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a  b  s  t  r  a  c  t

In  this  study,  artificial  ageing  of beech  wood coated  with  Zn/ZnO  particles  by  means  of  a  cold  plasma
spraying  process  as  well  as  coating  systems  including  a Zn/ZnO  layer  and  additional  conventional  sealings
were  examined.  As ascertained  by colour  measurements,  the  particle  coatings  significantly  decreased
UV  light-induced  discolouration.  Even  though  no significant  colour  changes  were  observed  for  particle-
coated  and  alkyd-sealed  samples,  ATR-FTIR  measurements  revealed  photocatalytic  degradation  of  the
alkyd matrix.  In  contrast,  the  polyurethane  sealing  appeared  to  be  stabilised  by  the  Zn/ZnO  coating.
eywords:
hotostabilisation
ood

lasma coatings
inc oxide
TR-FTIR

Furthermore,  morphologic  properties  of  the  pure  particle  coatings  were  studied  by SEM and  roughness
measurements.  SEM measurements  confirmed  a melting  and  solidifying  process  during  deposition.

© 2017  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
urface roughness

. Introduction

As one of the oldest construction materials, wood is gaining even
ore importance with respect to contemporary demands for sus-

ainability. Hence, the further development of wood products plays
 major role in material science. In outdoor use however, wood and
ood products are subjected to biotic and abiotic damage such as

egradation by UV light. Many tropical wood exhibits a good resis-
ance to biotic degradation mechanisms, yet its limited availability
nd the negative connotation regarding the destruction of tropical
orests make its use undesirable. In contrast, most of the temper-
te wood species show a poor dimensional stability when faced
ith changes in temperature and humidity, a limited resistance to

ungi and bacteria [1,2], and a particularly high sensitivity to UV
ight [1,3–5].

Consequently, the development of highly efficient protective
ood coatings is the subject of intense current research. Par-
icularly to protect wood from photodegradation, inorganic UV
bsorbers such as ZnO and TiO2 have been widely studied and
ave proven to successfully protect the surface [6–9]. The use of

∗ Corresponding author.
E-mail address: lena.wallenhorst@hawk-hhg.de (L. Wallenhorst).

ttps://doi.org/10.1016/j.apsusc.2017.10.214
169-4332/© 2017 The Authors. Published by Elsevier B.V. This is an open access article 

/).
(nano-) particles may, however, lead to an unintentional release of
nanoparticles caused e. g. by abrasion due to airborne sand parti-
cles. These nanoparticles may  be harmful for both human health
and the (aquatic) environment [10,11]. Another challenge is repre-
sented by the photocatalytic activity of many UV  absorbers that can
lead to the degradation of organic matrix materials [12–16].

Among the emerging wood coating techniques are plasma-
assisted processes. Various studies have addressed the generation
of hydrophobic plasma polymers [17–20]. Furthermore, a plasma
can be used to directly deposit solid powder material even
on thermosensitive materials like wood [21–24]. In a previous
study [24], thin particle coatings based on elemental Zn powder
were deposited on glass substrates. Their characterisation revealed
a mixed system of Zn and ZnO which led to a significantly reduced
transmittance of light in the UV range. Based on these results,
the present study investigates UV-blocking properties of similar
coatings on beech wood (here referred to as “particle coating”).
Additionally, coating systems composed of a particle coating and
a conventional sealing (alkyd/polyurethane) were studied. The
sequential application of UV absorbers and a sealing permits a pre-

cise dosage of UV absorbers and should at the same time inhibit
nanoparticle release due, for example, to abrasion.

In this study, the UV-protective properties of Zn/ZnO coatings
deposited in a cold plasma spraying process on beech wood were
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Table 1
Summary of varied coating parameters to generate a thin coating (A) and a thick
coating (B).

Coating no. Powder feed rate in
cm3/h

Substrate displacement
in mm/s
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A 16.1 80
B  24.1 50

xamined. In addition to the pure particle coatings, two  coating
ystems involving a particle coating and a conventional top sealing
alkyd or polyurethane) were tested to eventually develop a coating
ystem that permits a precise dosage of these UV absorbers and
nhibits nanoparticle release from both leaching and abrasion. The
ffect of UV irradiation on the surfaces was assessed by colour and
TR-FTIR measurements.

Moreover, the morphology of such coatings was  studied by
eans of SEM and surface roughness measurements.

. Materials and methods

.1. Materials

To carry out the UV tests, different coating systems were
pplied to beech wood samples (Fagus sylvatica L.) with dimensions
5 x 7 x 5 cm3. In addition to the reference samples, Zn/ZnO coat-

ngs were deposited by cold plasma spraying as described below.
ince the pure Zn/ZnO coatings do not exhibit a sufficient leach
esistance, two commercially available sealing systems were tested
long with unsealed samples. The used alkyd paint (ProfiDur Klar-
ack, Schöner Wohnen Farbe) represents a standard outdoor paint
or wooden surfaces. Furthermore, the polyurethane (PUR) SKresin
34 NV from S u. K Hock GmbH was applied to investigate a sec-
nd type of coating system. Three replicates were prepared for each
oating system.

To study the roughness of particle-coated samples, one concen-
ration (coating B, see below) of particles was also applied to beech
ood samples of the size 6 × 10 × 4 cm3 as well as to polypropylene

amples (6 × 10 × 3 cm3).
Zinc particles with a diameter d50 = 16 �m were provided by

CKART GmbH. These particles feature an irregular shape and were
ound to improve the coating’s homogeneity compared to the flake-
ike particles that were used previously [24].

.2. Deposition process

The particle coatings were applied by means of a setup as
escribed earlier [21–24]. In short, dry Zn particles were added
o the afterglow of a jet discharge operated at atmospheric pres-
ure while the sample was moved below the spraying nozzle by

 xy linear stage to ensure an overall coating. The plasma source
ad an ignition voltage of approx. 15 kV and an effective voltage
f 2–3 kV. Its maximum input power amounted to 2 kW and pulses
ere generated at a frequency of 50 kHz with a duration of 5–10 �s.

ompressed air was used as the process gas. To generate a particle
erosol, the uniformly compressed powder was moved towards a
otating brush at a constant velocity which defined the feed rate.
inally, an air stream took up the powder above the brush to carry
he particle aerosol towards the discharge. The carrier gas pressure
as set to 0.16 MPa. During the deposition, the process gas flow was

ept constant at 30 L/min. The distance between the spraying noz-
le and the sample amounted to 16 mm.  Table 1 lists parameters for

he two coatings that were varied to obtain two different concen-
rations. This specific plasma source significantly limits substrate
eating compared to conventional plasma spraying and therefore
ermits coating of thermosensitive materials. On the other hand, it
Science 434 (2018) 1183–1192

restricts applicable powders to those featuring a melting tempera-
ture of less than approx. 1500 ◦C. Therefore, zinc particles were used
as the base material instead of directly depositing ZnO powder.

2.3. Morphologic characterisation

Roughness measurements were performed for uncoated (kept
as control) as well as particle-coated surfaces (coating B) of beech
specimens (6 × 10 × 4 cm3, previously processed by planning), as
well as for polypropylene samples (6 × 10 × 3 cm3). Wood is an
example of a surface with inherent anatomical irregularities (for
example wood pores), while polypropylene is a homogeneous
material chosen for comparisons of the effect of the particle coating
on surface morphology. For the roughness measurements, a Mar-
Surf XT20 measuring system with XT 20 Topography manufactured
by MAHR Göttingen GmbH was used. The instrument was endowed
with a scanning head MFW  250 with tracing arm in the range of
±500 �m and a stylus with 2 �m tip radius and 90◦ tip angle. The
specimens were measured at a speed of 0.5 mm/s, at a vertical reso-
lution of 7 nm,  a lateral resolution of 1 �m,  and with a low scanning
force of 0.7 mN.  Both for coated and uncoated materials, five repli-
cates were measured by randomly tracing three profiles per sample
with a length of 70 mm,  so that 15 profiles were available for eval-
uation of each combination of treatment and material. In the case
of beech specimens, the measurements were carried out perpen-
dicular to the grain direction, which corresponds to the direction
of the highest roughness [25]

Roughness represents the finer irregularities of the surface
texture that are usually inherent in a machining process and repre-
sented the target of this study in order to see by comparison with
reference samples if any modification in surface morphology was
caused by treating the surface with zinc particles. In order to obtain
the surface roughness, the measured profiles must be filtered from
other types of irregularities. In this sense, a Robust Gaussian Regres-
sion Filter contained in ISO/TS 16610-31:2010 [26] was  used. This
filter was  tested and found suitable for wood surfaces [27,28].

After filtering, a range of roughness parameters were calculated
for the profiles, such as: Ra,  Rq,  Rt,  from ISO 4287 [29] and Rk,  Rpk,
Rvk from ISO 13565–2 [30]. Ra and Rq are mean parameters (the
arithmetic mean of the absolute ordinate values, Ra,  and the root
mean square value of the ordinate values, Rq)  most commonly used.
Rt is the total height of the profile calculated as the sum of the
maximum profile peak height and the largest absolute value pro-
file valley depth and is expected to be sensitive to variations in local
wood anatomy. Rk measures the core roughness of a profile, is the
parameter least biased by inherent variation in wood anatomy and
should best indicate the modifications in roughness caused by coat-
ing the surface. Rpk is the reduced peak height and represents the
average height of the protruding peaks above the core roughness
profile. Rvk is the reduced valley depth and represents the average
depth of the profile valleys projecting through the core roughness
profile. Both parameters are sensitive to outlying irregularities, as
fuzziness in the case of Rpk and outlying deep anatomical valleys
in the case of Rvk [31].

For treated and untreated surfaces and each roughness param-
eter, a mean value and the standard deviation were calculated.
ANOVA with single factor was performed to test significant dif-
ferences between reference samples and those treated with zinc
particles.
Moreover, the particle coatings’ morphology was examined by
Scanning Electron Microscopy (SEM, JSM-5600LV from Jeol USA,
Inc). All samples were sputter coated with a thin (approx. 32 nm)
gold layer and measured at an accelerating voltage of 12 or 15 kV.
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Table  2
Roughness parameters (mean values) and standard deviations for untreated and
particle-coated beech surfaces (values in microns).

Sample Ra Rq Rt Rk Rpk Rvk

Reference beech 5.7 8.6 72.3 12.0 6.5 18.4
stdev 0.30 0.65 8.11 0.92 0.90 1.56
Particle-coated
beech

6.2  9.1 80.4 13.67 9.12 17.89

stdev 0.24 0.48 7.50 1.66 1.63 2.22

Table 3
Roughness parameters (mean values) and standard deviation for untreated and
particle-coated polypropylene surfaces (values in microns).

Sample Ra Rq Rt Rk Rpk Rvk

Reference
polypropylene

0.019 0.028 1.101 0.056 0.027 0.038

stdev 0.001 0.009 0.837 0.003 0.005 0.015
Particle-coated 5.325 7.370 61.622 14.068 12.405 2.098
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polypropylene
stdev 0.287 0.343 9.417 1.385 0.703 1.115

.4. Artificial ageing

Artificial ageing was simulated by a chamber for artificial
eathering (QUV/Spray from Q-Lab Corporation) without using

he spraying system and at a constant temperature of 50 ◦C. The
olar irradiation intensity was set to 0.89 W/(m2nm)  at the lamp’s
mission peak around 340 nm (290 nm ≤ � ≤ 400 nm)  [32]. Three
eplicates were prepared for each coating system.

Colour measurements were performed by taking pictures under
qual conditions and extracting colour parameters with the soft-
are Photoshop CS6. Constancy of illumination was  confirmed

y measurements with the spectroradiometer CS-200A (Konica
inolta). CIE Lab parameters were calculated on all three samples.

n this colour system, L quantifies the lightness in grey-scale val-
es from 0 to 100, whereas a and b represent the two colour axes.
a = a0 − ai > 0 represents a green shift for the i-th measurement,
a < 0 a red shift, �b  = b0 − bi > 0 a blue shift and �b  < 0 a yellow

hift. The overall colour changes can be quantified by:

E  =
√

(L0 − Li)
2 + (a0 − ai)

2 + (b0 − bi)
2.

Chemical changes caused by UV irradiation were examined
y Attenuated Total Reflectance Fourier Transform Infrared Spec-
roscopy (ATR-FTIR, Perkin Elmer Frontier). Spectra were acquired
or wavelengths ranging from 4000 to 400 cm−1 by performing 32
cans at a resolution of 4 cm−1. All spectra were ATR and baseline
orrected as well as normalised by use of the software Spectrum
rom Perkin Elmer. Moreover, slight smoothing was applied using a
avitzky-Golay filter (2nd degree polynomial). Measurements were
arried out at identical spots before and after irradiation. For every
oating system, a minimum of three measurements was  obtained.

. Results and discussion

.1. Morphology of unsealed coatings

The surface roughness results are summarised in Table 2 and
able 3. From Table 2, it can be seen that the particle coating

ncreased the surface roughness of beech. This increase is more
eliably evaluated by the Rk parameter, because it is the parameter
east biased by beech wood anatomy [33]. Rk increased with 13.6%

n the case of particle-coated beech and this difference was signifi-
ant for a 95% confidence interval (p < 0.05) according to the ANOVA
est. In absolute values, this means a surface 1.64 �m rougher if
oated. The fact that the surface was coated has generated, as
Science 434 (2018) 1183–1192 1185

expected, an increase in surface peaks as measured by the parame-
ter Rpk, which exhibited the highest increase (41%) for coated beech
compared to untreated surfaces. Rvk, which may be a measure of
wood anatomical irregularities (mostly wood pores) for uncovered
wood, decreased by 2.6% as compared to untreated beech, which is
an indication that the particles may  have penetrated into the wood
anatomical cavities and obscuring them to a certain extent.

From Table 3, it can be observed that the particle coating caused
a large increase in surface roughness of plastic surfaces for all
measured parameters. For example, the Rk parameter increased
249 times, but the highest increase was recorded again for Rpk
(461 times), while Rvk exhibited the minimum increase (55 times).
This indicates that the particle coating increased the occurrence
of isolated peaks on the surface for both polypropylene and beech
surfaces. In comparison with polypropylene, the particles penetrate
into the wood anatomical irregularities (gaps) and its overall effect
on surface roughness is small.

To further study the coatings’ morphology, SEM measurements
were acquired. Fig. 1 shows representative images of the unmodi-
fied powder as well as the surfaces of both coating A and B (frame
size: 48 x 64 �m2).

For both coatings, the particles’ shape differs significantly from
the shape of the unmodified particles, confirming a melting and
solidifying process as generally expected for plasma spraying tech-
niques. In particular for thin coated samples (Fig. 1b), the wood
structure was  still clearly visible but even the thick coating did not
completely obscure the original surface. Fig. 2 shows representative
images of cross sections of the coatings confirming the formation
of very flat particle shapes with thicknesses around or below 1 �m.
The coating, being composed of several such particles with differ-
ent thicknesses, appears to feature thicknesses around a few �m
(approximately up to 5 �m).

3.2. Colour changes induced by UV irradiation

All samples were exposed to UV radiation for a total of 50 h
with irradiation intervals ranging from 2 to 10 h. After each interval,
pictures were taken to analyse colour changes.

The evolution of the total colour change �E  of the different
coating systems with increasing UV irradiation time is shown in
Fig. 3. All values represent mean values of measurements on three
samples.

For the unsealed as well as the PUR- and alkyd-sealed samples,
a significant improvement of the colour stability is visible for the
thin coated samples (A). Coating systems including a thick coat-
ing (B) only exhibit negligible colour changes. Likewise, all samples
manifest a darkening by decreasing values for L (cf. Fig. 4), with
strong changes for the reference samples, slight changes for thin
coated samples and insignificant changes for thick coated sam-
ples. �E  seemed to increase more strongly for PUR-sealed samples;
therefore, it was  tested for statistical significance. ANOVA, Bonfer-
roni and Tukey-HSD all yielded a significant difference between the
evolution of �E  for unsealed as well as PUR-sealed samples on a
level of p = 0.05. However, since only three samples were investi-
gated for each coating system, the statistical evaluation may  not be
entirely reliable. The chromaticity parameters a and b (not shown)
also reveal distinct changes (increasing redness and yellowness,
respectively) for the coating systems without particles. Changes
for samples covered with a thick coating remain negligible while
thin coated samples exhibit very little colour changes compared to
the uncoated samples. These colour changes of wood exposed to

UV light are known to be generated by a decomposition and oxi-
dation of lignin [3,5,34,35], which was  observed also in our studies
(see IR measurements below). Because of the similar evolution with
increasing irradiation time, colour changes of uncoated but sealed
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Fig. 1. SEM measurements on (a) untreated powder, (b) thin coated (A) and (c) thick coated (B) sample.
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Fig. 2. SEM measurements of cross sect

amples are assumed to be mainly caused by chemical changes of
he underlying wood sample.

.3. Chemical changes induced by UV irradiation

Fig. 5 shows representative IR spectra of uncoated and unsealed
ood before and after UV irradiation for 50 h along with the cor-

esponding difference spectrum. Since the chemical changes are
rimarily visible in the fingerprint region, only the range from 1850
o 800 cm−1 is displayed. All spectra were normalised to the high-
st peak at 1028 cm−1 which features only a minor contribution

rom lignin [36,37] and mainly results from C O stretching in cel-
ulose and hemicellulose [37–40]. These components are known to
e affected less by UV light than lignin [5]. Even though the wood
tructure was not entirely covered in the case of particle-coated
(a): Thin coating A, (b): thick coating B.

samples, reliable ATR measurements were not possible since the
coating prevented a sufficient contact between the wood surface
and the ATR crystal. Therefore, only results for uncoated beech
wood are discussed in absence of a sealing.

The results in this study coincide with changes reported in
the literature [9,38,41–44]. Peaks mainly characteristic for lignin
in wood are reduced, e. g. at 1596 cm−1 (C C aromatic skeletal
vibrations), and 1464 cm−1/1422 cm−1 (C H deformation). In par-
ticular the decreasing peak at 1503 cm−1 (C C aromatic skeletal
vibrations) confirms the degradation of lignin since it does not
overlap considerably with peaks resulting from other wood com-

ponents [45]. On the other hand, photooxidation is manifested in
particular through a strong increase and broadening of the peak at
1730 cm−1 (C O stretching vibration), indicating the formation of
new and different carbonyl compounds [38,41,46] such as quinones
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Fig. 3. Variation of total colour change with irradiation time. (a):

hich appear in the region below 1700 cm−1 [34]. The formation
f these new chromophoric carbonyl groups is known to correlate
ell with UV light induced colour changes [34,35].

IR spectra of uncoated but PUR-sealed samples before and after
rradiation are displayed in Fig. 6a.

Band assignment was done based on literature results [47–50]:
round 3700–3200 cm−1, OH and NH stretching vibrations are
vident. Methyl and methylene absorptions appear around
000–2800 cm−1 and the carbonyl region is located approx.
etween 1800 and 1650 cm−1. The peak at 1530 cm−1 may  result
rom a coupling of NH bending vibrations with C N stretching
ibrations. C O stretching and C H bending vibrations are visi-
le approx. from 1500 to 1100 cm−1. All spectra were normalised
o the highest peak at 1682 cm−1 (C O).

Despite the slightly more pronounced colour changes, PUR-
oated samples did not exhibit strong chemical changes after 50 h of
V irradiation. For PUR-sealed and uncoated samples, only minor
hanges in the methyl/methylene and carbonyl region occurred.

he particle coatings seemed to have a stabilising effect on the coat-

ng system (cf. Fig. 6b and c). Therefore, a coating system composed
f a Zn/ZnO particle coating and the PUR used in this study appears
led samples, (b): PUR-sealed samples, (c): alkyd-sealed samples.

to be a promising approach to create UV-blocking layers on wooden
surfaces.

In contrast, alkyd-sealed samples showed distinct chemical dif-
ferences before and after UV irradiation. The relevant region in the
IR range is depicted in Fig. 7 for representative measurements. All
spectra were normalised to the highest peak at 1723 cm−1 gen-
erated by C O stretching [51–53]; however, this peak was also
affected by UV irradiation. Difference spectra are therefore not
discussed. Despite this unavoidable inaccuracy, the main changes
observed were in agreement with literature results as discussed
below.

Without the presence of Zn/ZnO particles (cf. Fig. 7a), main
changes were located at 2956 cm−1, 2924 cm−1, and 2853 cm−1

(C H stretching, decreasing intensity). These changes may  be
attributed to an ongoing and terminating curing process involv-
ing the emission of volatile low molecular components under the
influence of UV light as well as degradation processes through Nor-
rish type I and II reactions [51,52]. The curing process in alkyd

paints may  even continue one month after its application to a
surface [53,54]. The peak at 1261 cm−1 arises from O C O bonds
in the polyester part of the alkyd [51,55] and decreased after the
ongoing curing process and degradation during UV irradiation.
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Fig. 4. Variation of the lightness L with irradiation time. (a): Unseale

Fig. 5. IR fingerprint region of pristine (0 h) and irradiated (50 h) beech surfaces
along with their difference spectrum (50 h–0 h).
d samples, (b): PUR-sealed samples, (c): alkyd-sealed samples.

Furthermore, a broadening of the peak at 1723 cm−1 took place,
indicating the generation of new carbonyl compounds such as
ketones, aldehydes or carboxylic acids [51,52]. The region between
approx. 1300–900 cm−1 accounts for C O/C H bonds [53,56], and
OH stretching vibrations are apparent through a broad peak around
3480 cm−1.

The particle coatings appeared to intensify the degradation pro-
cess, which is assumed to be due to the photocatalytic activity
of ZnO [12–15]. For pigmented alkyd surfaces, the carbonyl peak
that was used for normalisation is likely to be affected as well [55];
however, since all other peaks also change [51,55], it was kept as
reference because it suffers less from overlaps with other peaks.
Therefore, it has to be particularly taken into account that the spec-
tra displayed only represent intensities relative to the C O bond.
Contrary to the unpigmented alkyd sealing, especially the OH  peak
showed a significant broadening with a new maximum around

3340 cm−1. This peak may  be attributed to the formation of car-
boxylic acids [55,57,58], which indicate an ageing process [52,58]
that took place much faster than for the unpigmented paint.
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ig. 6. IR spectra of PUR-sealed samples before and after irradiation. (a): Without pa
pectra  for each coating system with dashed horizontal lines denoting zero values.

Due to a lack of information about the alkyd’s specific composi-
ion, precise degradation processes cannot be named. Nevertheless,

 couple of general pathways are discussed in the literature.
he chemical changes may  be partly explained by ongoing cur-

ng reactions (e. g. cross-linking, emission of volatile components)
anifested for example by a decrease of methyl and methylene

bsorption [51,52]. The final alkyd film is susceptible to further
eactions with radicals. Radicals can be formed through oxidative
geing involving �-scission, leading for example to the formation
f aldehydes, alcohols and carboxylic acids [59,60] which were also
isible in the spectra presented in this study. This result is in agree-
ent with the shift of the carbonyl peak to smaller wavelengths.
orrish type I reactions may  also lead to the formation of peroxy

adicals and induce similar reactions as oxidative ageing involving

-scission [59,60]. Moreover, the carbonyl group may  react through
orrish type II processes [51,59,60].

In summary, the chemical analysis confirmed degradation pro-
esses of uncoated and unsealed wood exposed to UV light. Alkyd
coating, (b): thin particle coating, (c): thick particle coating, (d): resulting difference

sealings appeared to be distinctly affected by the irradiation pro-
cess. Their application to particle-coated samples even led to
accelerated ageing caused by photocatalytic degradation, making
them unsuitable for a UV protective coating on wooden surfaces.
In contrast, PUR-sealed samples without particle coatings exhibited
only negligible changes in chemical structure. The prior application
of a particle coating even stabilised the coating system and there-
fore represents a promising candidate for the further development
of UV-blocking layers on wood and wood products.

4. Conclusion and outlook

In this study, Zn/ZnO coatings deposited by cold plasma spray-
ing on wood and polypropylene were investigated with regard to

morphologic aspects as well as their impact on photodegradation
of wood and possible sealing materials. SEM measurements con-
firmed strong changes in the shape of the used particles following
the deposition, thus confirming a melting and solidifying pro-
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Fig. 7. IR spectra of alkyd sealed samples before and after irradiation. (a)

ess. Moreover, a partial visibility of wood structure was affirmed.
oughness measurements showed a slight roughness increase for
article-coated beech, as measured by the Rk parameter, and a ten-
ency of particles to increase the surface peaks as well as to reduce
ood anatomical gaps, most probably by filling the wood pores to

ome extent.
The application of particle coatings significantly improved the

olour stability of unsealed and alkyd- or PUR-sealed specimens.
hereas samples coated with concentration A still underwent
inor discolouration upon UV irradiation, those coated with con-

entration B did not change. This behaviour was observed both for
nsealed as well as for sealed beech wood samples, indicating that
hotocatalytic degradation of the matrix material by ZnO, though it
id occur for alkyd-sealed samples, did not affect the colour within
0 h of UV irradiation.

Despite negligible discolouration, chemical analysis showed
istinct changes for alkyd-sealed samples. Strong changes in the
arbonyl region in addition to modifications in the C O/C H struc-

ure along with the appearance of OH bonds in carboxylic acids
ndicated photocatalytic degradation processes.
out particle coating, (b): thin particle coating, (c): thick particle coating.

In contrast, the PUR matrix did not seem to be much affected
by UV irradiation. Slight changes did occur to reference samples
without particle coatings, but the application of Zn/ZnO coatings
seemed to have stabilised the coating system.

Particularly the coating system including a Zn/ZnO particle coat-
ing along with the PUR sealing represents a promising approach
to creating UV protective layers on wood in a relatively easy way.
The used plasma setup operates at atmospheric pressure, requires
relatively short treatment times and is suitable for coating ther-
mosensitive materials like wood. Hence, the application of such a
particle coating followed by a conventional sealing may  be suitable
for in-line processing. The sequential application of particles fol-
lowed by a PUR sealing permits a precise dosage of UV-blocking
filters and matrix material. Nanoparticle release due, for example,
to leaching or abrasion is expected to be inhibited by such a coating
system, but needs to be investigated in separate studies. Moreover,
since ZnO features biocidal properties, the presented coating sys-
tems could therefore be tested as protective layers against bacteria

and fungi.



rface 

A

e
t
K
t
m
f
N
s

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

L. Wallenhorst et al. / Applied Su

cknowledgements

Financial support from the Lower Saxony Ministry of Sci-
nce and Culture is gratefully acknowledged. The authors further
hank Max  Baumung, Ghiath Jnido, Monika Gelker and Robert
oslowski for technical assistance, Roger Skarsten for proofreading

he manuscript and ECKART GmbH for providing the used powder
aterial. Moreover, the authors hereby acknowledge the structural

unds project PRO-DD (POS-CCE, O.2.2.1., ID 123, SMIS 2637, ctr.
o. 11/2009) for providing the infrastructure used in this work for

urface roughness measurements.

eferences

[1] M.  Shimada, M.  Takahashi, Biodegradation of cellulosic materials, in: Shiraishi
Hon (Ed.), Wood and Cellulosic Chemistry, 1991.

[2] T.K. Kirk, E.B. Cowling, Biological Decomposition of Solid Wood, in: Rowell
(Ed.), The Chemistry of Solid Wood, vol. 207, 1984, pp. 455–487.

[3] W.C. Feist, D.N.S. Hon, Chemistry of weathering and protection, in: Rowell
(Ed.), The Chemistry of Solid Wood, vol. 207, 1984, pp. 401–451.

[4] B. George, E. Suttie, A. Merlin, X. Deglise, Photodegradation and
photostabilisation of wood – the state of the art, Polym. Degrad. Stab. 88 (2)
(2005) 268–274.

[5] D.N.S. Hon, Photochemistry of wood, in: Shiraishi Hon (Ed.), Wood and
Cellulosic Chemistry, 1991.

[6] C.A. Clausen, F. Green, Nami kartal S: weatherability and leach resistance of
wood impregnated with nano-zinc oxide, Nanoscale Res. Lett. 5 (9) (2010)
1464–1467.

[7] Y. Yu, Z. Jiang, G. Wang, Y. Song, Growth of ZnO nanofilms on wood with
improved photostability, Holzforschung 64 (3) (2010).

[8] S.M. Fufa, B.P. Jelle, P.J. Hovde, Effects of TiO2 and clay nanoparticles loading
on weathering performance of coated wood, Prog. Org. Coat. 76 (10) (2013)
1425–1429.

[9] J. Salla, K.K. Pandey, K. Srinivas, Improvement of UV resistance of wood
surfaces by using ZnO nanoparticles, Polym. Degrad. Stab. 97 (4) (2012)
592–596.

10] P.H.M. Hoet, I. Brüske-Hohlfeld, Salata O.V. Nanoparticles, - known and
unknown health risks, J. Nanobiotechnol. 2 (1) (2004) 12.

11] A. Baun, N.B. Hartmann, K. Grieger, K.O. Kusk, Ecotoxicity of engineered
nanoparticles to aquatic invertebrates: a brief review and recommendations
for  future toxicity testing, Ecotoxicology 17 (5) (2008) 387–395.

12] A. Rezaee, H. Rangkooy, A. Khavanin, A.J. Jafari, High photocatalytic
decomposition of the air pollutant formaldehyde using nano-ZnO on bone
char, Environ. Chem. Lett. 12 (2) (2014) 353–357.

13] H.F. Moafi, A.F. Shojaie, M.A. Zanjanchi, Photocatalytic self-cleaning
properties of cellulosic fibers modified by nano-sized zinc oxide, Thin Solid
Films 519 (11) (2011) 3641–3646.

14] C.A. Gouvêa, F. Wypych, S.G. Moraes, N. Durán, N. Nagata, P. Peralta-Zamora,
Semiconductor-assisted photocatalytic degradation of reactive dyes in
aqueous solution, Chemosphere 40 (4) (2000) 433–440.

15] A. McLaren, T. Valdes-Solis, G. Li, S.C. Tsang, Shape and size effects of ZnO
nanocrystals on photocatalytic activity, J. Am. Chem. Soc. 131 (35) (2009)
12540–12541.

16] W.F. Sullivan, Weatherability of titanium-dioxide-containing paints, Prog.
Org.  Coat. 1 (2) (1972) 157–203.

17] M.  Bente, G. Avramidis, S. Förster, E.G. Rohwer, W.  Viöl, Wood surface
modification in dielectric barrier discharges at atmospheric pressure for
creating water repellent characteristics, Holz als Roh- und Werkstoff 62 (3)
(2004) 157–163.

18] J. Profili, O. Levasseur, A. Koronai, L. Stafford, N. Gherardi, Deposition of
nanocomposite coatings on wood using cold discharges at atmospheric
pressure, Surf. Coat. Technol. (2016).

19] G. Toriz, M.G. Gutiérrez, V. González-Alvarez, A. Wendel, P. Gatenholm, AdJ.
Martínez-Gómez, Highly hydrophobic wood surfaces prepared by treatment
with atmospheric pressure dielectric barrier discharges, J. Adhes. Sci. Technol.
22  (16) (2008) 2059–2078.

20] S. Zanini, C. Riccardi, M.  Orlandi, V. Fornara, M.P. Colombini, D.I. Donato, S.
Legnaioli, V. Palleschi, Wood coated with plasma-polymer for water
repellence, Wood Sci. Technol. 42 (2) (2008) 149–160.

21] P. Gascón-Garrido, N. Mainusch, H. Militz, W.  Viöl, C. Mai, Copper and
aluminium deposition by cold-plasma spray on wood surfaces: effects on
natural weathering behaviour, Eur. J. Wood Prod. (2016).
22] P. Gascón-Garrido, N. Mainusch, H. Militz, W.  Viöl, C. Mai, Effects of
copper-plasma deposition on weathering properties of wood surfaces, Appl.
Surf. Sci. 366 (2016) 112–119.

23] L.M. Wallenhorst, S. Dahle, M.  Vovk, L. Wurlitzer, L. Loewenthal, N. Mainusch,
C. Gerhard, W.  Viöl, Characterisation of PMMA/ATH layers realised by means

[

Science 434 (2018) 1183–1192 1191

of atmospheric pressure plasma powder deposition, Adv. Condens. Matter
Phys. 2015 (3) (2015) 1–12.

24] L.M. Wallenhorst, L. Loewenthal, G. Avramidis, C. Gerhard, H.  Militz, G. Ohms,
W.  Viöl, Topographic, optical and chemical properties of zinc particle coatings
deposited by means of atmospheric pressure plasma, Appl. Surf. Sci. 410
(2017) 485–493.

25] L. Gurău, The roughness of sanded wood surfaces, in: Doctoral Thesis, 2004.
26] International Organization for Standardization. Geometrical product

specification (GPS) −Filtration − Part 31: Robust profile filters: Gaussian
regression filters; (ISO/TS 16610-31:2010).
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