1 
2.8 285.3 
3.5 284.8 
2.8 284.7 
2.3 284.6 
2.1 284.9 
2.6 285.1 
3.0 285.1 
2.5 285.4 

286.7 288.4 0 
286.7 288.2 0 
286.8 288.5 0 
286.7 288.4 289.0 
286.8 287.9 289.3 
286.8 287.7 289.4 
286.5 288.1 288.9 
286.4 288.4 289.3 
286.2 287.8 289.2 
286.4 287.7 289.2 
286.5 287.7 289.4 
286.3 287.8 289.1 
286.7 287.7 289.0 
286.7 287.7 289.0 
286.2 287.8 289.0 
286.3 287.9 288.9 

531.3 
531.4 
531.4 
531.6 
531.5 
531.4 
531.6 
531.7 
531.6 
531.9 
532.0 
531.8 
531.7 
531.7 
53 1.8 
531.6 

533.2 0.0 1.7 3.4 0 -1.9 
533.2 0.1 1.8 3.2 0 -1.8 
533.2 0.3 1.8 3.5 0 -1.8 
533.2 0.2 1.7 3.4 4.0 -1.6 
533.2 -0.2 1.8 2.9 4.3 -1.7 
533.2 0.0 1.8 2.7 4.4 -1.8 
533.2 0.0 1.5 3.1 3.9 -1.6 
533.2 0.1 1.4 3.4 4.3 -1.5 
533.2 0.3 1.2 2.8 4.2 -1.6 
533.2 -0.2 1.4 2.7 4.2 -1.3 
533.2 -0.3 1.5 2.7 4.4 -1.2 
533.2 -0.4 1.3 2.8 4.1 -1.4 
533.2 -0.1 1.7 2.7 4.0 -1.5 
533.2 0.1 1.7 2.7 4.0 -1.5 
533.2 0.1 1.2 2.8 4.0 -1.4 
533.2 0.4 1.3 2.9 3.9 -1.6 

Chemical shift is referenced to carbon C, a t  285.0 eV and Oxygen O2 a t  533.2 eV. 
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Table I11 

Sample 

Experimental Peak Intensity Ratio of PMMA, CTMP Fiber, and Grafted Fiber at Different PL 

No. PL (%) ot/ct SJOt c,/ct czc, C d C t  c,/ct o,/ot oz/ot Fc Fo 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

C T M P  
F A S  
H202 

5 
10 
20 
25 
30 
40 
50 
60 
80 

100 
120 
140 
P M M A  

0.37 
0.48 
0.58 
0.56 
0.55 
0.54 
0.52 
0.50 
0.48 
0.47 
0.46 
0.44 
0.42 
0.41 
0.41 
0.38 

0.15 0.60 
0.48 

0.10 0.32 
0.06 0.34 

0.36 
0.39 
0.41 

0.04 0.44 
0.48 
0.51 
0.53 
0.55 
0.56 
0.57 
0.58 
0.60 

0.34 0.06 
0.44 0.08 
0.62 0.06 
0.60 0.06 
0.55 0.05 
0.50 0.05 
0.48 0.04 
0.46 0.04 
0.41 0.04 
0.37 0.04 
0.35 0.04 
0.31 0.04 
0.29 0.00 
0.27 0.0 
0.26 0.0 
0.20 0.0 

0.00 
0.00 
0.00 
0.00 
0.04 
0.06 
0.06 
0.07 
0.08 
0.09 
0.10 
0.12 
0.15 
0.16 
0.16 
0.20 

0.15 0.85 
0.12 0.88 
0.10 0.90 
0.12 0.88 
0.12 0.88 
0.17 0.83 
0.20 0.80 
0.18 0.82 
0.24 0.76 
0.26 0.74 
0.26 0.74 
0.30 0.70 
0.36 0.64 
0.38 0.62 
0.40 0.60 
0.52 0.48 

- 

- 

1.00 
0.97 
0.82 
0.71 
0.67 
0.63 
0.53 
0.47 
0.40 
0.30 
0.22 
0.17 
0.16 
- 

- 

- 

1.00 
0.95 
0.95 
0.83 
0.75 
0.80 
0.65 
0.60 
0.60 
0.50 
0.35 
0.30 
0.25 
- 

~ 

C, intensity ratio corresponds to Cl area divided by the total carbon C,, area (Cl/Ct). Ot/Ct and S,/Ot intensity ratios calculated 
by eq. (4). with the correction factor for spectrometer, cross section, and molecular orbital of 2.85 and 2.29, respectively, for O/C 
and O / S .  

Effect of Grafting 

ESCA spectra of grafted wood fiber show sulfur, ox- 
ygen, and carbon spectra different from those of the 
HzOz-treated wood fiber and they become more sim- 
ilar to the PMMA spectra, as polymer loading or 

grafting level increases (Figs. 2-4 ) . The discussion 
will be focused on the intensity variation of S p p ,  CIS, 
and 01, spectra of different samples after polymer- 
ization and grafting. The oxygen and carbon spectra 
of various samples are presented, respectively, in 
Figures 2 and 3. Although the peak intensity and 

1.  Alkali treatment and Xanthation 

2. Free Radical formation 

3. Grafting and polymerization 

/ OH - ( Cl+ -CHX) OH 
Cell '0 Ce"=O-CH2 -CHX-(CH2 -CHX) ( 4 )  

Figure 1 Grafting and polymerization reactions: (1) Thiocarbonated C T M P  fiber results 
from an alkali and xanthation treatment; (2 )  C T M P  fiber is ion exchanged (Na and Fe) 
by the action of ferrous ammonium sulfate on the xanthated pulp; (3) free radical formation 
follows the action of Hz02 on ion-exchanged C T M P  fiber; ( 4 )  final C T M P  grafted with 
polymer. 
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U c 
0 0 

0 YI 

L 
0 
a 
v) 

C 
3 
0 u 

- 

522 0 526 0 530 0 534 0 5 3 8  0 542 0 
Binding Energy ( e V )  

Figure 2 ESCA 01, spectra as electron counts per sec- 
ond vs. binding energy expressed in (eV) : experimental 
spectrum (-) ; total peak synthesis ( - - - - - * ), decon- 
voluted peaks (- - - - -) ; ( a )  CTMP wood fiber; (b)  H202 
CTMP wood fiber treated; ( c  ) CTMP wood fiber grafted 

U 
C 0 0 

0 v) 

L 
0 a 
v) 

C 
3 
0 
U 

c 

Binding Energy ( e V )  
0 

Figure 3 ESCA CIS spectra as counts per second vs. 
binding energy expressed in electronvolts (eV) : experi- 
mental spectrum (-) ; total peak synthesis ( - - - * - ) ; 
deconvoluted peaks ( -  ~ ~ - -); ( a )  CTMP wood fiber; 
(b )  HzOz CTMP wood fiber treated; (c) CTMP wood fiber 

at 100% PL; (d) PMMA. grafted at 100% PL; ( d )  PMMA. 
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h lrealed 

signal-to-noise ratio is rather low for the sulfur, Fig- 
ure 4 shows the correspondent spectra. 

Szp Peak 

Figure 4 presents SZp spectra for various samples in 
the region of 160-180 eV. These spectra show two 
main peaks with binding energy of, respectively, 162 
and 168 eV. The higher binding energy peak cor- 
responds to sulfur S (VI) at the state of oxidation 
six and as sulfur in sulfate ester groups and is in 
agreement with those reported in the literature.22 
The lower binding energy peak is assigned to sulfur 
S (11) at state of oxidation two. Chemical analysis 
according to CPPA technical section standard 
method G-28 gives a sulfonate content of 1.0% on 
CTMP fiber. This sulfur content according to the 
binding energy ( 168 eV) is from sulfate ester 
groups,22 originating from the bisulfite pulping pro- 
cess and/or from the ferrous ammonium sulfate re- 
maining after the ion-exchange step during the 
grafting process. Figure 4 shows that the sulfur peak 
at  162 eV appears after the xanthation, confirming 
the carbon disulfide fixation by the initial CTMP 
wood fiber during the xanthation step as proposed 
by Krassig.”,’2 Table I11 shows the calculated S / O  
atomic ratios obtained by eq. (6)  with the largest 
value for the initial CTMP fiber. The S/O atomic 
ratio decreases with increasing PL, due to the ab- 
sence of sulfur in PMMA. However, the S / O  atomic 
ratio decreases down to an asymptotical value 
(0.011) where the PL level is at 140%, suggesting 
that some sulfur sites are still uncovered by the 
grafting and detected by ESCA. 

O,, Peak 

The PMMA repeat unit shows two oxygens, one 
singly bound to a carbon and to a methyl group 

Binding Energy (eV)  

and the other, double bound to a carbon. The PMMA 
oxygen 01, spectrum presents two oxygen compo- 
nents. The first oxygen (0,) component is located 
at  531.6 f 0.4 eV, and the second (O,), at 533.2 eV. 
The 0 1  peak corresponds, then, to a negative chem- 
ical shift of 1.5 -+ 0.4 eV relative to the 0 2  peak. The 
o1 peak is from an oxygen bound to carbon with a 
double bond or a ketonic oxygen as in an acrylate, 

Figure 4 ESCA S ,  spectra as counts per second vs. 
binding energy expressed in electronvolts (eV ) of ( a )  
CTMP wood fiber; ( b )  CS, CTMP wood fiber; (c)  Hz02 
CTMP wood fiber treated; ( d )  CTMP wood fiber grafted 
at 40% PL; (e)  CTMP wood fiber grafted at 50% PL; ( f )  
CTMP wood fiber grafted at 100% PL; (g)  CTMP wood 
fiber grafted at 140% PL. 
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* 
acetate, polyacrylic acid, polyalkylacrylate, poly- 
alkylmethacrylate, and p o l y c a r b ~ n a t e . ~ ~ . ~ ~  The O2 
peak component with higher binding energy is from 
oxygen directly bonded to carbon in ester type link- 
ages of the PMMA. For the PMMA, the relative 
atomic ratios of both species 0, and O2 are, respec- 
tively, 0.52 2 0.2 and 0.48 * 0.2 (Table 111) and cor- 
respond to the theoretical value: 0.50 for O1 and 0.50 
for 02. 

The 01, binding energies of cellulosic materials 
are much less predictable although single-bound ox- 
ygen is generally assigned to higher binding energy, 
and doubly bonded oxygen, to the lower. 01, peaks 
of woody materials are discussed very little in the 
l i t e r a t ~ r e . ~ ~ ~ ~ '  This is due to the great difficulty in- 
volved in predicting the 01, chemical shifts and as- 
signing them to specific moieties, compared to the 
C1, peaks. This has been attributed to the electro- 
negativity and the polarizability of substituents in- 
teracting directly or indirectly with the oxygen 
atom.21.42 Figure 2 shows the presence of two unequal 
intensity peaks, both separated by 1.5 ? 0.4 eV, and 
this is true for all oxygen spectra. 

For CTMP fiber, 0, is less intense than O2 (Table 
111). The O2 atomic ratio is about 100% for pure 
cellulose and 85% for the CTMP This dif- 
ference is due to the presence of some extractives 
and sulfates on the CTMP fiber. These substances 
contain oxygen 0, that reduces the O2 atomic ratio 
with respect to the CTMP fiber value. 

For the pretreated sample, that is, ion-exchanged 
and H202-treated fiber, the 0, atomic ratio is about 
0.10. The decrease of the O1 atomic ratio with the 
pretreatment suggests extraction, oxidation, or cov- 
erage of substances associated to the 0, peak at the 
fiber surface. These results suggest that the effect 
of the pretreatment is an increased surface concen- 
tration of polysaccharides and a decrease of sulfur 
concentration at  the sample surface. 

For the grafted fiber a t  140% PL, Figure 5 shows, 
as does Table 111, the 0, atomic ratio increasing up 
to 0.40. Moreover, this ratio asymptotically tends to 
the 0.50 value of PMMA. This confirms the evidence 
of the 0, contribution from the PMMA. The O,/ 
CT atomic ratio values also tend toward a limit as 
PL increases (Fig. 6). 

C,, Peaks 

There is a general agreement on the assignment of 
components C1, C2, C3, and C4 of spectrum C,, of 
woody and methacrylate  material^.^^^^^ The C, com- 
ponent corresponds to a carbon atom bound only to 
other carbon atoms and/or hydrogen atoms, i.e., the 

01 A -  
0 20 40 60 80 100 120 140 ' PMMA 

Polymer Loodlng, % 

Figure 5 
polymer loading expressed in percentage ( %)  . 

Atomic ratio of oxygen 0, atomic ratio vs. 

nonoxidized carbon with a zero state of oxidation. 
This component arises mainly from the lignin con- 

component is due to a carbon atom bound to a single 
noncarbonyl oxygen atom, i.e., a state of oxidation 
of one (Table I ) .  The C2 component arises from 
both the carbohydrate and lignin constituents of 
wood. The C2 is the main component of cellulose 
carbon spectrum. The C3 component represents a 
carbon atom bound to one carbonyl oxygen atom or 
two noncarbonyl oxygen atoms, i.e., in a state of 
oxidation of two (Table I ) .  C4 represents a carbon 
atom linked to a carbonyl oxygen and a noncarbonyl 
oxygen atom corresponding to an oxidation state of 
three. 

Figure 3 shows that there are three peak com- 
ponents: C,, Cat and C4, in the PMMA C1, spectrum 
(Table I ) .  The main difference between wood fiber 
and PMMA is the presence of the C, carbon peak 
component and the absence of C3 in PMMA. 

Table I11 shows the fraction area of each peak's 
components, Cl/Ct, C2/C,, C3/Ct, and C4/Ct, as a 
function of PL. ESCA analysis of PMMA gives rel- 
ative intensities of 0.60, 0.20, and 0.20, respectively, 
for C,, C2, and C4. This distribution is predicted by 
the elemental composition, and the particular C3 
component should, indeed, be absent in the PMMA 
carbon spectrum. 

Reference wood fibers present a C1, carbon spec- 
trum with three components C,, C2, and C3. The C, 
representing carbon linked to a carbonyl and a non- 
carbonyl oxygen is absent, due to the low concen- 
tration of carboxylic groups at the wood fiber surface, 
which makes them undetectable by the ESCA tech- 
nique (Fig. 3 ) .  

Pretreatment on CTMP wood fibers (alkali, xan- 
thation, and ion exchange) modifies C, , C2, and C3 

stituent of wood and from  extractive^.^^,^^-^^ The C 2 
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Figure 6 O,/C, atomic ratio calculated by Eq. (5) vs. PL expressed in percentage ( % ) .  

concentration on the fiber surface. The C1 atomic 
ratio decreases from 0.60 to 0.32. Such carbon spe- 
cies are present in lignin and in extractives. The c,, 
present in cellulose, increases from 0.34 to 0.62, 
confirming the increasing surface concentration of 
polysaccharides due to the pretreatment with alkali 
and by H202. C3 is almost stable at 0.05 k 0.02 
atomic ratio. 

Figure 7 illustrates the relation between the C,/ 
C, atomic ratio and the PL. Grafting PMMA on 
wood fiber increases C1 and C, surface concentra- 
tions because of the contribution of methylene, 
methyl, and carboxylic groups of PMMA, respec- 
tively. The curve presents a maximum value of the 

C, atomic ratio near 0.58, asymptotical to the 
PMMA value of 0.60. 

Figure 7 also shows that C, is detectable in 
PMMA grafted onto wood fiber samples at PL 
higher than 10%. As the PL increases, the atomic 
ratio of the C4 component also increases up to a 
value of 0.16, close to the C, component value of 
pure PMMA (0.20). 

C, and C, increase with PL, whereas C, and C3 
decrease. With C3 absent in PMMA, the grafting 
process contributes to reduce the relative importance 
of C3 on the grafted fiber surface. The relative im- 
portance of C, on the initial pretreated fiber surface 
is about 0.60 and on PMMA, about 0.20. After graft- 

a 
0.60 

0.45 
0 

0 
[L 

0 0.30 

- 
c 

.- 

E, 
c 
U 

0. I 5  

0 

Polymer Loading, OA 

Figure 7 Atomic ratio of carbon C,, spectrum and components vs. PL expressed in 
percentage (%) :  ( a )  (0) C,/C, atomic ratio representing the area of C, over the total 
carbon CIS peak area; (b)  ( A )  C,/C, atomic ratio; ( c )  (17) C,/C, atomic ratio. 
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ing, the C2 atomic ratio varies from 0.60 to 0.26 de- 
pending on the PL level, as illustrated in Figure 7. 
At a given PL level, the C2 atomic ratio of a grafted 
sample originates from both contributions of wood 
fibers and polymer at the surface of a sample, be- 
cause wood fibers and pure PMMA both contain 
such carbons. Knowing that PMMA has equal C2 
and C4 atomic ratios (0.20) and that C4 is absent in 
wood fiber, the C2 wood fiber atomic ratio contri- 
bution FC for a grafted sample could be calculated 
by the following expression: 

( 7 )  
c 2  

Table I11 shows value of FC decreasing from 1.0 to 
0.16 for the analyzed samples. The sample at the 
higher PL has a C2 atomic ratio of 0.26, of which 
16% is from the original CTMP wood fiber and 84% 
from the PMMA. 

The O1 atomic ratio should theoretically be 0.50 
for the PMMA. It is 0.10 for the H202-treated sam- 
ple, and it increases from 0.10 to 0.52 with the PL 
for the grafted sample. The Fo, oxygen contribution 
from the wood fiber to the 0, species, could be eval- 
uated by the following equation: 

0.50 - 01 
Fo = 

0.40 

Samples at high PL have an 0, atomic ratio of 0.40 
and Fo of 0.25; the 0, contribution from wood fiber, 
Fo, is about 25%, and then about 75% from the 

polymer at PL of 140%. Table I11 also gives various 
FO'S decreasing from 1.0 to 0.25, whereas Fc de- 
creases down to 0.16. Figure 8 shows the very similar 
behavior of Fo and FC when PL increases. The slight 
difference between both could be attributed to the 
presence of some oxygen bound to sulfur, in the form 
of sulfate on the grafted fiber surface as detected by 
ESCA. This also suggests that an oxydative phe- 
nomenon occurs during the grafting process. 

The carbon C1, analysis shows that the fiber sur- 
face, resulting after grafting PMMA to CTMP fiber 
a t  high PL, become more compatible to the PMMA 
surface with the C,, component C, near to 0.58, C2 
to 0.26, C3 to 0.00, and C4 to 0.16. From the C1, 
spectrum, the maximum grafting level that should 
modify wood fiber surface by radical polymerization 
and with MMA as monomer is about loo%, because 
Cl and Cq are almost constant from 100 to 140% of 
PL. This assumes, however, that the PMMA surface 
interaction in the grafted sample does not reach fur- 
ther than the depth characterized by the ESCA 
technique (5 nm). 

Ol,/Cl, Interpretation 

Table I11 presents atomic ratio O/C  for different 
samples. The initial CTMP fiber shows an O/C 
atomic ratio of 0.40 compared to 0.33 for lignin, 0.10 
for abietic acid (principal constituant of wood ex- 
tractives), and 0.83 for pure c e l l ~ l o s e . ~ ~ - ~ ~  The 
CTMP fiber value of O/C suggests that its surface 
contains a considerable quantity of lignin and some 
extractives that lower its 0 /C value. A mild acetone 

I I I I I I 1 A I 

0 20 40 60 80 100 120 140 " P M M A  

Polymer Loading, % 

Figure 8 
carbon C,; ( b )  ( A )  Fo, oxygen 0,. 

Wood fiber contribution calculated from Eqs. ( 7 )  and (8) vs. PL: ( a )  (0) Fc,  
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fiber extraction increases O/C from 0.40 to 0.51 for 
the TMP fiber 26 and from 0.37 to 0.53 for this CTMP 
fiber. This is consistent with extractive removal, 
since extractives are rich in C1. After the H202 
treatment, fibers show an O/C  of 0.58, indicating 
that pretreatment considerably increases oxygen 
concentration and/or decreases carbon concentra- 
tion on the fiber surface. The reason of this O/C  
increase is the solubilization of some hemicellulose 
during the alkali treatment and the extraction of 
some wood extractives both increasing the cellulose 
surface concentration on the external surface. 

The PMMA macromolecule gives a theoretical 
O/C atomic ratio of 0.40. The C,,/O,, atomic ratio 
calculated using eq. (5) with the corresponding peak 
area in PMMA spectrum gives an experimental 
value of 0.38 k 0.02, as in the l i t e r a t ~ r e . ~ ~ . ~ ~  The 
slight difference between the measured and the cal- 
culated value is attributed to the surface contami- 
nation during manufacturing, microtoming, and 
handling the initial polymer. 

Grafting of PMMA onto the wood fiber surface 
decreases the atomic ratio O/C as shown in Figure 
6 and Table 111. The atomic ratio at the PMMA 
surface should be 0.40 of oxygen and 0.60 of carbon 
so that grafting results in a decrease of the total 
oxygen surface concentration. The wood-grafted fi- 
ber O / C  atomic ratio tends to 0.40 ? 0.2, close to 
the calculated value of the PMMA as PL tends to- 
ward high values. 

ESCA analysis of sulfur, carbon, and oxygen 
spectra of grafted polymer onto wood fiber shows 
that it is a surface phenomena. The ESCA atomic 
ratios of CTMP wood-grafted fiber are asymptoti- 
cally near those of the PMMA but a little different 
since some sites, possibly initial sulfate, have been 
not completely covered by the polymer. 

CONCLUSIONS 

ESCA analysis shows a progressive change in the 
chemical surface composition of wood-grafted fibers 
as a function of the PL. 

1. The C1, spectra are the most useful tool for 
this purpose because of their high resolution 
and the C1 and C, components modification 
following grafting. 

2. The atomic ratio O1,/C1, decreases with the 
PL increase because of the high carbon atom 
content (60% ) compared to the oxygen atom 
content (40% ) in the PMMA. 

3. ESCA SBg spectra show two main peaks cor- 
responding to sulfur a t  different oxidative 
states of two and six for the pretreated and 
the grafted samples. The presence of sulfur 
on the grafted sample suggests that grafting 
has not covered the entire external surface of 
the initial sample. 

4. ESCA analysis confirms that grafting poly- 
mer onto wood fibers modifies the surface 
composition of the wood fibers. By making 
an appropriate choice of the monomer to be 
grafted onto the wood fiber surface, it is then 
possible to tailor the chemical surface com- 
position of the wood fiber surface for specific 
end uses in thermoplastic composites. 

Further studies are underway to determine the 
adsorption energies and the surface area of such 
modified fibers. 
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