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In the present paper, the fiber surface chemistry of eucalyptus chemithermomechanical pulp fibers before and after fungal modification |
was studied with X-ray photoelectron spectroscopy. The results show that the fungal modified chemithermomechanical pulp fibers had a |
higher O/C ratios and lower C1 percentage than the control pulp fibers and the Cls peak shifted to high binding energy direction. This
implies that fungal modified fibers have less lignin and extractives and more hydrophilic groups and carbohydrate on the surface, which |
is preferred in helpful to forming hydrogen bond. The X-ray photoelectron spectroscopy quantified analysis of surface lignin and extractives |
contents showed that the content of lignin and extractives contents of fungal modified fiber decreased by 8.3 % and 55.9 %, respectively. |
However, bulk lignin and extractives contents of fungal modified fiber decreased only by 2.5 % and 11.1 %, respectively. This indicated |
that the degradation of lignin and extractives mainly took place on fiber surface. |
|
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INTRODUCTION

EXPERIMENTAL

X-ray photoelectron spectroscopy is a practical surface
analysis method, which is used for qualitative analysis, quanti-
tative analysis and structural identification of solid surface and
it has been widely applied in the fields of chemistry, chemical
engineering, materials, machinery, electronic materials, efc.'.
X-ray photoelectron spectroscopy technique has been used to
identify the chemical composition of wood surface™’. It is also
very helpful in pulp fibers surface analysis and can be emplo-
yed to reveal the contents and distribution of carbohydrates,
lignin and extractives in the pulp surface*'".

In our experiment, the surface chemistry of fibers in
eucalyptus chemithermomechanical pulp before and after
fungal modification and acetone extraction was studied with
X-ray photoelectron spectroscopy. This study focused on the
O/C ratio and the Cls peak's carbon valence and then the
contents of lignin and extractives on the eucalyptus chemi-
thermomechanical pulp (CTMP) fiber surface after fungal
modification was quantitatively analyzed. The purpose was to
unveil that fungal modification can change the surface
chemistry of fibers in eucalyptus chemithermomechanical pulp
fiber by removing lignin and extractives and other chemical
components from the pulp fiber surface.

Eucalyptus chemithermomechanical pulp fiber: It was
provided by Nanjing Forest Chemical Industry Chinese
Academy of Forestry, with a whiteness 49.6 %, free degrees
of 700 mL. The eucalyptus Bio-CTMP pulp is eucalyptus
CTMP fiber after modification by white-rot fungus 19-6,
homemade, with an incubation temperature of 28 °C and an
processing time of 7 days, the initial pH value of 4.5. The
ucalyptus CTMP-E fiber is eucalyptus CTMP fiber after
acetone extraction, according to T204 Tappi standard. The
eucalyptus Bio-CTMP-E fiber is eucalyptus Bio-CTMP fiber
after acetone extraction, according to T204 Tappi standard.

The chemical compositions of the pulps are summarized
in Table-1.

TABLE-1
CHEMICAL COMPOSITIONS OF THE EUCALYPTUS
CTMP FOBERS IN THE EXPERIMENTS

Name Cellulose  Lignin Acetone
content  content extract content
Eucalyptus CTMP fiber 50.3 25.1 0.45
Eucalyptus Bio-CTMP fiber 514 244 0.40
Eucalyptus CTMP-E fiber 50.2 24.1 -
Eucalyptus Bio-CTMP-E fiber 51.2 23.7 -

tPresented at International Conference on Global Trends in Pure and Applied Chemical Sciences, 3-4 March, 2012; Udaipur, India



Vol. 24, No. 12 (2012)

XPS Characterization of Fiber Surface of Chemithermomechanical Pulp Fibers 5477

TABLE-2

AREA ON THE SURFACES OF FIBERS IN DIFFERENT CTMP PULP

CTMP PULP FIBER SURFACE OXYGEN-CARBON RATIO AND Cls PEAK

cl 1) a3 ca FWHM (V)
Ll e (%) (%) (%) (%) Cl C2-C4
Eucalyptus CTMP Pulp 0.497 36.9 51.2 7.5 43 1.86 1.74
Ficalyptus Bio-CTMP Pulp 0.534 308 549 10.0 43 1.86 174
Encalyptus CTMEE Eulp 0.548 299 58.0 10.2 1.9 1.86 1.74
Eucalyptus Bio:CTMP-E Pulp 0.570 276 55.7 122 45 1.86 1.74

X-ray photoelectron spectroscopy analysis: Firstly,
Eucalyptus CTMP fiber was made into quantitative handsheet
of 80-100 g/m* (30 mm in diameter) in the Buchner funnel
and dried naturally in a clean environment. And then hand-
sheets were extracted for 4 h in the soxhlet extractor with
acetone and deionized water respectively and sealed in a plastic
bag, finally.

X-ray photoelectron spectra were obtained using Leybold
Max200 type instrument, equipped with a monochromated
AIK, X-ray source, operated at a power of 15 kV/15 mA of
power. The hand sheets were placed on the sample stage in
the vacuum chamber, whose analysis area was | mm x 7 mm
and a photoelectron collection was at 90° in relation to the
sample surface. Three different spots were measured in pulp
hand sheets. As the electronic excitation of the paper surface

different valence states of carbon in fiber materials have diffe-
rent electronic binding energies in the X-ray photoelectron
spectroscopy spectra. Typically the standard binding energy
of Cls is 285 eV, in which C1, C2, C3 and C4 are located in
the binding energy of 285 eV, 286.5 eV, 288.3 eV, 289.5 eV.
Generally chemical shift of Ols is small and its standard
electron binding energy of Ols is 532 eV, with the reference
of Ols peak. Ols has two kinds of valence states: O1 and O2.
O1 with low binding-energy is from lignin (C = O) and O2with
high binding-energy is mainly from carbohydrates (C-O). The
arearatio of C1, C2, C3 and C4 is the ratio of its carbon atoms.
Thus, the number of C1 atom reflects the quantity of non-
carbohydrate bindings in the materials. Fig. 1 shows a typical
spectra of Cls.

required a charge compensator to counteract the charge of 80000 1

paper surface, the calibration scope of spectrometer was as

following: Ag 3d5/2 peak = 368.3 eV, Cu 2p3/2 pesk = 932.7 £ 60000 0

eV. The calibration of the binding energy was related to Ols ;

peak at 532 eV. O/C ratio (pass energy was 192 eV) was @ 40000 | C-C,C-H(Cl)
. . . . . ~ (C3) 0-C-0, 0=C

obtained in low resolution mode, including oxygen and z

carbon sensitivity of 0.75 and 0.32, respectively. Cls peak g 20000 | (C40=C-0 \

(pass energy for 48 eV ) of the convolution spectrum was €

obtained in high resolution mode, then processed by curve 0 J

fitting procedures, a curve which had a deviation value of 205 -292 -290 -287 -285 -282

0.65 compared with the Gaussian/Lorenzian ratio was gained. Binding energy (eV)

The chemical shift of C-O(C2), O-C-O or C=0(C3) and
0=C-0(C4), relative to C-C(C1), were (1.7 £0.1), (3.1 £0.1)
and (4.4 = 0.2), respectively. Other detailed experimental
methods were described by Li'%.

RESULTS AND DISCUSSION

For the pulp fiber, only oxygen and carbon atoms can be
detected by X-ray photoelectron spectroscopy. Cls has four
kinds of combining ways on fiber surface, which is C1, C2,
C3 and C4: (1) CI represents the carbon atom which only
connect to carbon and hydrogen (-C-H,-C-C). C1 comes from
lignin and extractives of the fiber surface. (2) C2 represents
the carbon atoms, which connects with a non-carbonyl
oxygen atom via ¢ bond(-C-O). C2 comes from cellulose,
which linked to hydroxyl or ether groups in the lignin. (3) C3
represents the carbon atom which connect to a carbonyl or
two non-carbonyl oxygen atoms (C=0 or O-C-0). C3 is mainly
derived from ketone and aldehyde of lignin molecule or
oxidation products of cellulose. (4) C4 represents the carbon
atom which connect to a carbonyl oxygen atoms and non-
carbonyl oxygen atom (O=C-O). As the content of C4 is low
on the fiber surface, it is difficult to detect in X-ray photo-
electron spectroscopy". The Gelius's studies' suggest that

Fig. 1. High-resolution decomposition map of Cls peak

In the experiment the fiber surface chemistry of fibers in
eucalyptus chemithermomechanical pulp before and after
fungal modification and extraction was studied using X-ray
photoelectron spectroscopy. The results are shown in Table-2.

Surface O/C analysis of fiber in eucalyptus CTMP fiber
after fungal modification: O/C is the ratio of oxygen and
carbon atoms that X-ray photoelectron spectroscopy can detect
within the scope of depth on fiber surface. In many literatures
it has been confirmed that there are no such chemical bond in
which carbon atom only connected with carbon or hydrogen.
In other words there are no single C-C and C-H bonds. There-
fore, C1 peak exists only in lignin and extractives*® based on
this principle, if the peak area of C1 gets larger, the areas of
C2, C3 and C4 peaks will become smaller; As oxygen atom
only connects with C2, C3 or C4, the less the number of oxygen
atoms, the lower the content of carbohydrate. Thus, O/C ratio
can reflect the contents on lignin and extractives fiber surface.
A lower O/C ratio means that a higher content of lignin and
extractives and middle lamella on fiber surface; instead, a
higher O/C ratio shows a higher content of carbohydrate on
fiber surface.
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Figs. 2 and 3 are the low-resolution X-ray photoelectron
spectroscopy spectra of the fiber in eucalyptus CTMP fiber
before and after fungal modification. In Figs. 2 and 3, only
carbon and oxygen peaks are clear, besides, no other peak is
found. For general organic compounds, standard binding
energy of carbon and oxygen are 285 eV (Cls) and 532.0 eV
(Ols). However, due to chemical shift, the binding energy may
be different. In the two figures, there are some shifts in the
binding energy of carbon and oxygen compared with their
standard binding energy.
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Fig. 2. Low-resolution X-ray photoelectron spectroscopy spectrum of
eucalyptus CTMP fiber before fungal modification
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Fig. 3. XPS low-resolution scan spectrum of eucalyptus CTMP fiber after
fungal modification

Table-2 (Figs. 2 and 3) suggested that the surface O/C
ratio of the fibers surface modified by fungi increased signi-
ficantly (from original 0.497 to 0.534, 7.4 % growth) and the
Cls peak shiftes to high binding energy direction at the same
time. These show that fungal modification, the carbohydrate
content get higher and lignin and extractives contents get lower
on the fiber surface. This should be due to white-rot fungi
modification which degradates the lignin and extractives on
the fiber surface and make more carbohydrate-rich structure
of the S1 layer exposed in the surface. This indicates that white-
rot fungi can remove lignin and extractives from fiber surface.

Analysis of the carbon valence on the fiber surface in
eucalyptus CTMP fiber before and after fungal modifi-
cation: As white-rot fungus can remove various components
from fibers in eucalyptus CTMP fiber, especially lignin and
extractives, it may also change changes the proportion of Cls
valence. According to literature''®, C1 was mainly from
lignin and extractives, C2 and C3 were mainly found in

carbohydrates. Theoretically, 83 % of the carbon atoms in pure
cellulose are C2, 17 % are C3 and none are C1. The carbon
connection in hemicellulose is similar to that in cellulose,
which means every carbon atom in hemicellulose is connected
to at least one oxygen atom. Lignin generally has more CI,
while extractives have the highest contents of CI. This is
because extractives are mainly composed of a number of
hydrocarbons. Figs. 4 and 5 show the points peak curve of
Cls on fiber surfaces in eucalyptus CTMP fiber before and
after fungal modification respectively.
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Fig. 4. Points peak curve of Cls on fiber surfaces in eucalyptus CTMP
fiber before fungal modification
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Fig. 5. Points peak curve of Cls on fiber surfaces in eucalyptus CTMP

fiber after fungal modification

Table-2 (Figs. 4 and 5) showed that the peak area of C1
on the surface of fungal modified fiber decreased from the
original 36.9 to 30.8 %. The peak area of C2 and C3 increased
by 7.2 and 33.3 % respectively, while that of C4 did not change.
As we mentioned previously, a lower C1 percentage meant
that on the modified fiber surface there were less had lower
lignin and extractives and more carbohydrate content. The
increase in the peak area of C2 and C3 suggest this too, and
the result agree with O/C ratio trends. Therefore, through
comparing the carbon valence on fiber surface before and after
fungal modification, it further indicated fungal modification
could remove lignin and carbohydrate from fiber surface and
make the S1 layer exposed more on the fiber surface.

In addition, high carbohydrate contents on the fiber surface
meant there are more hydrophilic groups exposed on the fiber
surface, which was helpful in the forming of hydrogen bonds.
Therefore, this result can better explain why the physical
strength performance of the fibers in fungal modified eucalyptus
CTMP fiber is improved significantly.
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TABLE-3
CONTENT OF LIGNIN AND EXTRACTIVES ON THE SURFACE OF EUCALYPTUS CTMP FIBERS (%)

Pulp Cl C2 C3 C4 Lignin content Extraction content
Eucalyptus CTMP fiber 36.9 51.2 7.5 43 56.9 10.9
Eucalyptus Bio-CTMP fiber 30.2 55.2 9.6 5.0 54.1 2.6
Eucalyptus CTMP-E fiber 30.8 54.9 10.0 43 522 4.8
Eucalyptus Bio-CTMP-E fiber 28.9 52.9 13.3 4.8 51.8 22

Quantitative analysis of lignin and extraction from the
surface of CTMP fiber before and after modification by
white rot: Besides the analysis of the proportion of carbon
valence from O/C and Cls peaks of the surface from plant
fiber, X-ray photoelectron spectroscopy can also be used for
quantitative analysis of the contents of lignin and extraction
from fiber surfaces. As mentioned above, because Cls peaks
do not appear in pure fiber as well as in hemicellulose, for the
fibers after extraction, the C1 peaks can be considered almost
come from lignin. This feature of plant fiber offers us a method
to quantitatively determine the contents of lignin and extractives
from fiber surface through the information given by C1 peaks.
Attention should be paid to that analysis needs using the patterns
after extraction when we quantitative analyzed the contents of
lignin and extractives from fiber sueface. The common solvents
for the extraction are acetone and dichloromethane.

According to the literatures, if the proportion of O/C on
fiber surface or the numbers of carbon of different valence
have been given, the contents of lignin and extractives on fiber
surface can be estimated through eqn. (1)-(4).

o/C -0/C
q)li o extracted pulp carbohydrates x 100 % (1)
¢ O / Clignin - O / Ccarbohydrales
o/C -0/C

extracted pulp

Px100% (o)

extractives

q)ex[ractives = O/C -0/C

extracted pulp

In the equations, O/C,u, -the proportion of O/C of pulp
that hasn't been extracted; O/Cexiacted pup -the proportion of O/C
of pulp that has been extracted; O/Cearonydrares -the proportion
of O/C of carbohydrates; O/Cignin -the proportion of O/C of
lignin.

Clexlractedpulp -
=~ x100% 3)
Cl C1

pulp extracted pulp

-C1

q)ex[ractives = Cl X 100 % (4)

extractives extractted pulp

In the equations, Cl1,y, - the percentage of C1 of pulp the
hasn't been extracted; Clexiacted pup -the percentage of C1 of
pulp that has been extracted; 49 -the percentage of C1 of milled
wood lignin; Clexracives -the percentage of C1 of extractives; o
-the measurements of C1 in pure fiber, generally dereferenced
as 2 %.

In the above 4 equations, eqns. (1) and (2) were first set
up by Strom and Carlsson'’. Equation (3) was first set up
by Osterberg'®. Afterwards, Risén et al." and Zhou et al.*
expanded eqns. (1)-(3) respectively, then set up equation (4).
According to Koljonen's research’, when we quantitatively
analyze the contents of lignin and extractives on fiber surface,
if each experimental condition is strictly controlled, the

algorithmic method of taking the percentage of C1 as the
baseline (using eqns. 3 and 4) is better than that of taking the
proportion of O/C as the baseline (using equation 1 and 2),
for using the former one we can get good reproducible results’.
That's because for the second method, the fiber surface is easy
to soak up water, meanwhile the proportion of O/C is quite
sensitive to the chemical changes on fiber surfaces during the
process. These will influence the results finally*"*. Therefore,
we suggest that eqns. (3) and (4) are used in calculating the
content of lignin and extractives on fiber surfaces.

In this research, we used acetone to extract and process
the CTMP fiber in eucalyptus pulp and eqns. (3) and (4) to
calculate the contents of lignin and extractives on fiber surface.
Based on the data in Table-2, the contents of lignin and
extractives on fiber surface calculated are listed in Table-3.

It is shown in Tables 1 and 3 that, no matter before or after
the modification of white rot fungi, the contents of lignin and
extractives on the surface of eucalyptus CTMP fiber are always
far higher than the total contents of lignin and extractives. For
example, the total content of lignin of the fibers in eucalyptus
CTMP fiber which haven't been modificated is 25.1 %, how-
ever, the content of lignin on its surface reach up to 56.9 %.
Thus it indicates that the lignin and extractives of fibers in
eucalyptus CTMP fiber mainly concentrate on the surface.
That's because the separation of fibers mainly happens in
middle lamella during CTMP pulping and the major chemical
composition of middle lamella are lignin and extractives, which
has been proved in our previous works using SEM and AFM.

In Table-3, the content of lignin on the surface of fibers
in eucalyptus CTMP decreases from original 56.9 to 52.2 %
after modification, reduced by 8.3 %, while the total content
of lignin only decrease by 2.5 %. This means shows the
delignification by white rot fungi mainly happened on fiber
surfaces Meanwhile, the content of extractives on the surfaces
of fibers in eucalyptus CTMP fiber decreases from original
10.9 % to 4.8 % after modification, reduced by 55.9 %, while
the total content of extractives just reduce by 11.1 %. It sugges-
ted that the removing of extractives caused by white rot fungi
modification mainly concentrates on fiber surfaces.

Conclusion

The X-ray photoelectron spectroscopy analysis of oxygen-
carbon ratio (O/C) on the surfaces of fibers in eucalyptus
CTMP fiber before and after the modification of white rot
fungi showed that the oxygen-carbon ratio (O/C) on the
surfaces of fiber in eucalyptus CTMP fiber after modification
by white rot fungus increased by 7.4 %, meanwhile C1s peak
shift to higher binding energy, which means, the surface of
fibers in eucalyptus CTMP fiber are high in carbohydrate
content, low in lignin and extractives content. That's caused
by white-rot fungus which removes part of lignin and extractives
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from the fiber surface and makes more carbohydrate-rich
components exposed in S1 layer structure.

Through the studies of Cls peaks of fiber surfaces in
eucalyptus CTMP fiber, the area of C1 peaks of fiber surface
decreases by 16.5 % after the white rot fungus modification.
While the areas of C2 and C3 peaks increase by 7.2 % and
33.3 %, the area of C4 peak does not change. The drop in the
area of C1 peak means hydrophilic groups are exposed on the
fiver surfaces in the eucalyptus CTMP fiber after white rot
fungus modification, the content of carbohydrate increased,
lignin and extractives are deduced. That will promote the
formation of hydrogen bonding between the fibers during
papermaking.

In the quantitative X-ray photoelectron spectroscopy
analysis of the contents of lignin and extractives on the fiber
surface, the contents of lignin and extractives in the fiber
surface in eucalyptus CTMP fiber after white rot fungus modi-
fication decreased by 8.3 % and 55.9 % reseparately, while
the total lignin content and total extraction content of pulp
decrease by only 2.5 % and 11.1 %, which proves that the
delignification by white rot fungi and the degradation of
extractions mainly happened on fiber surfaces.
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