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Abstract

The insertion of oat husk lignin onto chemithermomechanical pulp (CTMP) fibers was

studied to improve fiber hydrophobicity. The pretreated pulp samples were subsequently used

for preparation of handsheets for characterization. Treatment of CTMP with laccase in pres-

ence of oat husk lignin resulted in significant increase in hydrophobicity of the handsheet sur-

face as indicated by dynamic contact angle analysis. Water absorption time of 8 seconds was

obtained with initial contact angle of 118◦. Although the handsheet’s brightness was reduced

by 33%, tensile index was only subtly decreased. Neither laccase nor oat husk lignin alone

gave much improved water absorption times. Therefore, handsheets made of laccase treated

pulp with and without oat husk lignin were further examined by XPS, which suggested that

both laccase and oat husk lignin were inserted onto CTMP fibers. The oat husk lignin was dis-

tributed as heterogeneous aggregates on the handsheet surface whereas laccase was uniformly

∗To whom correspondence should be addressed
†Aalto University School of Science and Technology
‡Kemira Oyj, Espoo R&D Center, Espoo, Finland
¶Stora Enso Research Center, Imatra, Finland

1



distributed. Evidence was obtained that the adsorbed laccase layer formed a non-covalent base

for the insertion of oat husk lignin onto fiber surfaces.

Keywords: Oat husk lignin, CTMP, hydrophobicity, adsorption, laccase, protein, water re-

belling

Introduction

The increasing awareness on environmental sustainability drives the search for renewable ma-

terials that could substitute synthetic chemicals while providing sufficient material properties.

Lignin, the second most abundant biopolymer on earth, seems as an interesting alternative

to fossil-fuel based polymers for packaging industry. Generally, the major shortcomings of

native lignocellulosic materials are their tendency to absorb water, limited resistance against

microbial contamination, and in certain applications, inefficient barrier properties for volatile

substances such as aromas and gases. For manufacture of liquid packaging board, hydrophobic

coatings, resins, and sizing chemicals are utilized to overcome the aforementioned shortages.

Lignin as constituent in various natural biodegradable materials has been subject of earlier

studies. With respect to hydrophobic properties, kraft lignin as filler in starch films improved

slightly their water resistance.1 In another study, effect of lignin adsorption on wetting proper-

ties of cationic electrolyte pretreated softwood kraft cellulose fibers was studied.2 Maximum

contact angles of water up to approximately 70◦ were achieved, which was confirmed to be

caused by the adsorption of kraft lignin onto pretreated fibers. A recent investigation of sur-

face energies and wettability characteristics of spin-coated thin films from three different lignin

samples reported contact angles of water for all films less than 60◦ i.e. below the minimum

value for a hydrophobic surface (90◦) according to a standard definition.3 Variability among

the thin films’ properties were found, i.e. both softwood and hardwood MWL films had no-

tably higher contact angles of water than the softwood kraft lignin film. This is consistent with

the well established fact that chemical structure and physical properties of lignin are related to

pretreatment and isolation conditions.4

Most of the lignins that originate from wood pulping are poorly suited for foodstuff pack-
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aging material, per se. The lack of value-added applications is mostly due to the hetero-

geneity, odour and color problems of the residual technical lignins.5 Better low-cost sources

of lignin could be obtained from residual streams of fermentation industry and agriculture.

Particularly sulphur-free lignins extracted from non-wood fibers are potential raw materials

for new industrial applications.5 Furthermore, it is known that non-wood lignins are more

complex than wood lignins in chemical composition, consisting of significant amounts of p-

hydroxyphenylpropane units.6 Thus, non-wood lignins may have suitable material properties

for packaging material applications. Common sources of non-wood lignin include agricultural

residues such as bagasse, herbaceous plants, grain straws and husks, as well as residues from

biorefineries and non-wood pulping. However, few published papers have discussed utilization

of non-wood lignins as hydrophobic enhancers of renewable polymers.

Laccases (EC 1.10.3.2) catalyze single electron transfer oxidation of mono-, di-, and polyphe-

nols with concomitant reduction of O2 to H2O.7 In addition to oxidation and cleavage products

formation of new covalent bonds between substrate molecules may occur during the reaction.

Indeed, lignin model compounds have been coupled to biphenylic (5-5) products by laccase.7

Previously, evidence of presence of radical species in the suspension liquid of wood fibers and

laccase has been reported.8 In addition, radicalization of lignocellulosic (TMP, CTMP) fibers

themselves has been achieved with an organic radical initiator.9 Recently, laccase-catalyzed

grafting of aromatic compounds on a lignin model compound and lignocellulose fibers was re-

ported.10 Thus, laccase seems to be promising tool for surface modification of lignocellulose

fibers.

In the present study, insertion of lignin extracted from oat (Avena sativa L.) husks (OHL)

onto spruce (Picea abies) CTMP fibers was investigated. Oat husks were selected as the lignin

source because fractionation of oat generates relatively large proportion of husks with low

economic value. The approach was to find out whether laccase, used with and without sy-

ringamide, could improve hydrophobicity of CTMP fibers and/or facilitate insertion of OHL

onto fibers. In order to facilitate interactions of OHL and CTMP fiber surface lignin, xylanase

and cellulase preparations were utilized alone and with laccase and syringamide in pretreat-

ment of OHL-containing CTMP samples. Handsheets were prepared from each pretreated
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pulp sample. Physical fiber properties were studied based on handsheet testing, and chemical

properties of fiber surfaces were analyzed by XPS from three selected handsheets including

the one with the most promising characteristics.

Materials and Methods

Materials

Spruce CTMP was obtained from Stora Enso mechanical pulp mill (Imatra, Finland). CTMP

fibers were mechanically disintegrated in presence of water, and diluted to a consistency of 4%

and pH 4.5. Removal of latency was carried out by heating the pulp to 80 ◦C for 30 min. Pulp

was stored in closed containers at 4 ◦C until the pulp treatment experiments were carried.

Oat husks obtained from Suomen Viljava Oy (Vantaa, Finland) were previously hydrolyzed

in 4% (w/w) sulphuric acid at 100 ◦C for 4 hours (100 g solid in 1 litre acid solution).11 After

acid hydrolysis, the solution was removed by filtration through a polyester fabric. The acid

insoluble residual material was collected and air-dried in room temperature. Oat husk lignin

(hereafter referred as OHL) powder thus obtained was used in the experiments without further

purification. Elemental analysis of OHL was performed using ELEMENTAL ANALYZER EA

1110 (CE Instruments). Dry matter and ash contents were analyzed with thermogravimetric

Analyzer TGA701 (Leco). OHL was also analyzed for its Klason lignin and acid soluble lignin

contents according to Tappi T 222 om-83 and Tappi UM 250, respectively. Syringamide was

used as an redox potential enhancer in the selected laccase treatments.

Enzymes

Commercial laccase ECOSTONE LCL45, xylanase ECOPULP TX200A, and cellulase ECO-

STONE L900, all from AB-Enzymes, were used in the experiments. ECOSTONE LCL45 is

obtained from genetically modified (GM) non-toxic fungus. ECOPULP TX200A is an endo-

1,4-B-xylanase (EC 3.2.1.8) preparation from GM non-toxic fungus hereafter referred as xy-

lanase. Main activities of ECOSTONE L900 (hereafter referred as cellulase), which is obtained
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from GM strain of Trichoderma reesei are, according to the producer, endo-1.4-B-glucanase

(EC 3.2.1.4) and cellobiohydrolase (EC 3.2.1.91).

Enzyme Assays

Laccase activity (1722 nkat/mL) was assayed spectrophotometrically according to the previ-

ously published method12 with some modifications. Briefly, oxidation of 0.2 mmol/L guaiacol

solution was measured at 465 nm at 26 ◦C and the activity calculated from maximum per

minute absorbance increase during the first 10 minutes. The molar absorbance coefficient

(E=6553.5 mol-1L-1cm-1) for guaiacol was determined spectrophotometrically. Briefly, the in-

crease in absorbance at 465 nm resulting from oxidation of 0.2 mmol/L guaiacol solution at

26 ◦C by the laccase was monitored until equilibrium was reached, and the molar absorbance

coefficient was calculated using the maximum absorbance value.

Both endoxylanase and endoglucanase activities were assayed for the xylanase (40720

and 89.8 nkat/mL) and the cellulase (7768 and 7862 nkat/mL). Endoxylanase activities were

assayed by a slightly modified DNS-method.13 In brief, enzyme sample was incubated in pres-

ence of 1% birch-xylan substrate at 50 ◦C for 10 min in 50 mM citrate buffer at pH 4.8. Then,

3.0 mL of DNS reagent was added to the samples, which were boiled for 5 min, cooled in

cold water, and reducing sugars formed during reaction measured spectrophotometrically at

540 nm. Xylanase activity was calculated from reduced sugar concentration. Endoglucanase

activities were assayed according to previously published method14 with the exception that

1% CMC-sodium salt was used as the substrate. Enzyme units were expressed in nkat (nmol

of substrate converted per second by the enzyme)). Protein contents for laccase (72.6 mg/mL),

xylanase (4.96 mg/mL) and cellulase preparations (56.0 mg/mL) were assayed according to the

Bradford method15 using BioRad protein dye as the binding reagent. Mean values of results

from duplicate measurements were adapted.
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Treatments of Pulp Samples and Handsheet Preparation

Pulp samples were suspended to a consistency of 1% and volume of 4 L. Where utilized, both

OHL and syringamide were first added to the pulp which was subsequently adjusted to pH 4.8

using 0.2 mol/L H2SO4 or 0.2 mol/L NaOH solutions. Pulp samples were then thermostated

to 45 ◦C, and incubated with or without the enzymes for 120 min. A high protein dosage

of laccase was utilized corresponding to initial protein concentration of 0.136 mg/mL in pulp

and activity of 323 nkat/g owen dried (o.d.) fiber. Hydrolytic enzymes were dosed in both

low (l) and high (h) activities that were expressed as nkat/g fiber (o.d.): xylanase (3.8 and

3460) ; cellulase (1.0 and 324). Syringamide was used in concentration of 51 µmol/L. In each

experiment that contained OHL, the content of dry OHL was 6.8% (w/w) of dry CTMP fiber.

To summarize, laccase and OHL were dozed in excess and the hydrolytic enzymes with both

low and high activities to study the capability of the components to facilitate insertion of OHL

and CTMP fibers.

During incubation, pulp samples were stirred with stirring rod for approximately 5 mins

in each experiment. In the end of the reactions, 25 ml of 1,8 mol/L H2SO4 were added to

the pulp samples to denaturate the enzyme(s) resulting in approximately pH 1.9 of the pulp

samples. Zero experiment with untreated CTMP was performed without the final acid addition.

After each pulp treatment, handsheets were prepared according to ISO 5269 Pulps. The pulp

treatments that were studied are listed in Table 1.

Handsheet Testing

Handsheets were analyzed for properties which are listed in Table 2 along with the standard

methods used in each procedure. Relative humidity during the test was 50%. Dynamic contact

angle measurements were performed for the handsheets with deionized water at 20 ◦C. The

measuring procedure is explained in detail elsewhere.16 In order to numerically compare the

handsheets’ dynamic contact angle results, linear approximation of the areas under the data

points in the corresponding contact angle vs. absorption time plots were adapted. This measure

of hydrophobicity incorporates both the retention time of the water droplets on the sample
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surface as well as their corresponding contact angles. In eq. (1) tca = linear approximation of

the area under contact angle points [◦s] and at = contact angle in [◦] at t seconds.

tca = 1
2 s

[
0.01·

0.1s

∑
t=0s

(at +at−0.01)+0.1 ·
1.0s

∑
t=0.2s

(at +at−0.1)+
10s

∑
t=2.0s

(at +at−1)
]

(1)

Handsheet Surface Characterization by XPS

X-ray photoelectron spectroscopy (XPS) also known as ESCA (Electron Spectroscopy for

Chemical Analysis) provides quantitative data of both the chemical composition and the state

of elements on the analyzed solid surface. Most of the signal comes from an area below 1

mm2, so in the case of chemically heterogenous samples selection of the analyzed area may

contribute to the results.

Analysis for the control handsheet, and the handsheets made of laccase treated pulp with

and without OHL were performed at Institute for Surface Chemistry (YKI) in Sweden. XPS

spectra were recorded from the handsheets directly without removal of extractives using a

KRATOS AXIS ULTRADLD X-ray photoelectron spectrometer (KRATOS ANALYTICAL,

Manchester, United Kingdom) as previously explained by Pothan et al.17 Briefly, monochro-

matic Al Kα X-ray source was used in the analysis at incident intensity of 150 W. The samples

were first analyzed from an area of 700×300 µm2. In the series of analysis, a high-resolution

C 1s spectra were first detected within scan time of 3 min. Secondly, detail spectra of O and

C signals (1 min scan time for each) were detected followed by the detail spectra for other

elements of interest (2 min scan time for each). Finally, wide XPS spectra of the samples were

recorded to give overview of the surfaces (3 min scan time).

The C 1s spectra were curve fitted to show chemical shifts due to the oxidation level of

carbon.18 As a result, the following four groups of carbon atoms can be distinguished with

some common structures indicated in brackets: C1: unoxidised carbon (C−C, C−H, C−−C);

C2: carbon with one bond to oxygen (C−O, C−O−C); C3: carbon with two bonds to oxygen

(C−−O, O−C−O); C4: carbon with three bonds to oxygen (O−C−−O, O−−C−OH).19 The rela-

tive surface elemental compositions were obtained from quantification of detailed spectra run
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for each element of interest. In all experiments the pressure in the analysis chamber was below

10−7mbar.

Characterization of Surface Heterogeneity

Elemental distributions of the sample surfaces were analyzed by XPS small spot spectroscopy

in order to evaluate surface heterogeneity. A second sample piece from each handsheet sample

was used for the XPS analysis which was performed on three positions with 55 µm aperture

meaning that most of the XPS signal was recorded from a circular spot area of diameter of

approximately 55 µm. Quantification of C 1s spectra was performed from the curve fitted

XPS signal recorded after total irradiation time of 31-61 min. Due to smaller area of analysis,

scan times were longer (e.g. 10 min for C 1s spectra) than in the standard XPS analysis run on

area of 700×300 µm2. Therefore, elemental compositions as well as O/C ratios on the three

spots were quantified from the wide XPS spectra that was recorded between total irradiation

time of 61-70 min. The sampling order was similar for each handsheet analyzed.

In addition to XPS analysis, handsheets were studied by light microscope. Micrographs

were captured with 100 × magnification directly from the handsheet samples by NIKON

LABOPHOT-2 light microscope equipped with PANASONIC WV-GL274 CCD video camera.

In addition, dyed samples of unmodified CTMP fibers were imaged with 100 × magnification

using a LEICA DMLM/P Trinocular Polarizing microscope.

Results and Discussion

OHL was analyzed with respect to ash, lignin and atomic composition (Table 3). The total

lignin content in the sample was 43.3%. Assuming that sulphur existed entirely as sulfate

derivatives, the corrected atomic compositions are indicated in brackets. This material was

used in the corresponding pulp samples’ treatments.

8



Physical Sheet Properties

The properties of the handsheets made of the pulp samples treated according to Table 1 are

shown in Table 4. No significant differences in handsheets’ densities were found. However,

there were significant differences in handsheets’ porosity values. Although neither laccase nor

OHL, when used solely in the pulp sample treatments, had significant effect on porosity, the

largest porosity result was attained from the handsheets made of the pulp sample treated with

combination of laccase and OHL. The smallest porosity value, in contrast, resulted from the

pulp treatment with laccase and syringamide. The laccase mediator system (LMS) formed by

the laccase and syringamide might have caused delignification on fibers that consequently im-

proved self assembling through hydrogen bonding of adjacent fibers. Compared to the control

handsheet, tensile index was improved as a result of the treatments of OHL-containing pulp

samples with low activities of either xylanase or cellulase, or laccase and syringamide. As a

result of other pretreated pulp samples, the corresponding handsheets’ tensile index was de-

creased. The largest decrease in tensile index resulted from the treatment of OHL-containing

pulp with high dosage of cellulase, which is hardly surprising taking into account the high

hydrolytic activity of cellulase in the pulp sample.

Brightness was significantly decreased as a result of most experiments. Laccase treatment

of the pulp resulted in a brightness drop of 8.9, and OHL by 15.0 points (ISO), whereas in

combination these two decreased brightness by 22.3 points. Treatment with laccase and sy-

ringamide decreased brightness by 13.4 points, which was 4.5 points more than with laccase

treatment alone. This may indicate that syringamide was grafted and/or adsorbed onto CTMP

fibers. Oxidation of syringamide was visualized from red-brownish color that was formed

in the pulp during the incubation. Handsheets made of pulp samples treated with either low

or high activity of xylanase and OHL had higher brightness than handsheet from OHL pulp

sample. This was not surprising since the capability of xylanases as bleaching aids for both

chemical and mechanical fibers is well known.
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Wettability

Dynamic contact angle measurements were carried out to obtain information about wettabil-

ity properties of the handsheets. In Figure 2 handsheets’ contact angle values are plotted as

a function of absorption time of water droplet on the analyzed surface before it penetrated

into the handsheet matrix. For clarity, the contact angles in absorption time range of 0 to 1

seconds are also separately shown in Figure 3. Neither H2SO4 that was added after the in-

cubation (control), nor OHL increment had any significant influence on contact angle results

when compared to the Zero handsheet sample. In contrast, laccase did make handsheet surface

more water rebelling as indicated by the higher initial contact angle value (115◦) and increased

absorption time (1.0 s). Compared to the initial contact angle of the control handsheet sam-

ple (70.0◦) pretreatment of CTMP sample with laccase caused significant increase of 45◦ in

the handsheet’s initial contact angle. However, the most prominent effect was recorded from

the handsheet made of the laccase treated OHL-containing pulp. The initial contact angle of

118◦ was achieved while the absorption time was increased eight-fold when compared to the

Lac sample. Compared to polyethylene’s initial contact angle of water (e.g. 102.8◦)20 the re-

sult obtained with the Lac+OHL handhseet sample was significant although the water droplet

eventually absorbed into the fibrous matrix after absorption time of 8 seconds. The high initial

water rebelling characteristics of the Lac and Lac+OHL samples seem to be caused by the lac-

case treatment of the corresponding pulp samples. Differences in handsheet samples’ surface

roughness may have also influenced the results. Smoother surfaces have been found to have

larger static contact angles of water than rougher surfaces.21

Pulp treatment with laccase, OHL and syringamide resulted in two seconds shorter absorp-

tion time and lower initial contact angle value than the treatment with Lac and OHL. This might

be caused by depolymerization of OHL and/or lignin on the CTMP fibers. The pulp samples

were also treated with combinations of laccase, syringamide, OHL supplemented with low

dosage of xylanase or cellulase. The contact angle data in Figure 2 shows that the presence of

xylanase increased the absorption time by one second. This may have been due to hydrolysis

of xylan on fiber surface thus strengthening the hydrophobic interactions between OHL and

the modified CTMP fibers.
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Treatment of OHL-containing pulp samples with either low or high activities of xylanase or

cellulase resulted in increased water rebelling characteristics of the corresponding handsheets

when compared to the handsheet made of pulp where OHL was solely present. Expressed as

tca defined by eq. (1) above, the estimated hydrophobicity values of the handsheets made of

pulp samples treated with low and high dosage of xylanase were 6.4 ◦s and 14.7 ◦s, respec-

tively. Similarly, for handsheets from CTMP samples treated with either low or high cellulase

dosages in absence of OHL, tca values of 6.1 ◦s and 202 ◦s were recorded. Thus, compared

to the handsheets from CTMP samples treated merely by cellulase or xylanase, the presence

of OHL increased corresponding handsheets’ contact angle values. Therefore, it seems that

insertion of OHL onto CTMP fibers was not only enhanced by laccase, but also the hydrolytic

enzymes acted synergistically with OHL in rendering CTMP fibers more water rebelling. The

result indicated that adsorption of enzyme protein onto CTMP fibers is prerequisite for en-

hanced insertion of OHL. In Figure 4 calculated hydrophobicity values from Table 4 are plot-

ted against initial protein concentration of pulp samples in the treatments that contained OHL

and OHL in combination with any of the enzymes. The estimated hydrophobicity value of the

handsheet made of laccase treated pulp is shown to illustrate the drastic effect of OHL on es-

timated hydrophobicity. Previously, it has been reported that adsorption of a cellulase protein

or bovine serum albumin (BSA) on lignin is favored over pure cellulose.22 This suggests that

there exists hydrophobic interactions between lignin and protein molecules. Moreover, CTMP

contains both dispersed aliphatic extractives and particles of lignin-enriched fines that, as hy-

drophobic material, may have either directly attached onto the CTMP fibers or influenced the

adsorption of the laccase onto them. In addition to the physical interactions, on the other hand,

reactivity of laccases with lipophilic extractives has been suggested.23 Although the highest

barrier for wetting was obtained from the handsheet made of laccase treated OHL-containing

pulp, it is proposed that the catalytic activity of laccase had only minor role in enhancing the

insertion of OHL onto CTMP fibers. This is supported by the fact that oxygen utilization by

the laccase was not induced by the OHL or OHL plus CTMP (see supporting material).
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XPS Analysis

Surface chemical compositions of three handsheets were analyzed by XPS. These were se-

lected based on the contact angle results discussed above. Although it was found that all the

studied enzymes enhanced insertion of OHL onto CTMP fibers, handsheet made of CTMP pre-

treated with laccase in combination with OHL had the highest water rebelling characteristics.

Moreover, enzyme dosage in terms of initial protein content in pulp samples possibly influ-

enced the insertion of OHL onto fibers as was illustrated in Figure 4. Especially with the high

dosage of cellulase in pretreatment of CTMP, relatively high contact angle values of the corre-

sponding handsheet were obtained. However, other handsheet properties such as tensile index

were deteriorated with the high dosages of the hydrolytic enzymes. Therefore, handsheets

made of the pulp sample that was treated thermally and by sulphuric acid increment (control)

and the pulp samples treated with Lac or Lac+OHL in addition to the treatments of the control

pulp (Table 1) were chosen for further studies. The Lac+OHL sample was analyzed from two

different points. The first analyzed area was visually the most homogenous area with small

dark aggregates, while the second was the area consisting of a single dark OHL aggregate of

approximately 2 mm in diameter. Figure 1 shows samples’ curve fitted carbon C 1s spectras

with intensity expressed as [CPS] on y-axis and binding energy [eV] on x-axis. C 1s signal

of aliphatic C1 carbon has been fixed to 285 eV. Results of the XPS analysis are summarized

in Table 5 and Table 6, which list relative atomic composition of each sample, percentages of

C1-C4 carbon of total carbon content, and the ratios of oxygen and carbon.

Nitrogen in the form of amine or amide was detected from all three handsheet samples with

the lowest relative proportion in the control sample. The detailed nitrogen spectra are shown

in Figure 5. In the handsheets made of laccase treated pulp samples, there was significantly

higher proportion of nitrogen than in the control handsheet where the XPS spectra is inter-

rupted by the background signal. Since there was no nitrogen available from other sources,

it can be argued that adsorption of laccase onto fiber surface had occurred. Even the OHL

aggregate contained 3.9% nitrogen, which implies that laccase had been adsorbed, and pos-

sibly caused insertion of OHL onto CTMP fiber surface. OHL contained 0.8% (see Table 3)

and the control handsheet 0.3% nitrogen, so the amounts of adsorbed nitrogen onto the most
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homogenous area and onto the OHL aggregate of the Lac+OHL sample were 6.3 and 3.1%,

correspondingly. Previously, adsorption of two fungal laccases on cellulosic and milled spruce

wood lignin (MWL) surfaces was studied.24 It was found e.g. that MWL surface was more opt

for adsorption of both laccases, and that adsorption was generally favored by lower pH.

Sulphur was found in low level in all the handsheet samples. The increase in proportion

of sulphur from 0.1% of control sample to 0.2% of other samples is probably due to sulphur-

containing amino acids in the laccase adsorbed onto CTMP fibers. Silicon was found close

to the limiting detection level of the XPS signal (0.1%) in all samples except the Lac+OHL

(aggregate), where its proportion was 0.5%. This reflects the presence of silicon in the OHL in

addition to the elements shown in Table 3. Proportion of elementary oxygen on the handsheet

surface was reduced as a result of laccase treatment of pulp samples. When CTMP was treated

with the combination of OHL and laccase, the proportion of oxygen was further reduced,

whilst the proportion of carbon was almost equivalently increased. This was probably due to

the insertion of both laccase and OHL onto fiber surface. Similar phenomenon was detected

with both samples of the handsheet made of laccase treated pulp with OHL. These results

showed that insertion of relatively hydrophobic compounds onto fiber surface had occurred. In

addition, the O/C ratio of the OHL aggregate closely corresponded to the theoretical O/C ratio

of 0.33 for MWL.25

Theoretically pure cellulose contains no aliphatic (C1) carbons. In practice, the lowest C1

values of around 2% of total carbon content have been reported for paper samples.25 However,

most of the C1 carbon detected in the sample of control handsheet’s surface originated from the

surface lignin and/or fines and extractives on CTMP fibers. The proportion of C1 in control

sample was 28.1%. This indicates relatively high lignin coverage on fiber surface. In the

experimental procedure described above, the pulp samples were subjected to acidic conditions

(pH 4.8 to pH 1.9). Low pH has been previously suggested to favor precipitation of extractives

and lignin from pulp liquid onto kraft cellulose fibers.26 Therefore, the analyzed handsheet

surfaces probably contained precipitated extractives from the pulp.

When compared to the control handsheet, the main changes of the other two samples were

increased proportion of aliphatic C1 fraction possibly due to insertion of OHL and/or adsorp-
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tion of laccase onto fiber surface. The largest increase in C1 proportion was detected from

the dark aggregate on the handsheet from OHL-containing pulp treated with laccase. This was

likely caused by OHL and, in lesser amount, by the laccase enzyme. Proportions of the C2 frac-

tions, in descending order, were control > Lac > Lac+OHL. The trend was probably caused by

masking of cellulose by the adsorbed laccase and OHL. Laccase has been previously reported

to increase C3 and C4 fractions on fiber surface resulting in a drop in C2 fraction.27 This was

observed regardless of no adsorption of laccase to the studied soft wood fibers were detected

by XPS.27 In the present study, the adsorption of laccase onto CTMP fibers was evident be-

cause significant proportions (3.9-6.8%) of nitrogen were detected from all handsheets made

of laccase treated pulp samples. In contrast, only 0.3 % of nitrogen was detected in control

handsheet sample (Table 5). Therefore, the increase in C3 and C4 fractions of the handsheet

made of laccase treated pulp (Lac) was most likely due to carbonyl and carboxylic acid groups

of the adsorbed laccase.

The surface hydrophobic material can be evaluated according to the ratio of C1/C2.16 For

control, Lac, Lac+OHL and Lac+OHL (aggregate) samples C1/C2 ratios of 0.46; 0,58; 0,68;

and 1,46, correspondingly, were obtained. On this basis it is evident that the pulp treatments re-

sulted in significant increase in the amount of hydrophobic material on the handsheet surfaces.

The value for the control handsheet is typical for bleached lignocellulosic surface. Previously

C1/C2 ratio of 0.54 has been reported for peroxide bleached CTMP fibers made of spruce

wood.16 The largest C1/C2 ratio clearly represents an aggregate of OHL. In addition to co-

valent bond formation, precipitation of lignin onto fibrous cellulosic surface may occur by

formation of acceptor-donor complexes, imbibition of dissolved lignin into fiber pores, and

by physical adsorption due to Van der Waal’s forces or hydrophobic interactions.28 However,

contact angle results showed only minor changes in the handsheet made of OHL-containing

pulp without laccase treatment (see Table 4). To assess accuracy of the measurements, the

standard deviation of 0.1-1.1% for C1 levels of extracted filter paper specimen have been pre-

viously reported.29 In XPS analysis reported in the present study, however, the samples were

more heterogenous due to the fiber type (i.e. fines and extractives present in CTMP) as well

as rougher due to the typical topography of the handsheet samples. The detection level for
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individual elements was 0.1%, which can be used as measure of accuracy for small values of

atomic-%.

Surface Heterogeneity

The XPS small spot spectroscopy was run at three spots with diameter of approximately 55

µm on each sample to assess chemical heterogeneity of the handsheet surfaces. The small spot

spectroscopy data is shown in Table 7. The elemental compositions were quantified from the

wide XPS spectra recorded between total irradiation time of 61-70 min (data not shown).

Comparison of the small spot spectroscopy data in Table 7 to the XPS data in Table 5

revealed that the mean values of O/C ratios from the three spot areas were 5 to 10 per cent

lower than the values from larger areas. Similar comparison of the C1/C2 ratios (based on the

data in Table 7 and Table 6) revealed that mean values of the small spot spectroscopy were

4 to 13 per cent elevated. Since both changes indicate increase in surface hydrophobicity,

these deviations may reflect some disintegration of lignin from the fibers in XPS the small spot

spectroscopy. Previously, with respect to extracted filter paper specimens, longer irradiation

time of up to 61-70 min increased C1 carbon fraction by about 3-5 per cent whereas the O/C

ratios were much less sensitive to irradiation effects.29 However, as the running order was

similar in each spot analyzed in the XPS small spot spectroscopy, the results are comparable

within the three spots in each sample and also within the three analyzed handsheet samples.

Slight differences between the surface chemical compositions of the three analyzed spots

were detected in the control sample. The proportion of aliphatic C1 carbon ranged from 26.3

to 32.8 % with corresponding C1/C2 ratios of 0.43 and 0.59. The lowest O/C ratio (0.44) was

observed from the spot with the highest hydrophobicity (C1/C2 ratio) and the highest O/C ratio

from the spot with the lowest hydrophobicity. Therefore, the minor differences in chemical

surface composition between the analyzed areas in the control sample can be explained by

the heterogenous distribution of lignin, fines and/or extractives on the analyzed spots of the

handsheet. The mean values of the O/C ratios in the three small spots were similar for both

Lac and Lac+OHL samples. Furthermore, in the small spot results of these handsheet samples,

smaller deviations in both the O/C and the C1/C2 ratios were detected compared to the control
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sample, which could be explained by the adsorbed laccase on the fibers.

The XPS analysis did not ascertain the reason for the highest hydrophobicity of the Lac+OHL

handsheet sample as indicated by the contact angle analysis. Especially the observed differ-

ence between wettability (water absorption time in contact angle experiment) characteristics

of the Lac and the Lac+OHL handsheets was significant. Furthermore, differences between

Lac and Lac+OHL handsheets’ physical properties listed in Table 4 above were found. Most

importantly, the Lac+OHL handsheet had much lower brightness than the Lac handsheet. Vi-

sual inspection of the Lac+OHL handsheet revealed that OHL aggregates of various sizes

were dispersed in the fibrous matrix as can be seen from micrographs of the control, Lac, and

Lac+OHL samples in Figure 6. Since XPS analysis of Lac+OHL (aggregate) revealed that

OHL was highly hydrophobic material, it is suggested that the increased hydrophobicity of the

Lac+OHL sample compared to the Lac sample is due to the OHL increment, and that laccase

acted by forming a hydrophobic carrier layer that facilitated insertion of OHL onto CTMP

fibers.

Conclusions

The observation that oat husk lignin in combination with the studied enzymes increased hy-

drophobicity of the CTMP handsheets was reported. Possible reasons for the significantly

improved water resistance of the handsheet made of the pulp sample treated with high dosage

of laccase and oat husk lignin were evaluated by the physical handsheet testing, the XPS anal-

ysis of fiber surface chemistry, and the microscopic imaging. It seemed that the oat husk lignin

aggregates formed in the presence of laccase were predominantly responsible for the eight-

fold increment in the water absorption time in comparison to the mere laccase treatment. Even

though not forming a uniform surface the oat husk lignin, as highly hydrophobic material, may

have created a water rebelling environment in presence of uniformly distributed laccase layer.

Therefore, the presence of laccase with small and large aggregates of oat husk lignin on the

handsheet’s fiber surfaces probably delayed, and initially prevented, the contact between the

droplets of water and more hydrophilic parts of the fibers.
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Table 1: Reagents and enzymes used in the pulp treatments.

Sample Pulp treatment with
(l) = low dosage; (h) = high dosage

Zero Only thermal treatment
Control Thermal and acid treatment
Lac Laccase (Lac)
OHL Oat husk lignin (OHL)
Lac+Syr Lac; Syringamide (Syr)
Lac+OHL Lac; OHL
Lac+OHL+Syr Lac; OHL; Syr
X(l)+Lac+OHL+Syr Xylanase(l); Lac; OHL; Syr
C(l)+Lac+OHL+Syr Cellulase(l); Lac; OHL; Syr
X(l)+OHL Xylanase(l); OHL
X(h)+OHL Xylanase(h); OHL
C(l)+OHL Cellulase(l); OHL
C(h)+OHL Cellulase(h); OHL

Table 2: Testing methods for physical properties of the handsheets prepared from differently
treated pulp samples.

Property Method Standard Replicatesa

Square weight Weighting ISO 536:1995 5
Thickness L&W Thickness ISO 534 4 (5)
Density Calculation 5
Porosity L&W Air permeance tester SCAN-P 26:78 3 (3)
Contact angle Fibrodat 1100 T558 Om-97 1(4-8)
Tensile index L&W Alwetron TH ISO 1924-2 5
Brightness Minolta Spectrophotometer

CM 3630
ISO 3688 1

aNo. of handsheets measured (replicates)
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Table 3: Composition of the oat husk lignin with dry matter content of 90.9%.

Property % of dry matter

Ash 1.1

Klason-lignin 40.5

Acid soluble lignin 2.8

Atomic composition % of dry matter

Oxygen 41.5 (29.2)

Nitrogen 0.5 (0.8)

Carbon 36.5 (58.1)

Hydrogen 3.4 (5.4)

Sulphura 11.4 (0.0)

aSulphate derivatives

Table 4: Properties of the handsheets from different pulp treatments. Experimental errors are given
as ± standard deviation of the corresponding measurements.

Sample Thickness Square Density Porosity Tensile Bright- tcaa

weight index ness
[µm] [g/m2] [kg/m3] [mL/min] [Nm/g] [ISO] [◦s]

Zero 332 ±11 108 ±1 326 ±8 5900 ±300 29.0 ±1.8 68.5 ±0.1 9.6 ±2.8

Control 332 ±3 104 ±1 315 ±5 6300 ±400 28.7 ±1.0 68.0 ±0.5 5.2 ±1.1

Lac 365 ±10 109 ±1 298 ±7 6100 ±600 27.5 ±2.8 59.1 ±0.3 153 ±4

OHL 327 ±4 107 ±2 326 ±4 6400 ±300 27.1 ±2.0 53.0 ±0.1 6.5 ±1.0

Lac+Syr 351 ±5 112 ±1 318 ±4 4600 ±300 27.7 ±5.7 54.6 ±0.2 72.3 ±3.8

Lac+OHL 348 ±7 105 ±1 301 ±3 7000 ±300 27.7 ±1.2 45.6 ±0.1 865 ±41

Lac+OHL+Syr 340 ±4 107 ±1 314 ±4 5100 ±400 29.2 ±1.0 45.5 ±0.2 637 ±18

X(l)+Lac+OHL+Syr 333 ±3 105 ±1 316 ±4 5400 ±100 28.2 ±1.0 45.7 ±0.2 747 ±4

C(l)+Lac+OHL+Syr 345 ±3 103 ±1 298 ±5 6400 ±200 26.5 ±1.2 46.8 ±0.3 642 ±4

X(l)+OHL 340 ±4 103 ±1 304 ±5 4600 ±500 29.4 ±1.3 53.7 ±0.2 12.6 ±1.1

X(h)+OHLb 322 ±3 108 ±1 337 ±5 3800 ±300 25.9±0.3 55.2 ±0.2 21.9 ±2.2

C(l)+OHL 293 ±3 94.6 ±2.6 322 ±3 6400 ±200 29.9 ±1.1 53.2 ±0.2 8.0 ±0.7

C(h)+OHLb 340 ±2 109 ±1 320 ±5 6900 ±400 22.2 ±0.9 51.3 ±0.2 221 ±11

acalculated using eq. (1) presented above; btensile index was measured from 3 replicates
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Table 5: Relative atomic composition and ratio of O/C in the handsheet samples analyzed by XPS.

Sample Relative atomic proportion [%] Ratio

C O N S Si O/C

Control 64.2 35.0 0.3 0.1 0.1 0.55

Lac 64.0 28.8 6.8 0.2 (0.1)a 0.45

Lac+OHL 65.1 27.8 6.6 0.2 0.1 0.43

Lac+OHL
(aggregate)

72.1 23.3 3.9 0.2 0.5 0.32

aSignal close to noise level (0.1 atom-%)

Table 6: Percentage of carbon fractions C1-C4 of the total carbon content in the handsheet samples
analyzed by XPS.

Sample [%] of the total carbon detected

C1 C2 C3 C4

Control 28.1 60.8 10.4 0.7

Lac 31.0 53.7 14.3 1.0

Lac+OHL 33.7 49.4 15.0 1.9

Lac+OHL (aggregate) 52.1 35.7 9.0 3.3

Table 7: The small spot XPS spectroscopy showing relative proportions of C, O and N as well
as proportions of carbons with different oxidation levels (C1-C4) and the C/O-ratios of the three
randomly chosen points of the handsheet samples.

Sample Spot Relative proportion Proportion of the total Atomic
no. on the surface [%] carbon content [%] ratio

C O N C1 C2 C3 C4 O/C

Control I 69.3 30.7 n.d. 32.8 55.9 10.1 1.2 0.44
Control II 64.0 36.0 n.d. 26.3 60.6 12.1 1.1 0.56
Control III 67.3 32.7 n.d. 29.4 58.5 10.9 1.2 0.49
Lac I 66.8 26.8 6.4 33.2 53.7 14.3 1.0 0.40
Lac II 65.7 28.1 6.2 32.9 50.0 15.8 1.0 0.43
Lac III 67.2 25.8 7.0 33.7 49.9 15.2 1.2 0.39
Lac+OHL I 67.3 26.4 6.4 35.5 47.2 16.3 1.1 0.39
Lac+OHL II 64.8 28.9 6.3 33.0 49.7 16.0 1.2 0.45
Lac+OHL III 66.8 26.1 7.1 34.4 48.2 15.8 1.6 0.39
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Figure 1: Curve-fitted XPS carbon C1s spectra for the handsheet samples. a) control; b) Lac; c)
Lac+OHL; d) Lac+OHL (aggregate).
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Figure 2: Handsheets’ contact angles of water as a function of absorption time. Error bars are given
for the contact angle values with corresponding absorption time ≥ 1 second.
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Figure 3: Handsheets’ contact angles of water as a function of absorption time in the range 0-1
seconds.
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Figure 4: Estimated handsheet hydophobicity as tca (◦s) as a function of enzyme-originated initial
protein concentration in the OHL-containing pulp samples. Lac sample is excluded from the linear
plot. Data is obtained from Table 4.

Figure 5: Detailed nitrogen XPS spectra of the handsheet samples. Vertical axis: Intensity (CPS);
horizontal axis: Binding energy (eV). a) control; b) Lac; c) Lac+OHL; d) Lac+OHL (aggregate).
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Figure 6: Visible light micrographs showing a) water preparation of untreated (dyed) CTMP fibers;
handsheet samples prepared from the pulp samples as listed in Table 1 above: b) control; c) Lac;
d) Lac+OHL. All micrographs with 100 × magnification.

Figure 7: TOC graphic.
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