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Abstract 

This study investigates the fundamental topochemical effects of dielectric-barrier discharge treatment on 
bleached chemical pulp and unbleached mechanical pulp fiber surfaces. Fibers were treated with various 
levels of dielectric-barrier discharge treatment ranging from 0 to 9.27 kw/m2/min. Changes to the fiber 
surface topochemistry were investigated by atomic force microscopy (AFM). The AFM studies were 
complemented by inverse gas chromatography (IGC), contact angle evaluation, poly-electrolyte titration, 
viscosity testing and determination of water retention value (WRV). The static coefficient of friction and 
zero-span tensile index of sheets were also evaluated. Low dielectric-barrier discharge treatment levels 
resulted in increased surface energy and roughness. Fibers treated at high applied power levels showed 
surface energies and roughness levels near that of reference samples as well as evidence of degradation and 
decreased fiber swelling. 

Abbreviations: AFM - atomic force microscopy; BKP - bleached kraft pulp; IGC - inverse gas chroma- 
tography; TMP - thermomechanical pulp; WRV - water retention value. 

Introduction 

The need to develop new green chemistries that 
facilitate the development of new materials based 
on renewable resources has grown into a pre- 
dominant research challenge over the last two 
decades (Venselaar 2003). The utilization of 
lignocellulosics for biofuels, biocomposites (Bruck 
et al. 2002), and biomaterials (Glasser 1994) is 
being actively pursued both by academic and 
industrial researchers. Frequently, an important 

component in the development of new or im- 
proved lignocellulosic materials is the surface 
chemistry of the fiber. Many schemes for modify- 
ing the surface chemistry and morphology of 
papermaking fibers have been explored. Typically, 
these methods involve chemical additives (Barzyk 
et al. 1997; Laine et al. 2000; Henriksson and 
Gatenholm 2001; Wggberg et al. 2002), enzymes 
(Viikari et al. 1998), or mechanical treatments 
(Page 1985; Seth 1999). Dielectric-barrier 
discharge treatment as a tool for sculpting fiber 



topochemistry is of interest given its potential to 
,. oxidize the surface of lignocellulosics and its 

inherent green chemistry. This process requires no 
chemical additives and has seen increasing indus- - 
trial interest since it can be performed under 
atmospheric conditions (Seebock et al. 2000). 

Dielectric-barrier discharge initiated surface 
treatment occurs when electrons pass from a 
treatment electrode to a ground electrode with at 
least one electrode covered by an insulating 
material, exposing materials in the gap to an 
atmospheric plasma. This plasma contains a vari- 
ety of species including electrons with energies 
great enough to break molecular bonds by colli- 
sion (Kogelschatz 2003). This results in the crea- 
tion of excited species including ions, photons, and 
excited oxygen species including ozone, activated 
oxygen, free radicals including hydroxide radicals, 
and free elemental oxygen (Shahin 1966; Cramm 
and Bibee 1982; Bezigian 1992; Naidis 1997; Egli 
and Kraus 2003; Kogelschatz 2003). Within the 
plasma generated by dielectric-barrier discharge, 
the amount of microfilaments that exist can be 
increased by increasing either treatment time or 
watts applied, but individual micro-discharge 
properties are not altered (Kogelschatz 2003). 

Previous dielectric-barrier discharge treatments 
of synthetic films have been shown to increase 
polar functional groups at polymer surfaces 
resulting in increased wettability and surface en- 
ergy (Roth 2001); while over-oxidation of poly- 
olefin films such as polyethylene, polyethylene 
terphthalate, and polypropylene results in surface 
degradation, pinholes, and reduced wettability 
(Sun et al. 1999). Past studies involving lignocell- 
ulosics have shown that dielectric-barrier dis- 
charge treatment of cellophane, sized papers, and 
wood improves wettability and that the roughness 
of cellophane increases with increased treatment 
(Brown and Swanson 1971; Sabharwal et al. 1993; 
Rhen and Viol 2003). Studies involving oxygen 
plasma treated pulps indicate increased oxidation 
and wettability of pulps containing significant 
amounts of lignin and extractives (Carlsson et al. 
1995). In addition, the dielectric-barrier discharge 
treatment of wood and paper improves the adhe- 
sion of paints and glues (Back and Danielsson 
1987). As well, the dielectric-barrier discharge of 
polyethylene improves its adhesion to cellulosic 
materials (Kim et al. 1970; Kemppi 1996). 
Dielectric-barrier discharge is also associated with 

increased surface oxidation of IignoceIIuIosics 
(Suryani et al. 1980; Sakata et al. 1991; Belgacem 
et al. 1995; Vander Wielen and Ragauskas 2003) to 
which improvements in bond strength between 
pressed plies of cellulose films, bleached sulphite 
pulp, birch veneer, and paperboard (Goring 1967; 
Sakata et al. 1991) have been attributed. In addi- 
tion, the static coefficient of friction of newsprint 
shows increases with increased dielectric-barrier 
discharge treatment (Gurnagul et al. 1992). Re- 
cently, the ability of dielectric-barrier discharge to 
accomplish in situ grafting of lignocellosics (Van- 
der Wielen and Ragauskas 2004) and provide 
substantial enhancements in the wet-strength of 
treated bleached kraft pulp (BKP) and unbleached 
thermomechanical pulp (TMP) sheets (Vander 
Wielen et al. 2003) has been demonstrated. 

The objective of this study was to perform a 
comprehensive investigation to characterize the 
impact of a wide range of applied dielectric-barrier 
discharge treatment power levels on the surface 
topochemistry of fully bleached kraft fibers and 
unbleached mechanical pulp fibers at low and high 
treatment levels. These two fiber resources were 
selected as the maln constituents of fully bleached 
kraft fibers are cellulose and hemicellulose; 
whereas the thermomechanical pulp fibers are 
composed mainly of cellulose, hemicellulose, and 
lignin. It was anticipated that the polyphenolic 
nature of lignin would impact the topochemical 
reactions initiated by the dielectric-barrier dis- 
charge generated plasma. 

Materials and methods 

Materials 

The pulps used in this study are a fully bleached 
southern pine BKP and a commercial unbleached 
Norway spruce TMP. The long fiber fraction (6P/ 
35R) of each pulp was collected using a Bauer- 
McNett fiber fractionator to avoid the detection of 
differences in surface chemistry which may exist 
between fines and long fibers. The TMP pulp was 
Soxhlet extracted with acetone for 24 h. Carbo- 
hydrate analysis (Tappi 1996) of the BKP indi- 
cated that it consisted of 80.50% glucose, 8.88% 
xylan, 0.24% galactose, 6.39% mannose, and 
0.51% arabinose. The TMP fibers consisted of 
48.64% glucose, 4.31 % xylan, 1.28% galactose, 



9.60% mannose, and 0.57% arabinose. Analysis 
for lignin content showed that the BKP and TMP 
contained 0.85 and 26.05% lignin, respectively. All 
fibers were formed into paper sheets as previously 
reported (Vander Wielen and Ragauskas 2004). 
The treated and untreated sheets were acetone 
extracted in a soxhlet extractor for 24 h prior to 
atomic force microscopy (AFM) and inverse gas 
chromatography (IGC) analysis. 

Poly-electrolyte titration 

A published titration method for the determina- 
tion of surface carboxylic acid groups was applied 
to quantify the surface charge of the BKP and 
unbleached TMP fibers (Wagberg et al. 1989). The 
data plots resulting from titrations were extrapo- 
lated to determine the surface acid contents pulp 
fibers. 

Dielectric-barrier discharge treatment Inverse gas chromatography 

A Sherman Laboratory Treater Station was used 
to dielectric-barrier discharge treat paper sheets at 
0, 0.12, 3.31 and 9.27 kw/m2/min. The treatment 
electrode was a ceramic coated aluminum elec- 
trode which applied a high voltage across a 
1.5 mm gap containing paper samples. The sam- 
ples were mounted onto an aluminum table which 
acted as a ground electrode as it passed the sample 
under the treatment electrode at controlled veloc- 
ities. The 20 kHz GX-10 power generator was 
used to convert power to a high frequency alter- 
nating current, which was converted to sufficiently 
high voltages by the HT3 high tension transformer 
for production of atmospheric plasma. 

Atomic force microscopj~ 

In this study, AFM was performed at atmospheric 
pressure and room temperature in the tapping 
mode over a 5 pm by 5 pm area with a silicon 
nitride tip on a Digital Instruments 3100 Scanning 
Probe Microscope. Samples were held in place by 
double-sided tape. Resolutions of 512 by 512 pix- 
els were used. For each sample, height images were 
collected for eight fibers at three locations along 
the fiber (Mahlberg et al. 1999). The surface 
roughness was evaluated by the equation 

IGC was performed using teflon columns of length 
0.5 m, outside diameter 0.25 in., and inside diam- 
eter 0.125 in. that were packed with about 1.0 g of 
paper sheet material that had been reduced to 
approximately 1.0 mm square pieces. A Hewiett- 
Packard 5890 gas chromatograph with a flame 
ionization detector was used for the chromatog- 
raphy. Helium was the carrier gas, with a flow rate 
of 15 ml/min. Alkane probe molecules (hexane, 
heptane, octane, nonane, decane and undecane) 
were injected at temperatures of 50, 60 and 70 "C. 
Retention times, based on the average of five 
injections, were determined relative to methane as 
an unretained probe. As described in the literature 
(Shultz and Lavielle 1989), plots of RTln(V,) vs. 
a(yd)O.' were constructed, where R = the gas 
constant, T = temperature (K), a = probe sur- 
face area (nm2), yd = dispersive energy of the 
probe molecule ( m ~ / m ~ ) ,  and V, = relative 
retention volume in cm3. 

Contact angle 

Contact angles of nanopure water on the surface 
of TMP were determined using the equation for 
vertical wicking determined by the classic studies 
of Washburn (1921). The equation 

where R,,, is the root-mean square of the standard where h is the vertical wicking height, t the time, r 
deviation for the height (Z) data, Z,,, is the the average pore radius, y the surface tension of 
average height value, Zi is the current height value, water, i9 the contact angle, and q the viscosity of 
and N the number of points in the area examined. water was applied as in past studies modeling the 
These values were averaged to give the roughness behavior of papermaking fibers and related mate- 
for each sample. Height images for bleach kraft rials (Winspear 1979; Hodgson and Berg 1988; 
pulp fibers were also collected. Danino and Marmur 1994; Hoecker and 



Karger-Kocsis 1996; Pillai and Advani 1996; Chen 
and McMorran 1999; Norris et al. 1999; Shi et al. 
2000; Hajnos et al. 2003). Mercury porosimetry 
was performed by Micromeritics Instrument Cor- 
poration to determine the average pore radius. The 
data collected were used in Equation 2 to estimate 
the contact angle of nanopure water on TMP 
fibers. 

Water retention value (' W R  V )  

Tappi useful method 256 for WRV determination 
was applied to BKP and TMP fibers to determine 
changes in fiber swelling (Tappi 1991). Using this 
method, fibers were centrifuged at 900 g for 
30 min. The fibers were weighed in the wet cen- 
trifuged state, oven dried for 24 h, then weighed in 
the dry state. The WRV was calculated using the 
equation 

WRV= ( W ,  - Wd)/W,j (3) 

where (W,) is the wet weight and ( W d )  the dry 
weight of the fibers. 

Surface roughness 

The static coefficient of friction, defined as the 
ratio of static friction to perpendicular force, was 
established using a p Measurements, Inc. Amon- 
tons I1 Model 416 horizontal plane friction testing 
instrument. The stationary strips were 63.5 mm 
wide by 152.5 mm long, while the strip mounted 
on the weighted slide was cut to 63.5 mm x 
88.9 mm. The strips were cut from laboratory 
sheets made from BKP and TMP fibers which 
were dielectric-barrier discharge treated at 0, 0.12, 
3.31 and 9.27 kw/m2/min. Roughness was also 
examined by AFM as described above. 

Degradation 

The viscosities of BKP reference and treated fibers 
were determined using Tappi Test Method T- 
230 om-94, as a measure of the relative degree of 
polymerization of fibers at various treatment levels 
and zero-span tensile was measured using a Pul- 
mac zero-span tester. 

Results and discussion 

A comic force microscopy 

AFM has become highly valued for evaluating 
wood, fiber, and paper surfaces (Hanley and Gray 
1994; Boras and Gatenholm 1999; Hanley and 
Gray 1999; Wistara et a]. 1999; Niemi et al. 2002). 
To explore the fundamental changes in surface 
properties of the dielectric-barrier discharge trea- 
ted test sheets, samples were analyzed via AFM. 
The AFM images showed that qualitatively the 
untreated kraft fibers (Figure la) are similar to 
those reported in previous studies (Simola et al. 
2000; Simola-Gustafsson et al. 2001; Gustafsson 
et al. 2003), with granular structures visible in the 
phase images which have been attributed to the 
deposition of amorphous materials such as herni- 
cellulose. These granular structures are not 
detected on the surface of the dielectic-barrier 
discharge treated fibers (Figures Ib-d). The low 
power dielectric-barrier discharge treatment re- 
sulted in significant changes in the fiber surface 
yielding a rough, fibrillar structure. The fibrils are 
20-50 nm in diameter, with most being in the 30- 
40 nm range. This random fibrillar pattern ap- 
pears strikingly similar to the primary cell wall 
layer (Figure lb) patterns seen in previous AFM 
studies (Gustafsson et al. 2003). Dielectric-barrier 
discharge has been applied in remove surface 
contaminants; a process known as surface clean- 
ing (Goossens et al. 2001). These AFM images 
indicate that surface cleaning to remove contam- 
inants and amorphous materials from the fiber 
surface may be occurring, so as to expose the 
primary cell wall at low dielectric-barrier dis- 
charge treatment levels. The medium and high 
power treatments were also examined by AFM 
(Figures Ic and d). These differ from the control 
(Figure la) and the low power treatment 
(Figure lb) samples. Since the fibrils are parallel 
in the image of the sample at medium (3.31 kW/ 
m2/min) treatment, it appears that the primary 
wall may have been degraded, exposing the mid- 
dle secondary cell wall (S2) material as the image 
appears conspicuously similar to S2 layers iden- 
tified in a previous AFM study of kraft fibers 
(Hanley and Gray 1999). While fibrils are still 
discernible in the sample that underwent a med- 
ium level of treatment (Figure Ic), they appear 
more rounded and qualitatively smoother than 



Figure 1. Atomic force microscopy (AFM) phase images of bleachcd kraft pulp samples at  (a) reference condition showing granular 
surface, (b) at low (0.12 kw/m2/min) treatment level showing random fibrillar structures, (c) a t  3.31 kw/m2/min or medium treatment 
showing a smoother parallel fibrillar structure, and (d) at 9.27 kw/m2/min or high treatment levels showing a smoothed surface. 

the sample treated at low applied power levels 
(Figure Ib). In the sheets treated with the highest 
power level, the fibrils have completely disap- 
peared, resulting in a much more rounded 
appearance (Figure Id). 

Phase images from the thermomechanical pulp 
handsheets are as shown in Figures 2a-d. Visually, 
these are more internally consistent than the kraft 
samples. Lignin in the fiber most likely protects 
unbleached thermomechanical pulp fibers from the 
extent of dielectric-barrier discharge induced deg- 
radation experienced by the bleached kraft fibers. 
The appearance of the fibril structure on the sur- 
face of untreated mechanical pulp fibers detected 
via AFM is, however, in accord with previous 
observations (Snell et al. 2001). Although major 
breakdown of the cell wall layers to reveal under- 
lying layers is not indicated, samples treated at low 
treatment (0.12 kW/m2/min) appear as if they may 
have undergone surface cleaning, as the small 

amount of granular type materials which appears 
on the reference sample (Figure 2a) is not ob- 
served among the dielectric-barrier discharge 
treated samples (Figures 2b-2d). In addition, 
medium (3.31 kw/m2/min) and high (9.27 kW/m2/ 
min) applied treatment powers appear to provide 
smoother fibers. 

The plots of root-mean-square roughness 
determined via AFM show an increase in surface 
roughness at low treatment levels which declines 
with increased surface treatment (Figure 3). When 
compared with the AFM phase images for these 
fibers, shown in Figures 1 and 2, this data shows 
an increase in surface roughness which corre- 
sponds to the well defined fibrils on the fiber sur- 
face seen at low dielectric-barrier discharge 
treatment levels. The decrease in roughness cor- 
responds with the increasingly smoothed, 
decreasingly fibrillar appearance of fiber surfaces 
at higher treatment levels. 



Figure 2.  Atomic force microscopy (AFM) phase images of thermomechanical pulp fibers treated at 0 kW/m2/min (a), 0.12 kW/m2/ 
min (b), 3.31 kW/m2/min (c), and 9.27 kw/m2!min (d) dielectric-barrier discharge treatment levels. 
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Roughness 

30 

25 

20 

A A 

array of applied dielectric-barrier discharge treat- 
ment power levels, as illustrated in Figure 4. These 
results confirm an increase in carboxylic acid 
functionality at low dielectric-barrier discharge 
treatment power applications, with a return to a 
level of surface acids similar to that of the reference 
sample at higher dielectric-barrier discharge power 
levels. As treatment power increases, the carboxylic 
acid content returns to the values of the untreated 

o 0.12 3.31 9.27 fibers. This change in surface acid groups may be 
Power Applied (kW/m2/min) due to an initial oxidative process that at higher - 

Figure 3, Roughness of bleached kraft (BKP) and themome- treatment energies in over-oxidation and 
chanical pulp (TMP) fibers treated at various treatment dosages generation low weight that are 
evaluated by atomic force microscopy (AFM) in tapping mode. easily removed by washing with water. 

Poly-electrolyte titration Inverse gas chromatography 

Poly-electrolyte titrations for the determination of IGC was employed to explore changes in surface 
carboxylic acid groups at the surface of kraft and energy. This method has been applied to 
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Figure 4 .  Surface carboxylic acid groups on bleached kraft 
(BKP) and thermomechanical pulp (TMP) fibers at various 
dielectric-barrier discharge trcatment levels. 

examining changes in the surface energy of ligno- 
cellulosic fibers in prior studies (Shultz and Lavi- 
elle 1989; Felix and Gatenholm 1993; Garnier and 
Glasser 1994; Jacob and Berg 1994; Liu and Rials 
1998; Santos et al. 2001). One study indicates that 
when hardwood a-cellulose powder is corona-dis- 
charge treated, the dispersive surface energy in- 
creases with increased treatment (Belgacem et al. 
1995). The dispersive surface energies for dielec- 
tric-barrier discharge treated kraft and mechanical 
pulp fibers are summarized in Figure 5. This data 
has been calculated to 25 O C  as in the work of 
Walinder and Gardner (2000) and Tshabalala 
et al. (1999). This analysis indicates that the dis- 
persive surface energy of the fibers is maximized at 
low treatment, suggesting an increase in the 
polarizability of probe moiecules by the fiber sur- 
face. This increase in surface energy is maximized 
at the same treatment energy, 0.12 kw/m2/min, at 
which the maximum surface carboxylic acid con- 
tent was measured; while the decrease and leveling 
off of the surface energy with increased treatment 
power applications corresponds to the decrease 
and leveling off of surface acids seen via poly- 
electrolyte titration. 
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Figure 5 Dispers~ve surface cnergles of bleach kraft (BKP) and 
tbermomechan~cal pulp (TMP) fibers at  varlous dielectric-bar- 
rler d~scharge treatment levels determmcd via Inverse gas 
chromatography (IGC) 

vertical column. The Washburn (1921) equation 
has been applied to studying the wettability of fi- 
bers in numerous studies (Winspear 1979; Hodg- 
son and Berg 1988; Danino and Marmur 1994; 
Hoecker and Karger-Kocsis 1996; Pillai and Ad- 
vani 1996; Chen and McMorran 1999; Norris et al. 
1999; Shi et al. 2000; Hajnos et al. 2003). In this 
study, a decreased contact angle at lower treat- 
ment levels was observed for the TMP samples. 
The contact angle began to increase back towards 
the level of the reference sample with increased 
dielectric-barrier discharge treatment. This trend is 

Contact 
Angle 

(degrees) 

Contact angle 

Figure 6 provides the contact angles determined 
using the Washburn equation for the wicking of a 

Power Applied (kw/m2/min) 

Figure 6 .  Contact angles of water with the surface of thermo- 
mechanical pulp fibers with increased dielectric-barrier dis- 
charge treatment, determined using vertical wicking and 
mercury porosimetry data. 



consistent with the trends seen when examining in the WRV with increased dielectric-barrier dis- 
surface acids and surface energy (Figures 4 and 5). charge treatment. The increased WRV of BKP at 

low treatment levels parallels the spike in acid 
groups and surface energy seen at low treatment 

Water retention value levels (Figures 4 and 5). 

To examine the ability of the fibers to absorb 
water, WRV for the treated and control sheets 
were evaluated. WRV analysis (Tappi 1991) for 
the cold plasma treated BKP indicated an initial 
increase in WRV at low treatment levels, with a 
decrease in WRV at higher dielectric-barrier dis- 
charge treatment levels (Figure 7). The analysis of 
thermomechanical pulp fibers showed no change 
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Figure 7. Water retention value (WRV) of bleached kraft 
(BKP) and thermomechanical pulp (TMP) fibers as the applied 
dielectric-barrier discharge power was increased. 

Coeficient of friction 

Examinations of surface roughness properties 
yielded similar trends as observed for surface en- 
ergy, increasing at lower dielectric-barrier dis- 
charge treatment levels and smoothing at higher 
treatment. As seen in Figure 3, the plots of root- 
mean-square roughness determined employing 
AFM show trends that are strikingly similar to 
those from the analysis of surface acids (Figure 4) 
and the dispersive component of surface energy 
(Figure 5). The root-mean-square average surface 
roughness of the fibers is at its largest value with 
dielectric-barrier discharge treatment at 0.12 kW/ 
m2/min, as were surface acids and surface energy, 
with similar decreases dielectric-barrier discharge 
treatment was increased. The coefficient of friction 
for the kraft and thermomechanical pulp sheets 
followed trends similar, but not identical, to the 
roughness trends of those demonstrated using 
atomic force microscopy in tapping mode. 
Figure 8 shows that the low dielectric-barrier dis- 
charge treatment level results in a great increase in 
the static coefficient of friction of both BKP and 
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Figure 8. The static coefficient of friction (COF) of bleached kraft pulp (BKP) and thermomcchanical pulp (TMP) samples at various 
dielectric-barrier discharge treatment levels. 



Figure 9.  Atomic force microscopy (AFM) height image of 
5.0 pm x 5.0 pm bleached kraft pulp sample dielectric-barrier 
discharge treated at  high (9.27 kw/m2/min) intensity, white 
bar = 1.0 pm. 

TMP fibers. However, at the greatest applied 
power level, 9.27 kw/m2/min, the coefficient of 
friction of the treated and reference bleached kraft 
sheets were similar to the untreated sheets. In the 
case of the thermomechanical pulp sheets, high 
treatment levels provided a coefficient of friction 
even lower than that of the reference sample. 

The AFM height image (Figure 9) taken from 
the surface of highly treated BKP fibers indicated 
the presence of bumps or nodules on the surface of 
fibers treated at a high applied treatment level 
(9.27 kw/m2/min) despite the overall coefficient of 
friction and AFM roughness, which indicate that 
higher treatment levels provide fibers that are much 

smoother than those treated at low dielectric-bar- 
rier discharge treatment levels. These surface nod- 
ules are appreciably similar to those seen when an 
R F  oxygen plasma was applied to Whatman filter 
paper (Mahlberg et al. 1999). It is possible that 
these nodules form due to surface etching, localized 
melting, or the degradation and redistribution of 
the surface components of kraft fibers. 

Degradation 

It was of interest to determine if the surface 
analysis studies correlated to common properties 
that suggest degradation such as pulp viscosity and 
zero-sp& tensile. As summarized i n - ~ i ~ u r e  10, we 
observed a decrease in the viscosity of BKP fibers 
and decreases in the zero-span tensile of BKP and 
TMP sheets with increased dielectric-barrier dis- 
charge treatment dosages. The decreases in vis- 
cosity (Figure lo), along with inspection of AFM 
images for bleached kraft fibers (Figures la-d), 
indicate an increased surface degradation effect 
with increased dielectric-barrier discharge treat- 
ment. Specifically, the AFM visualization suggests 
that surface cleaning and removal/degradation of 
polysaccharides at the fiber surface may occur. 
The decreased zero-span tensile adds further evi- 
dence for the degradation of fibrous material. 

Conclusions 

Results of surface analysis indicate that at low 
dielectric-barrier discharge treatment the surface 
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Figure 10. Viscosity of bleached kraft (BKP) and zero-span tensile strength of BKP and thermomechanical pulp (TMP) sheets 
decrease with increased dielectric-barrier discharge treatment. 



energy, carboxylic acid content, surface roughness 
. and the coefficient of friction of BKP and 

unbleached TMP fibers are increased. At higher 
treatment levels, these effects disappear as fiber 
surfaces appear to become smoother along with 
the formation of nodules on the bleached kraft 
pulp fibers. In addition, the coefficient of friction 
and RMS surface roughness decrease, and the fi- 
ber surface chemistry becomes similar to that of 
the untreated fiber in terms of fiber charge and 
surface energy. However, in terms of fiber degra- 
dation, greater degradation occurs as dielectric- 
barrier discharge treatments are increased. The 
increased hydrophilicity of BKP at low treatment 
levels is likely due to increased oxidation as evi- 
denced by increases in surface acids and fiber 
surface cleaning as suggested by AFM images; 
while increased surface smoothness and decreased 
WRV and surface energy are seen at high treat- 
ment levels. The overall results of this study indi- 
cate a fine balance between oxidative reactions to 
increase wettability, oxidative degradation and 
decreased wettability. 
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