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ABSTRACT: The fundamental mechanism of wet-
strength development for dielectric-barrier discharge treated
thermomechanical pulp fibers was explored. Electron spec-
troscopy for chemical analysis (ESCA), vapor phase fluorine
surface derivatization followed by ESCA, and dynamic con-
tact angle analysis were performed to assess the surface
chemistry in terms of both chemical functionality and wet-
tability. Effects of the intensity of dielectric-barrier discharge
treatment on the surface chemistry of lignocellulosic fibers
and the corresponding impacts to fiber wet-tensile proper-

ties are described. This study indicates that low treatment
intensities result in increased wettability due to surface ox-
idation, which leads to a small reduction in wet-tensile
index. However, increased treatment intensity brings about
diminished wettability due to covalent crosslinking, which
leads to increases in wet-tensile index. © 2005 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 98: 2219-2225, 2005
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INTRODUCTION

Societal demand for products produced from sus-
tainable resources via green chemistry continues to
increase. This, in turn, drives industrial processes
toward environmentally benign manufacturing
technologies. The utilization of biomass feedstock,
especially forest resources, has been recognized as a
viable resource for innovative biomaterials." The
production of mechanical pulps is an example of an
environmentally sustainable manufacturing process
as it utilizes greater than the 90% of the wood
biopolymers in an effluent-free process.” The result-
ing fibers consist mainly of cellulose, hemicellulose,
and lignin biopolymers with small amounts of ex-
tractives and other materials. These fibers are em-
ployed in assorted products. Future applications of
this bioresource are dependent upon developing
innovative chemical modification processes that fa-
cilitate changes in the hydrophilicity, functionality,
and distribution of chemical constituents on the
surface of lignocellulosic fibers.>””
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The use of dielectric-barrier discharge as a surface
treatment for synthetic and natural polymers has
gained increasing interest due to its practical bene-
fits and applicability.® The cold plasma generated
from a dielectric-barrier discharge contains numer-
ous highly reactive species including electrons,® hy-
droxyl radicals,” positive and negative oxidized
ions,'® reactive molecules'' such as ozone,® and
other excited species. Surface treatment with atmo-
spheric plasma has long been associated with the
increased surface energy and wettability of poly-
meric and lignocellulosic materials,'*** which has
been attributed to the oxidative nature of the sur-
face treatment.!>® However, recent studies indi-
cate that treatment of lignocellulosic sheets at rela-
tively high dielectric-barrier discharge treatment in-
tensities results in smoothing of the fiber surface,"
a decrease in water retention value,?® and increases
in wet-tensile index.”' Typically, wet-strength is in-
creased by covalent crosslinking or by protecting
bonds in the sheet from the penetration of water.*
However, the reported increases in wettability and
surface oxidation associated with dielectric-barrier
discharge treatment are not complementary to in-
creases in wet-tensile. The purpose of this study was
to investigate the changes in surface chemistry re-
sponsible for the development of wet-strength due
to the dielectric-barrier discharge treatment of ligno-
cellulosic fibers.
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METHODS
Sample preparation

A commercially produced unbleached Norway spruce
thermomechanical pulp was employed in this study.
The pulp was fractionated, and the long fiber fractions
(2.76 = 0.049 mm) were isolated and formed into
sample sheets without further refining, as previously
described'® to provide 60 gm 2 sheets with an average
density of 0.220 g cm ™2 * 0.0041. The long fiber frac-
tions were selected for surface analysis to avoid erro-
neously attributing experimental differences in the ra-
tio of fines:long fibers™ > to experimental treatments.

Dielectric-barrier treatments

An atmospheric pressure, low-temperature plasma,
known as a dielectric-barrier discharge, was applied to
sample sheets containing 9.0% moisture, using a 15 kV
GX-10 power generator attached to a Sherman Labo-
ratory Treater with an HT-3 power transformer. The
sheets were placed on the lower aluminum ground
electrode. The plasma discharge was applied across an
aluminum treatment electrode covered by a ceramic
coating as the ground electrode carried the fiber web.
By adjusting the ground electrode velocity and the
watts applied across the treatment electrode, sheets
were treated at 0, 0.10, 1.0, and 5.0 kW m 2min. A
portion of the plasma treated and reference sheets was
extracted with acetone purchased from VWR in a
Soxhlet apparatus for 24 h at approximately six cycles
per hour prior to surface analysis.

Wet-strength analysis

The dry-tensile properties of samples cut to approxi-
mately 15.0 X 101.6 mm from reference dielectric-
barrier discharge treated sheets were analyzed on an
Instron Model 1122 instrument following Tappi Stan-
dard method T 494.*° The wet-tensile properties of
sheets formed from thermomechanical pulp fibers
were also analyzed by Tappi Standard method T 494
after the strips were soaked in distilled water for 5.0
min and then immediately inserted into the clamps on
the Instron apparatus.

Fluorination

A portion of the samples were fluorinated with triflu-
oroacetic anhydride (TFAA) purchased from Fluka to
help to differentiate between hydroxyl and ether func-
tionalities. The hydroxyl groups on the fibers were
selectively labeled with TFAA vapor, at 35 °C for 45
min, using a method that has been previously de-
scribed®* and optimized™ for use on lignocellulosic
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fibers. Samples were analyzed immediately following
fluorination.

Surface characterization

ESCA studies were performed on reference and di-
electric-barrier discharge treated samples that had and
had not been Soxhlet extracted with acetone. In addi-
tion, samples of these sheets were fluorinated with
TFAA and immediately analyzed by ESCA. All sam-
ples were degassed to 10~® Pa and ESCA studies were
performed on a Quantum 2000 instrument from Phys-
ical Electronics using a monochromatic Al Ka x-ray
source (15 kV, 20.8 W, 100 wm beam size, 45° take-off
angles, 500 um analysis areas) and a neutralizer to
avoid electrostatic charging.

Wettability studies

The wettability of acetone extracted reference and di-
electric-barrier discharge treated TMP fibers was ana-
lyzed using the Wilhelmy plate technique on a Cahn
DCA-332 dynamic contact angle analysis instrument,
using distilled water and methylene iodide purchased
from Sigma.’' The advancing contact angles of dis-
tilled water and methylene iodide on the surface of 10
fibers at each condition were measured, averaged, and
calculated by the harmonic mean method* to provide
the polar and dispersive components of surface en-

ergy.

RESULTS AND DISCUSSION
Wet-strength analysis

To evaluate the effects of dielectric-barrier discharge
on the physiochemical properties of TMP sheets, a
series of treatments was accomplished by varying the
applied power from 0 to 5.0 kW m~? min. No statis-
tically significant differences between the dry-tensile
index of reference and treated sheets were observed.
However, the wet-tensile index of dielectric-barrier
discharge treated samples showed a small decrease at
0.10 kW m~? min and then began to increase with
increased dielectric-barrier discharge treatment

(Fig. 1).

Surface chemical composition

Both reference and dielectric-barrier discharge treated
TMP fibers were analyzed by ESCA. All spectra con-
tained carbon and oxygen. In addition, several of the
acetone extracted samples indicated traces of silicon,
aluminum, or calcium at contents below 0.3%. The
O/C ratios of the untreated samples, 0.60 and 0.58 for
the extracted samples, are as expected, residing be-
tween the ratio of 0.49 expected for fibers with high
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Figure 1  Wet-tensile index of reference and dielectric-
barrier discharge treated sheets.

lignin contents®** and 0.83 expected for cellulose.””

Table I summarizes the chemical composition of var-
ious samples as analyzed by ESCA. The O/C ratio
increased upon treatment in both unextracted and
extracted samples. Extraction removes some oxidized
species, which result in a lower O/C ratio overall for
the surface treated samples.

Figure 2 shows high-resolution C1s spectra for each
sample. The C1 peak in Figure 2(a—d) shows a marked
decline with increased dielectric-barrier discharge
treatment, compared to the deconvolution spectra for
the acetone extracted samples shown in Figure 2-h.
This is likely due to a reduction in the extractives
present on the fiber surface with increased treatment.
However, changes in extractives cannot account fully
for the changes seen, as ESCA studies provide signs of
surface oxidation among the acetone extracted fibers
in the form of increased O/C ratios (Table I) and
increases in oxidized functionalities; especially those
arising from the C3 peak (carbon double-bonded, or
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twice single-bonded to oxygen). Deconvolution of the
C(1s) peak to study functional groups on the fiber
surface can be elusive due to lack of resolution of the
ESCA analysis, thus preventing further conclusions on
the presence of oxidized species and their potential
effect on wet strength improvement. Selective func-
tionalization is an attractive means for gathering a
greater understanding of the fiber surface chemistry.

Vapor phase fluorination with trifluoroacetic anhy-
dride followed by ESCA was performed to quantify
the amount of accessible hydroxyl groups at the sur-
face of the plasma treated fibers. Table II shows the
atomic composition for all the derivatized samples.
Increases in the amount of incorporated fluorine were
observed at low dielectric-barrier discharge treatment
intensity levels and decreases in the amount of incor-
porated fluorine were observed at high levels. This
indicates that the surface of the fibers contains more
oxygen available as free hydroxyl groups at low di-
electric-barrier discharge treatment and less oxygen
available as free hydroxyl groups at high dielectric-
barrier discharge treatment intensity. Figure 3 shows
the correlation between wet tensile and hydroxyl
groups available for fluorination.

High-resolution total carbon C(1s) peaks were col-
lected and deconvoluted to provide class 1 (C1) car-
bons, which are carbons bonded only to carbons or
hydrogen; class 2 (C2) carbons, which are carbons
bonded only to a single oxygen; class 3 (C3) carbons,
which are carbon double-bonded to one oxygen or
carbon single-bonded to two oxygens; and class 4 (C4)
carbons, which consist of a carbon single-bonded to
one oxygen and double-bonded to another(Tables II
and II1).***” In the case of the fluorinated samples, a
class 5 (C5) carbon peak is also resolved (Table III).
This peak represents the CF; peak, which arises due to
the selectively fluorinated hydroxyl groups, and rep-
resents that portion of the C2 carbons that are found
only as hydroxyl, but not as ether functionalities.?”~*

TABLE I
ESCA Atomic Composition and the Functional Groups Present on the Surface of Dielectric-Barrier
Discharge Treated Thermomechanical Pulp Fibers

Sample and

treatment C1 (C—C, C—H) C2 (C—O) C3 (0—C—0, C=0) C4 (0—C=0)
(kW m ™2 min) O/C ratio (%) (%) (%) (%)
Unbleached TMP fibers

0 0.602 25.7 59.4 11.8 3.2

0.10 0.619 20.0 61.6 15.0 3.3

1.0 0.708 18.2 61.9 16.3 3.6

5.0 0.708 16.3 62.7 16.7 4.5
Acetone extracted unbleached TMP fibers

0 0.578 21.9 62.0 11.7 45

0.10 0.649 19.0 58.4 18.8 3.8

1.0 0.649 21.8 59.0 16.5 2.8

5.0 0.672 20.1 60.7 15.6 3.7
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b. 0.10 KWm2min

A

d. 5.0 kWm2min

A

ESCA C(1s) deconvolution spectra for TMP reference (a) and dielectric-barrier discharge treated (b) 0.10, (c) 1.0,

and (d) 5.0 kW m~? min samples and acetone extracted reference (e), dielectric-barrier discharge treated (f) 0.10, (g) 1.0, and

(h) 5.0 kW m ™2 min samples followed by acetone extraction.

It should also be noted that the C4 peak will contain
data representing not only the C4 content of the fibers,
but an additional C4 component; due to the reaction
between the trifluoroacetic anhydride and the fiber,
which inserts an ester functionality, as well as the CF;
functionality upon reacting with the fiber surface (Ta-
ble III).%°

When examining the deconvolution spectra for
samples upon which the hydroxyl groups were selec-
tively fluorinated,® the peaks are much more easily
resolved. When the integrations of these deconvolu-
tion spectra are compared, the C5 peak on the spectra
for the fluorinated fibers that have not been extracted
increases at low dielectric-barrier discharge treatment
and decreases as treatment continues; indicating that
the surface hydroxyl groups increase and then de-
crease. If the ratio of the C5 peak, which represents
only surface hydroxyl groups, and the C2 peak, which
represents hydroxyl and ether functionalities, is ana-
lyzed, this ratio increases with a low amount of sur-
face treatment, but begins to diminish with increased
treatment intensity (Table III). Hence, it is likely that

surface oxidation predominates at low treatment lev-
els; while covalent crosslinking prevails at increased
treatment intensities.

Wetting of dielectric-barrier discharge treated
lignocellulosics

The wettability of single fibers randomly pulled by
tweezers from the surface of reference and treated
samples was studied using the Wilhelmy plate tech-
nique. Figure 4 shows tensiograms of untreated and
dielectric barrier discharge treated TMP fibers that
have been acetone extracted. The advancing and re-
ceding tracks of the tensiogram for all TMP fibers
show a hysteresis, which is typical for wood pulp
fibers and reflects their chemical and morphological
heterogeneity.?®*” In addition to hysteresis, the ampli-
tude in force varies along the fiber length as a result of
the topography and variation in the fiber diameter.*’
The fiber wettability was measured as the advancing
contact angle of 10 single fibers per sample in distilled
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Figure 2 (Continued from the previous page)

water and averaged (Table IV). The advancing contact
angle indicated increased wetting with low dielectric-
barrier discharge treatment, which began to diminish
at higher treatment intensities. The polar and disper-
sive components of surface energy were calculated
using the measured advancing contact angles of water
and methylene iodide on single fibers via the har-
monic mean method.?> The polar component of sur-
face energy appears to be the major contributor to the
increased surface energy at low dielectric-barrier dis-

TABLE II
TFAA Derivatization followed by ESCA
Sample and

treatment C(1s) O(1s) F(1s)
(kW m~? min) (%) (%) (%)
0 51.7 327 15.7
0.10 51.2 31.8 17.0

1.0 52.0 32.6 15.5

5.0 53.7 33.3 12.9

0 50.9 32.4 16.7
0.10 50.4 32.5 17.1

1.0 51.0 33.1 15.9

5.0 53.1 33.3 13.6

charge treatment levels, which correspond to in-
creased surface oxidation (Table I), decreased wet-
tensile strength (Fig. 1), and increased wettability
(Table 1V). This effect appears to diminish as the
surface energy begins to decrease and the advancing
contact angle begins to increase at increased dielec-
tric-barrier discharge treatment intensity levels (Ta-
ble IV). These results correspond with the decrease

N
o

—_ —_ —y
o (] [e]

Fluorinated Carbon (%)

e
N

0 0.5 1 1.5 2
Wet Tensile (Nm/g)

Y
o

Figure 3  Surface hydroxyls available for fluorine deriva-
tization versus wet-tensile.
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TABLE III
TFAA Derivatization followed by ESCA to Study the Relationship between Wet-Tensile Strength and the Functional
Groups Present on the Surface of Dielectric-Barrier Discharge Treated Thermomechanical Pulp Fibers

Sample and

treatment C1 (C—C, C—H) C2 (C—0O) C3 (0—C—0O, C=0) C4 (O—C=0) C5 (C—F3)
(KW m ™2 min) C5/C2 ratio (%) (%) (%) (%) (%)
Fluorinated TMP fibers

0 0.138 18.6 494 14.7 10.5 6.8

0.10 0.192 174 46.7 15.5 11.6 8.9

1.0 0.186 17.1 46.5 15.2 12.6 8.7

5.0 0.127 19.4 494 14.0 11.0 6.3
Acetone extracted, fluorinated TMP fibers

0 0.166 14.6 51.1 134 12.4 8.5

0.10 0.200 14.0 47.2 17.2 12.2 9.5

1.0 0.169 145 48.0 17.1 12.3 8.1

5.0 0.140 19.0 47.3 15.9 11.2 6.6

in hydroxyl groups available for fluorination and
increased wet-tensile index (Tables II and III). This
offers additional support for covalent crosslinking
at increased dielectric-barrier discharge treatment
intensities.

CONCLUSIONS

The degree of modification at the surface of ligno-
cellulosic fibers and changes to surface chemistry
were shown to depend on dielectric-barrier dis-

charge treatment intensity. At low treatment levels,
surface oxidation occurred and the fibers became
more wettable, which contributed to a small de-
crease in wet-tensile index. With increased dielec-
tric-barrier discharge treatment, fewer surface hy-
droxyls were present at the fiber surface as deter-
mined by availability for fluorination, decreased
wettability, and increased wet-tensile index despite
the increased oxygen contents suggested by the
ESCA studies on nonfluorinated samples. These ob-
servations indicate covalent crosslinking on the sur-
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Figure 4
treated (b) 0.10, (c) 1.0, and (d) 5.0 kW m 2 min fibers.

Typical tensiograms from dynamic contact angle analysis of TMP reference (a) and dielectric-barrier discharge
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TABLE 1V

Relationships between Wet-Tensile Strength and the
Advancing Contact Angle in Water (0,) and the Polar

(v,) and Dispersive (y4) Components of the Total

Surface Energy (v, of Acetone Extracted Reference and
Dielectric-Barrier Discharge Treated Thermomechanical

Pulp Sheets

Sample Wet-
treatment tensile Yeot Y Ya"
(kW m 2 min) (Nm/g) 6,(°) (m? (m? (m?
0 1.40 66.2 45.8 17.9 279
0.10 1.34 52.9 52.4 25.8 26.2
1.0 1.42 52.6 52.4 26.2 26.2
5.0 1.97 56.7 50.9 23.1 27.8

@ Based an advancing contact angle measurements of sin-
gle fibers with water and methylene iodine.

face of samples that were dielectric-barrier discharge
treated at higher treatment intensities.
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