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Wood use in bio-building  should be considered as one of the main pillars of
sustainability. According to international standards,  beech wood (Fagus syl-
vatica L.) is a rather less durable species as it is subject to degradation due to
weathering,  though it is abundantly available  to a more intense use. Service
life of beech products and wood products in general can be enhanced by dif-
ferent methods, such as heat treatments,  but new chances are offered by
coating technologies. However, to ensure protection from wood-destroying or-
ganisms, most commercial coatings  include components that could harm hu-
man health, other organisms and the environment. Therefore, coating indus-
try has to develop more eco-friendly solutions in order to decrease its impact
on human health and environment. The objective of this article was to modify
commercial acrylic varnish by adding cellulose nanocrystals (CNC) and lignin
(LN)  extracted from beech wood and investigate  their effect on water sorp-
tion, additive dispersion in the coating matrix and coating resistance to bacte-
rial attack.  Contact angle, weight gain and colour difference were analysed
and FT-IR mapping was applied. The performance of CNC was promising, as it
enhanced water sorption of the modified coating. However, protection against
bacterial attack was not satisfying. On the other hand, chemically unmodified
lignin did not show positive effects as component in the coating formulation.
Nevertheless, the currently limited usage of these two renewable and abun-
dant resources urgently calls for  their more efficient utilization, in order to
create additional value with industry side-streams producing novel bio-based
materials. Further experiments are needed in order to obtain better disper-
sion of the particles and higher resistance to bacterial attacks.

Keywords: Acrylic Waterborne Coating, Beech Wood, Fagus sylvatica, Lignin,
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Introduction
Utilization of wood in bio-building could

be considered as one of the main pillars of
sustainable  construction.  Yet,  the  full  ex-
ploitation of wood as a construction mate-
rial  still  requires some weak points to be
solved.  Indeed,  the  risk  of  degradation
caused by weathering and biotic attacks is
currently  the  most  limiting  factor.  More-
over,  several mechanical  properties  of
wood are lower compared to synthetic and
not-renewable materials.  A further impor-
tant  concept towards  a  more  sustainable
approach  is  the  use  of  wood  from  short
supply chains (De Angelis  et  al.  2018,  Ro-
magnoli et al. 2019), but  so far it has been
mainly applied to biomass  production for
energy  purposes  (Delfanti  et  al.  2014,
Paletto  et  al.  2019).  Nevertheless,  recent
findings on the  use  of non-durable  wood,
such  as  beech  and  Corsican  pine,  in  bio-
building applications were fairly promising
(Brunetti et al. 2020, Sciomenta et al. 2021).
According to UNI-EN-350 (2016), beech has

less  durable  wood  as  it  is  susceptible  to
degradation by weathering. The service life
of beech products must be addressed es-
pecially when used in the most severe con-
ditions (i.e., risk class 4, according to  UNI-
EN-335  2013).  Increasing  the  durability  of
beech wood by sustainable methods is still
one of  the major  challenges.  To this  aim,
the  successful  use  of  physical  methods
such as heat treatments (De Angelis et al.
2018,  Romagnoli et al. 2015)  have been re-
cently reported, but the novel and greener
generation of wood coatings offer new in-
teresting  opportunities.  Coating  technol-
ogy  provides  surface  protection,  decora-
tive  finishes  and  numerous  special  func-
tions  for  commodities.  To  ensure  protec-
tion  from  wood-destroying  organisms,
coatings are often composed of synthetic
compounds  with  biocidal  functions  (Zmi-
horska-Gotfryd 2004) that were proved to
be  harmful for  human  health.  Many  at-
tempts were carried out to  replace fossil-
based  components of coatings with natu-
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ral compounds  (Teaca et al. 2019), but still
much work is  required for their  industrial
use  in  high-technology  applications.  Cur-
rently, a reasonable compromise is the ad-
diction of natural compounds  to  commer-
cial coatings which can maintain or even in-
crease their performances. Among the bio-
based  additives  which  could  be  success-
fully used in wood industry, lignin and cel-
lulose-based compounds are the most sus-
tainable in terms of circular economy (Ma-
rini et al. 2020, Zikeli et al. 2018, 2019). Sev-
eral studies  demonstrated that lignin, due
to its antioxidant properties, increases the
natural decay resistance of wood and  the
performance of coating in outdoor condi-
tions.  To  this  purpose,  promising results
were obtained using Kraft lignin (Chirkova
et al. 2009,  Teaca et al. 2019), Organosolv
(Dos  Santos  et  al.  2012)  and  Acidolysis
lignin (Teaca et al. 2019). The performance
of lignin  as coating component  largely de-
pends on its source, the method of extrac-
tion, and its application to the woody sub-
strate. So far, all the tests  have been  car-
ried out in the laboratory, showing promis-
ing  performances  (Huang  &  Feng  2016,
Zikeli  et  al.  2018,  2019).  Indeed,  several
properties  of  lignin,  such  as  low  toxicity,
biodegradability,  low  cost  and  high  avail-
ability  (Ago  et  al.  2017),  make it  a  very
promising candidate  as an additive to syn-
thetic or inorganic materials for wood coat-
ings. Other promising compounds for coat-
ing  industry  are  cellulose  nanocrystals
(CNC).  Vardanyan  et  al.  (2014) reported
that the addition of CNC to wood coatings
did not lower their colour stability and in-
creased  weathering  performance  of  the
varnished wood surface. Furthermore, mul-
tifunctional  coatings  have  been  recently
developed for wood-based composites or
CNC-coating  of  glass  fibres  for  fibre-rein-
forced composites  (Goswami  et  al.  2019).
CNC  also  represent  a  promising  compo-
nent for the development of innovative re-
inforced wood adhesives, due to their high
strength  and  low  weight  (Marini  et  al.
2020).  Among  the  commercial  coatings,
waterborne synthetic acrylic varnishes are
one of the most used for both indoor and

outdoor  applications. They  show  high
transparency and good UV-resistance, but
they do not penetrate wood as deep as oils
do. Their main advantage is their resistance
to  yellowing,  but  photostability  needs  to
be  increased  to  improve  their  suitability,
e.g., for window frames (Van Den Bulcke et
al. 2006, Rao et al. 2019, Akbarnezhad et al.
2020). 

The main objective of this study is to in-
vestigate  the  effect  of  CNC  and  beech
lignin added to commercial  acrylic varnish
on  colour  change,  wettability  and  resis-
tance to bacterial attack. Antibacterial ac-
tivity was investigated considering a prod-
uct end use as kitchen tops in contact with
food or children's toys, where contact with
the  mouth  cannot  be  excluded.  The  se-
lected support was beech wood (Fagus syl-
vatica L.) which is the most promising spe-
cies for innovative bio-building applications
and  the  most  sustainable thanks  to  its
short supply chain, being widely spread all
across Europe.

Materials and methods

Material
Flat-grained beech wood samples 10 × 10

× 3 mm (L×T×R) were taken in tangential di-
rection  from  one  board  cut,  which  was
dried in an industrial  dry kiln.  Wood sam-
ples were conditioned in the lab at about
65% relative humidity (RH) and 21 °C for one
year.  Just  before coating,  the wood sam-
ples were sanded with 120 grit sandpaper
and wiped clean before measuring the con-
tact angle of the coating.

A commercial water-borne acrylic coating
provided by the company Finedin S.r.l. (Ta-
viano, LE, Italy) was applied onto samples.
This  transparent coating is based on poly
(methyl acrylate/methyl methacrylate/butyl
acrylate),  copolymer  dispersion;  its solid
content  is 34%, viscosity is 40-50" F/4, and
gloss at 60° is 75-85, while the pH was 8.5.
The  main  function  is  the  protection  of
wood against impacts and scratches in in-
door and outdoor conditions. In the com-
mercial  formulation  some  additives  (anti-
mold compounds) were present.

Commercial acrylic coating was modified
with  CNC  (chemically:  cellulose  hydrogen
sulphate sodium salt) that were purchased
from CelluForce Inc.  (Montreal,  QC,  Cana-
da). The spray-dried CNC powder has bulk
density of 0.7 g m-3, moisture content of 4-
6% and particle size spanning from 1 to 50
μm. CNC crystallites (particle diameter: 2.3-
4.5 nm, particle length: 44-108 nm) have a
hydrodynamic  diameter  of  70  nm  (Marini
et al. 2020).

Acrylic coating was also mixed with lignin,
which was kindly  provided by  Fraunhofer
Center  for  Chemical-Biotechnological  Pro-
cesses  CBP  (Leuna,  Germany).  The lignin
was  extracted  from  residues  of  beech
wood  using  an  Organosolv  process  with
ethanol-water  as  solvent  (Schulze  et  al.
2019).

Methods
The different formulations of Acrylic coat-

ing  (Av)  mixed  together  with  CNC  and
lignin are summarized in  Tab. 1. Lignin and
CNC were added also to pure water as ad-
ditional control samples. The experimental
plan is summarized in Fig. S1 (Supplemen-
tary material).

Samples  were  dip-coated  for  5  minutes
with  each  formulation  and  then  left  to
open drying at room temperature for one
week.

Colour measurement
Digital images of the samples were taken

using an HP Scanjet 4800 scanner, in order
to analyze their  CIELAB colour  space and
coordinates  using the open-source graph-
ics software GNU Image Manipulation Pro-
gram (GIMP v. 2.10.12).  According to  UNI-
EN-ISO/CIE-11664  (2019),  three  different
spots per sample were selected and twelve
samples per coating formulation were ana-
lyzed. The coordinates a*, b* and the light-
ness  L* were measured on the tangential
plane.  The  total  colour  difference  (ΔE*)
represents  the  difference  in  colour  be-
tween virgin wood and the samples coated
with  commercial  acrylic  varnish  and  with
the  modified  formulations,  respectively.
ΔE* was calculated according to the follow-
ing formula (eqn. 1):

(1)

Weight and thickness
Weight of the samples was measured us-

ing  an  electronic  analytical  scale  (model
JA503,  Jing  xin,  China).  Samples  were
weighted before coating and after the dry-
ing period of one week (168 h). For deter-
mination of coating thickness, the coating
layer  was  measured  using  a  stereomicro-
scope (model  MZ 16A, Leica Microsystems
AG,   Wetzlar,  Germany)  at  micron  level.
Twelve  samples  per  formulation  were
weighted. A representative sample was cut
in half and then the thickness of the coat-
ing layer was measured on three spots per
sample.
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Tab. 1 - Formulation of acrylic- and water-based coatings and corresponding abbrevia-
tion in the text. (Av): Acrylic varnish; (CNC): Cellulose nanocrystals (LN): lignin (W):
Water.

Code Formulation

Av Commercial water-based acrylic coating

Av-2CNC Commercial water-based coating plus cellulose nanocrystals (2%)

Av-2LN Commercial water-based acrylic coating plus lignin powder (2%)

Av-5CNC Commercial water-based acrylic coating plus cellulose nanocrystals (5%)

Av-5LN Commercial water-based acrylic coating plus lignin powder (5%)

W-2CNC Distilled water plus cellulose nanocrystals (5%)

W-2LN Distilled water plus lignin powder (2%)

W-5CNC Distilled water plus cellulose nanocrystals (5%)

W-5LN Distilled water plus lignin powder (5%)
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Surface wettability test
Wetting  analysis  was  executed  at  room

temperature. A small droplet (4 μl) of dis-
tilled water was taken with a micropipette
and dropped on the wood surface (tangen-
tial plane). The images were taken immedi-
ately after the drop was released and fur-
ther until complete spreading using a cam-
era (Coolpix® P7700, Nikon, Tokyo, Japan).
Time intervals  varied among groups.  Con-
tact angle was measured on every picture
taken on two sides of the drop using GIMP
software.  Final  contact  angle  was  calcu-
lated  as  an average of both  sides  of  the
droplets to compensate for sample surface
variations. The time needed until complete
surface wetting was recorded. One control
and one representative sample per coating
formulation were chosen for contact angle
measurement.

Antibacterial activity test
The antibacterial test was made using the

bacteria-inhibiting ring method (agar plate
diffusion  test,  as  described  in  Gao  et  al.
2016). Pseudomonas aeruginosa (gram-neg-
ative) was used to evaluate the antimicro-
bial activity. P. aeruginosa is an opportunis-
tic bacterial pathogen with ecological rele-
vance  in  bioremediation.  This  species  is
ubiquitous in nosocomial environment and
widely diffused in water and soil. It exhibits
also  relevant  phenotypic  traits  in  biocon-
trol and in sessile growth (i.e., biofilm for-
mation on material – Sousa et al. 2013). We
used  an  environmental  isolate,  P.  aerugi-
nosa strain AP02-1, that is able to degrade
crude oil  and  byproducts  was  used  (Per-

fumo et al. 2006).
Two parallel tests were performed. In the

first test, a 20 μl drop of each coating for-
mulation  was  spotted  on  cetrimide  agar
plates,  which  were  previously  inoculated
with bacterial  suspension (~ 1.5  × 105 CFU
ml-¹ diluted in salt solution from ON liquid
culture). In the second part of the experi-
ment, one representative wood sample for
each  formulation  was  placed  on  an  agar
plate  with  the  same  amount  of  bacterial
suspension.  In  this  case,  the  selected
groups  were  the  highest  percentages  of
CNC and lignin with both Av and W as ma-
trix.  The  chosen  formulations  were  com-
pared with virgin wood as control sample.

Cetrimide  agar  (CET  45.5  g  l-1 – Merck,
USA) plus 10 ml l-1 of glycerol is  the selec-
tive  growth  media  for  P.  aeruginosa that
was used to avoid the growth of microbial
cells accidentally introduced with the coat-
ing  or  the  wood  samples  that  were  not
subjected to prior sterilization. After inocu-
lation, the CET plates were incubated at 37
°C.

FTIR spectroscopy and mapping analysis
Samples of the coating formulations and

coated wood samples were analyzed with
a  FTIR-4100® Fourier  Transform  Infrared
spectrometer  (Jasco  Corp.,  MD,  USA)  in
the range of 2000-1000 cm-1. One represen-
tative  sample  from  each  group  was  ana-
lyzed in absorbance mode within a surface
of  50×50 μm,  using  a  Jasco  IRT-7000® Ir-
tron  Infrared  microscope.  The number  of
scans was 500.

Statistical analysis
Statistical analyses were carried out with

Minitab® Statistical  software  v.  18.1  (Mini-
tab Inc., State College, PA, USA) to deter-
mine the effect of lignin and cellulose addi-
tion to the acrylic coating. The differences
between the various coating modifications
were  subjected  to  principal  component
analysis (PCA), considering the colour and
weight  change between  virgin  wood and
treated  wood.  For  the  colour  variation  3
spots × 12 samples × 9 formulations were
analyzed  for  a  total  of  324  replicates.
Weight  data  included 1  measurement  for
each sample × 12 samples × 9 formulations,
totalling 108 replicates.

Results

Colour measurement
In  Fig. 1 the wood samples treated with

the  different  coating  formulations  are
shown.

In  Tab.  2 the mean values  of  the deter-
mined CIELAB colour coordinates with the
corresponding  ΔE* values for the samples
before and after dip-coating are reported.

From Tab. 2 and  Fig. 2, it is evident that
beech wood coated with Av showed an in-
crease in the  two parameters  a* and  b*,
displaying a  colour  drift  towards  red-or-
ange, while brightness decreased towards
slightly darker tones (L* shifted from 86 to
79). CNC did not significantly affect bright-
ness,  though a certain decrease in  L*  was
observed  at both  concentrations  (L*  be-
fore treatment was 82.4 and after dip-coat-
ing was 78.4 for Av-2CNC and for Av-5CNC
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Fig. 1 - Samples treated with different formulations based on acrylic coating (Av) mixed with CNC and LN, as well as control samples
treated with water mixed with CNC and LN, respectively. For sample labels, see Tab. 1.

Tab. 2 - CIELAB coordinates mean values (± standard deviation) of virgin wood and treated wood before and after dip coating,
respectively, and corresponding ΔE* values.

Treatment
Before dip-coating After dip-coating

ΔE*
L* a* b* L* a* b*

Av 86.1 ± 2.6 2.5 ± 0.6 14.3 ± 1.2 79.0 ± 4.4 6.0 ± 0.8 20.4 ± 0.9 10.30 ± 3.48

Av-2CNC 82.4 ± 5.4 2.7 ± 0.8 12.0 ± 1.4 78.4 ± 5.7 5.3 ± 1.0 18.3 ± 0.8 8.76 ± 2.91

Av-2LN 83.9 ± 6.7 2.4 ± 0.9 12.3 ± 1.0 48.6 ± 14.0 6.8 ± 1.8 18.0 ± 5.1 37.06 ± 15.24

Av-5CNC 84.1 ± 6.2 2.5 ± 0.9 12.5 ± 1.3 80.5 ± 7.5 5.3 ± 1.2 18.3 ± 0.9 7.93 ± 2.53

Av-5LN 86.0 ± 2.8 2.0 ± 0.5 13.1 ± 1.1 27.1 ± 11.0 5.3 ± 2.5 9.8 ± 5.0 59.37 ± 11.38

W-2CNC 85.7 ± 6.3 2.3 ± 0.9 12.9 ± 1.6 86.5 ± 4.6 2.6 ± 0.8 14.0 ± 1.2 3.64 ± 3.62

W-2LN 84.5 ±4.4 2.2 ± 0.7 11.7 ± 0.9 78.5 ± 7.5 6.0 ± 1.4 18.3 ± 1.1 11.05 ± 5.69

W-5CNC 84.5 ± 5.0 2.2 ± 0.8 13.1 ± 0.9 85.9 ± 4.6 2.1 ± 0.9 13.8 ± 0.9 3.04 ± 1.87

W-5LN 87.4 ± 3.7 2.1 ± 0.7 13.3 ± 1.0 69.4 ± 7.8 8.1 ± 1.3 20.3 ± 1.1 20.71 ± 6.54
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was 84.1  and then became 80.5).  In  con-
trast,  when water  was used as matrix,  L*
increased in both concentrations (L* shift-
ed from 85.7 to 86.5 in W-2CNC and from
84.5 to 85.9 in W-5CNC). CNC addition in AV
(treatments  Av-2CNC  and  Av-5CNC)  was

characterized by higher values of a* and b*
(red orange tones) compared to the similar
formulation in W (W-2CNC and W-5CNC, re-
spectively).

Lignin  affected colour  change after  dip-
coating much more compared to the CNC

samples,  as  indicated  by  the  highest  ΔE*
values, with an increase of ΔE* when lignin
concentration  rises  from  2%  to  5%.  The
most  evident  changes  were  decreasing
brightness and a strong drift towards blue
(increasing b*).

While colour changes were strong when
using lignin and CNC as additives for acrylic
varnish,  the  differences  in  colour  before
and after dip-coating are less evident when
water is used as medium for the respective
coating formulations.

It  is  important  to  remark  that  when
adding lignin to the used acrylic coating, a
colour  change  towards  green  was  ob-
served, which might be due to lignin struc-
tural modification during polymerization of
the acrylic resin.

A  PCA  analysis  was  performed  on  324
replicates  for  colour  measurements  (Fig.
2c).  The PCA showed three different clus-
ters, whose grouping depended mainly on
the concentration but also on the type of
additive (LN or CNC). In fact, formulations
with lignin were mostly grouped together
(AV-2LN, AV-5LN, W5LN). However, W-2LN
clustered together with the other formula-
tions with 2% concentration. The last group
is  formed  by  the  highest  percentage  of
CNC  for  both  commercial  acrylic  coating
and water  formulations  (AV-5CNC and W-
5CNC). This means that colour change is in-
fluenced by both additive type and concen-
tration.

Weight and thickness
In  Tab.  3 the weight of the samples be-

fore  and  after  dip-coating  is  reported,  as
well  as  the  final  coating  thickness  mea-
sured using an optical microscope.

Samples dipped in Av showed an increase
in  weight  of  about  23%,  whereas  a  lower
weight  gain  was  observed  when  CNC  or
lignin  were  added  to  the  acrylic  coating
(Tab.  3).  Further,  no significant difference
in weight gain between the two concentra-
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Tab. 3 - Mean values (± standard deviation) of weight before and after dip-coating in
coatings and coating thickness after fully drying.

Treatment
Before dip-
coating (g)

After dip-
coating (g)

Weight gain
(%)

Thickness
(μm)

Av 0.244 ± 0.028 0.316 ± 0.026 23 7.11 ± 0.05

Av-2CNC 0.249 ± 0.027 0.279 ± 0.028 11 6.70 ± 0.03

Av-2LN 0.256 ± 0.014 0.285 ± 0.014 10 4.98 ± 0.05

Av-5CNC 0.254 ± 0.016 0.291 ± 0.019 13 5.14 ± 0.04

Av-5LN 0.263 ± 0.011 0.289 ± 0.013 9 6.96 ± 0.02

W-2CNC 0.238 ± 0.026 0.275 ± 0.028 14 3.84 ± 0.01

W-2LN 0.239 ± 0.025 0.252 ± 0.027 14 -

W-5CNC 0.238 ± 0.028 0.252 ± 0.028 6 2.72 ± 0.02

W-5LN 0.246 ± 0.021 0.251 ± 0.021 2 -

Tab. 4 -  Contact angle of coated wood after water drop was released and wetting
time needed for complete absorption. Solid content is also reported.

Treatment Contact angle (deg) Wetting time Solid content (%)

Control 0 5′ 30″ -

CNC - - 92.6

LN - - 95.6

Av 44.3 45′ 34

Av-2CNC 56.33 25′ 35.17

Av-2LN 39.55 30′ 35.23

Av-5CNC 54.16 45′ 36.93

Av-5LN 49.9 45′ 37.08

W-2CNC 28.5 2′ 30″ 1.85

W-2LN 53.5 1′ 30″ 1.91

W-5CNC 37.15 9′ 4.63

W-5LN 52.45 3′ 4.78

Fig. 2 - Graphs of colour
change of beech wood

samples after coating
treatment. (a) Biplot of

CIELAB coordinates a* and
b* for Av to Av-2CNC and

Av-5CNC; (b) biplot of coor-
dinates a* and b* for Av to

Av-2LN and Av-5LN; (c) PCA
results for ΔE*; (d) PCA

results for weight changes.
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tions  of  CNC and LN used was recorded.
Surprisingly,  CNC  addition  decreased the
thickness of the final coating with increas-
ing CNC concentration. This might be due
to  a  chemical  reaction between  CNC and
the acrylic  resin;  after water evaporation,
there might be a curing between CNC parti-
cles  due  to  hydrogen  bonds.  Higher  hy-
drophobicity of lignin, limiting the homoge-
nization  with  acrylic  varnish  and  water,
could  explain  the higher  final  thickness
compared to the CNC-modified coatings.

A  PCA  analysis  was  performed  also  on
weight variation (Fig. 2d). In this case, only
Av,  W-5CNC and W-2LN formed a cluster.
This  means  that  Av  affected  the  weight
variation as well as W-2LN and W-5CNC. In
fact,  since  lignin  has  a  high  molecular
weight, CNC-modified coating can be com-
parable to lignin only if CNC concentration
is 5%.

The thickness of the coating  was negligi-
ble,  especially  when  using  water  as  me-
dium.

Surface wettability test
Tab. 4 shows internal contact angle, wet-

ting time and solid content of the different
coating formulations tested.

Wetting  tests  showed  that  Av-5LN  in-
creased the contact angle making the sur-
face more hydrophobic. Such effect is even
stronger when only water was used as me-
dium instead of Av (W-2LN, W-5LN). How-
ever,  their  respective  wetting  times  are
strongly  reduced compared to the acrylic
coatings.

Surprisingly, CNC at 2% led to an increase
of the contact angle showing a more wa-
ter-repellent  behaviour.  By  adding  5%  of
CNC, a similar increase in contact angle was
observed,  but  additionally  wetting  time
was comparable to the acrylic coating (Av).
Likely,  CNC  forms  intensive  hydrogen
bonds with the waterborne acrylic coating,
making the OH groups in wood less acces-
sible for water. Indeed, increase of contact
angle corresponds also to a small increase
in solid content.

Antibacterial activity test
As  mentioned  above,  two  parallel  tests

were  conducted  in  order  to  monitor  the
antibacterial activities of the samples, one
using  only  the  coating  formulations  and
the other using the coated wood samples.
In Fig. 3 the first part of the test is shown,
where  the  varnish  solutions  were  placed
on agar plates, previously inoculated with
bacterial  suspension,  and  the  image  was
taken after 20 h of incubation at 37 °C.  In
the samples W-2LN, W-5LN and W-5CNC a
blue-green colouring appeared after  12  h,
which can be attributed to the production
of  phenazines  (i.e.,  pyocyanin  and  other
“accessory  respiratory  pigments”  – Diet-
rich et al. 2013).

As shown in  Fig. 3, bacterial growth was
observed  soon  after  the  coating samples
were placed on agar plates. Bacterial  col-
onies were well developed in every formu-
lation, but a significant difference was no-
ticed between the samples in the first two
plates (Fig. 3a,  Fig. 3b) and the samples in
the last plate (Fig. 3c). A more intense bac-
teria activity is indicated by the green-blue
colour  of  the agar plate in  Fig.  3c,  corre-
sponding to the water-based formulations
mixed with  lignin  and  cellulose  nanocrys-
tals. However, also in the first two plates,
containing  the  formulations  Av,  Av-2CNC,
Av-2LN, Av-5CNC, Av-5LN and W-2CNC, bac-
terial  colonies  were  numerous  and  large.
Thus,  it  could  be concluded that  none of
the coatings proved an antibacterial effect.
The  blue-green  colour  in  Fig.  3c  derives
from the bacterial redox state, because  P.
aeruginosa produces  pigments  as  sec-
ondary  metabolites  (i.e.,  pyocyanin,  fluo-
rescein,  pyorubrin  and pyomelanin)  when
reaching a stationary growth phase, often
related to quorum sensing (QS) responses
and modulation of pyocyanin as virulence
factor (Sana et al. 2019). This response was
more  visible  around  the  sample  spots
where  the  formulation  contains  lignin
(sample 3 in Fig. 3a).

In the second part of the experiment, the
coated  wood  specimens  of  the  selected
formulations were analyzed in comparison
with virgin wood as control sample. The re-
sults  showed that  all of  the treated sam-
ples were subjected to bacterial attack,  al-
though it seems that in the sample coated

with pure Av an alteration in colony mor-
phology  occurred.  The  colony  sizes  near
the  control  and  distanced  from  Av  were
smaller (about 1 mm  in diameter) in com-
parison to the size observed around the Av
sample spots (diameter > 3 mm). Addition-
ally,  in  the  lignin-coated  samples,  even
larger colonies with diameter > 4 mm were
observed (Fig. 4).

FTIR spectroscopy and FTIR mapping 
analysis

In  Fig.  5 the  FTIR  spectra  of  untreated
wood (Virgin wood), pure acrylic resin (Av
pure)  as  well  as  coated  samples  (Av  on
wood, Av-5CNC and Av-5LN) are shown. IR
band  assignments  for  beech  wood  were
listed  according  to  Bodîrlau  et  al.  (2008)
while  acrylic  IR  band  assignments  were
found in Rao et al. (2019) and Akbarnezhad
et  al.  (2020).  After  wood  coating,  the  IR
bands which are exclusively  attributed to
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Fig. 3 - Bacterial activity of
the various coating formu-
lations after 20h of incuba-

tion at 37 °C. (a) Samples
Av, Av-2CNC and Av2-LN;
(b) samples Av-5CNC, Av-

5LN and W-2CNC; (c) sam-
ples W-2LN, W-5CNC and

W-5LN.

Fig.  4 -  Antibacterial  activity  test of
treated beech wood samples after 24h.
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wood,  disperse  under  the  Av  signal,  the
spectrum becomes flat and the most prom-
inent peaks (1750, 1482, 1400, 1200 cm-1) are
related to acrylic  varnish.  Conversely,  the
peak at 1284 cm-1 in the spectrum of Av on
wood  seems  to  be  the  sum  of  several
peaks  related  to  both  wood  and  acrylic
coating.  In  Fig. 5 the spectra of the coat-
ings Av-5CNC and Av-5LN did not show rel-
evant differences  since  the  predominant
signal is still from the acrylic matrix of the
coating.  In  particular,  in  Av-5LN  peaks  at
1560 and 1035 cm-1, also present in Av pure,
are still  evident.  The peak at  1560 cm-1 in
Av-5LN can be assigned to C-N (Yan et al.
2020) and the one at 1035 cm-1 can be  at-
tributed to the aromatic C-H in-plane defor-
mations as well as C=O stretching of lignin
(Zikeli  et  al.  2020).  However,  significantly
more  signal  noise  was  registered  for  the
lignin  containing  coating  Av-5LN,  which
suggests heterogeneity  of the  prepared
coating layer.

FTIR mapping was applied in order to in-
vestigate the homogeneity and distribution
of the coatings and their CNC and lignin ad-
ditives  on  the  surface  of  the  wood  sam-
ples. In  Fig. 6 the IR band at 1750 cm-1, as-
signed to carbonyl groups in methacrylate
and holocellulose in beech wood (Bodîrlau
et al. 2008), was used as the base for the
image.  In  Fig.  6b,  related  to  the  sample
containing cellulose  nanofibrils,  there  are
clearly areas with lower absorbance, attrib-
uted to CNC presence where the carbonyl
band is less abundant relative to Av.

Discussion
Acrylic varnishes have interesting proper-

ties,  as they  are  available  in  water-borne
formulations and are therefore considered
less toxic than solvent-borne products.  In
general, acrylic coatings show a quite inter-
esting colour  stability,  but  they are sensi-
tive  to  mold  fungi  on  the  wood  surface
during  weathering  (Akbarnezhad  et  al.

2020) and for this  reason increasing their
resistance to biotic  attack is  a goal  to be
pursued. Water repellent coatings can con-
tribute to its resistance, but  in this case  a
sufficient water vapour permeability is nec-
essary to allow moisture escaping from the
wood surface after  a  wetting event  (Gib-
bons et al. 2020).

The  addition  of  nanocellulosic  materials
represents  a  viable  approach  to  enhance
the functionality and the end user value of
coatings.  Because  of  their  morphology,
nanocellulosic  materials provide  a  large
surface-to-volume ratio, which allows to in-
teract  intensively  with the  surrounding
wood  components,  therefore  enhancing
the mechanical properties of wood (Kluge
et al. 2017).

While  inorganic  nanoparticles  have  al-
ready been implemented in various coating
solutions, the addition of bio-based nano-
fillers is still at an early development stage
and mostly studied at the laboratory level.

In  this  study,  CNC  showed  a  satisfying
performance regarding water sorption, as
indicated  by  the higher  contact  angle
recorded.  The best results  were obtained
with the highest percentage of CNC, which
is consistent  with  Kluge et al. (2017), who
showed  that  water  repellence  of  acrylic
based formulations was not negatively af-
fected by nanocellulose addition. Av resin
polymerization  in  presence  of  CNC might
have shielded the OH functional groups of
CNC  from  water,  while  CNC  could  have
served as a structural scaffold during poly-
merization, leading to a higher water repel-
lence than observed for pure Av resin.

Further encouraging results from CNC ad-
dition  to  Av  were  that  weight  gain  and
solid content after dip-coating did not sig-
nificantly increase compared to the original
Av varnish, but CNC at 2% conferred a cer-
tain  degree  of  hygroscopicity.  Increasing
CNC  percentage,  it  was  observed  an  in-
creased wetting time, even if the solid con-
tent  was at almost the same measured at
2% in CNC concentration. This result intro-
duces a different perspective on the role of
solid content, which in coating technology
has  proved  to  directly  correlate  with  hy-
drophobicity (Kluge et al. 2017), but in the
specific application of CNC the network of
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Fig. 5 - Comparison of FT-IR spectra of pure acrylic resin (Av), control sample (Virgin
wood), and Av-coated wood (Av on wood); FT-IR spectra of CNC and LN mixed with
Av (Av-5CNC, Av-5LN) and pure acrylic resin (Av pure) are displayed.

Fig. 6 - FT-IR mapping of 
acrylic coating mixed with 
(a) 5% lignin (Av-5LN) and 
(b) CNC (Av-5CNC), for the 
peak at 1750 cm-1.
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nanocrystal  add  new  properties  less  af-
fected by the parameter of solid content.

The  addition  of CNC  to  wood  coatings
showed a weak impact on optical proper-
ties. In fact,  ΔE* was low and a* was quite
similar  to  the previous  status,  but  b* de-
creases slightly. This might depend on the
small  size  of  the  CNC  particles,  as  previ-
ously  reported  by Kluge  et  al.  (2017).  In
other  words,  the  nanocrystal  dimensions
allow the light to pass through the coating
film without redirecting the beam. There-
fore, if the aesthetical features of the prod-
uct  shall  be  preserved,  coating  with  CNC
additives is a valid approach.

Concerning  bacterial  interaction  with
CNC,  cellulose  nanofiber  (with  diameter
range  2.3-4.5  nm  and  length  44-108  nm)
were not able to  hinder bacterial growth.
This finding is in agreement with De Cesare
et  al.  (2019),  who  reported  an  adaptive
growth  interaction  of  bacterial  cells  with
eco-compatible nanofibers with a higher di-
ameter range of 10-100 nm. Nevertheless, it
is  well  described  that  Burkholderia and
Pseudomonas strains,  but  also  E.  coli iso-
lates, are able to attack nanomaterials and
produce  biofilms  on  them  via sessile
growth  (Rieger  et  al.  2013,  Rumbo  et  al.
2018, De Cesare et al. 2019).

Using CNC as  an additive,  a  light  (or  at
least  a  coating  not  heavier  compared  to
pure Av) and thin coating but with interest-
ing  properties  like  transparency  and  un-
compromised  hydrophobicity  can  be  ob-
tained.  However,  since  we  registered  no
clear improvement of properties compared
to the pure Av coating, no evident advan-
tage for industry was found so far. To this
aim,  further  analyses  are needed aimed to
investigate the effects  of  decreasing the
solid  content  of  the  acrylic  varnish  on
wood  mechanical  properties,  which  has
proven quite promising (Kluge et al. 2017,
Poaty et al. 2014, Veigel et al. 2014).

In this study, the viscosity of coatings was
not  analysed,  though  this  parameter
should be taken in consideration for indus-
trial  applications,  as  it  could  compromise
coating  sprayability  and  additives  disper-
sion. We analyzed CNC dispersion by FT-IR
mapping  and  some  areas  with  low  ab-
sorbance were visible, likely due to CNC ag-
gregation  (Fig.  6).  Similarly,  Marini  et  al.
(2020) noticed that  chemical  modification
of CNC needs to be considered to ensure
the homogenous dispersion of CNC, even if
it might affect costs and feasibility of the
coating production at an industrial level.

Lignin has huge potential for future coat-
ing formulations because of its hydropho-
bic nature. In this study, lignin mixed with
water gave better results than mixed with
Av  regarding  the  contact  angle,  but  the
wetting  time  using  2%  of  lignin  (W-2LN)
was too low compared to Av coating (Tab.
4).  This  could  be  explained  by  a  not  ho-
mogenous dispersion of lignin in the coat-
ing (see  Fig. 1). Thus,  the chemical modifi-
cation of lignin seems more important than
for cellulose in order to increase its misci-

bility. Several investigations focused on the
addition  of  lignin  to  polyurethane-based
coatings  (Griffini  et  al.  2015,  Klein  et  al.
2019), but  studies on lignin in acrylic coat-
ings are rare.

Concerning colour change, a content-de-
pending  shift  to  bluer  and  darker  colour
was recorded in all lignin-containing formu-
lations.  Therefore,  lignin  application  on
coated wood affects its original colour, but
this  permits  additional  wood  protection
against  UV  light  as lignin  acts as  UV  ab-
sorber (Teaca et al. 2019). Hence, according
to Ozgenç et al. (2020), lignin can provide
colour  stabilization  when  a  waterborne
acrylic coating is applied in outdoor condi-
tion, because transparent coatings require
more  frequent  maintenance  than  pig-
mented  coatings,  as  UV  light  penetrates
and  degrades  the  film  layer  and  decom-
poses the wood underneath (Oberhofner-
ová et al. 2019).

Our results show that  lignin did not add
antibacterial  activity  to  wood  coating  as
expected. This finding seems to be in con-
trast with Teaca et al. (2019), who reported
that phenols leached from lignin can be ab-
sorbed by treated wood surfaces and act
efficiently as biocides, when testing against
rot  fungi.  However,  P.  aeruginosa strain
AP02-1 is an environmental isolate with hy-
drocarbon-degrading  abilities  and  able  to
tolerate and co-metabolize some aromatic
compounds (Perfumo et al. 2006,  Qi et al.
2015).  This  could  explain  the  limited effi-
cacy of  lignin in inhibiting PA02-1 growth.
Surprisingly,  the PA02-1 isolate can  exploit
lignin for accelerating the external produc-
tion  of  QS  factors  (pyocyanin),  often  in-
volved  in  the  virulence  and  adaptive  re-
sponse  to  environment  of  P.  aeruginosa
(Sana  et  al.  2019).  However,  this  effect
might appear higher in W-LN formulations
and less evident in the Av-LN ones, and this
might suggest, at least for this strain, that
Av is able to produce delaying effects in QS
responses,  specifically  related  in  the  pro-
duction  of  phenazines.  Interestingly,  Av
and  lignin  interact  in  the  alteration  of
colony morphology. For  P. aeruginosa, the
different  aspect  of  colonies  may  reflect
difference  in  cell  virulence.  In  this  work
morphological  evolution  of  the  CFU  near
the wood coated with Av and with Av-LN
mixture show a larger colonies which can
be associated with enhanced adaptive re-
sponse to the stressing environment (Sou-
sa et al. 2013). However, in this case the Av
coating is less related to size enlargement
of the colonies in respect to Av-LN mixture,
and this might indicate that wood interacts
with some components of acrylic varnishes
reducing eco-toxicity.  On the other  hand,
the  W-LN  mixtures  are  not  associated to
relevant variation of morphotype, and thus
we hypothesize that lignin was strongly ad-
sorbed to the wood structure and not dif-
fused around the material. The fast produc-
tion of phenazines in P. aeruginosa induced
by the W-LN formulations is intriguing, be-
cause pyocyanin has proved to be efficient

against  fungi  and  bacteria  and  it  can  be
considered a relevant biotechnological me-
tabolite with antimicrobial activity (Hamad
et al. 2020) which could be also used as a
purified component of Av.

FTIR mapping has  proved to  be an effi-
cient tool to test the homogeneity of wood
coatings with bio-based additives.  Indeed,
we observed a low absorbance in some ar-
eas  where  CNC  and  lignin  apparently  ag-
gregated during coating.  This could repre-
sent  a  fairly  relevant  problem  which  still
hampers the  industrial application  of such
bio-based additives. 

Conclusions
In this study, the use of  CNC as an addi-

tive  to  wood  coatings  showed  promising
results.  A high percentage (5%) of CNC in
acrylic  coatings  decreased water  sorption
of beech wood, with no weight gain and a
low colour change. The main disadvantage
was  the  lack  of  any  bacterial  resistance.
Flocculation of CNC particles is also a well-
known weakness which must be overcome
before their industrial application.

Mixing lignin with Av did not add any sig-
nificant  improvement  to  coatings.  Lignin
showed a better water sorption with water
as a formulation matrix (both in W-2LN and
in W-5LN).  Also, a colour change of wood
samples  was observed  using lignin mixed
with Av as coating, which indicates an un-
known  chemical  reaction.  For  both  cellu-
lose and lignin, particle agglomeration was
evident  using  FTIR  mapping.  The  results
obtained  from bacterial  resistance  tests
open new perspectives because the addi-
tion of lignin apparently promotes the pro-
duction  of  secondary  metabolites  in  the
medium  (i.e.,  pyocyanin,  fluorescein,  py-
orubrin  and pyomelanin)  which could  act
as biocontrol  agents against other patho-
gens.

From the point of view of coating indus-
try,  it  seems  more  viaable  to  produce
acrylic  coatings  mixed with  CNC,  also be-
cause CNC production is  almost at  pre-in-
dustrial scale and the investigated proper-
ties  are  quite  interesting.  Yet,  further  re-
search  is  needed  and  several  unresolved
tasks need to be completed before the in-
dustrial  application  of coatings with lignin
and acrylic  formulations,  while  mixing lig-
nin  with  polyurethane  seems  more  feasi-
ble. Furthermore, lignin has a high variabil-
ity and the final properties depend on the
extraction process, so its use at industrial
scale still needs to be improved.

CNC and lignin are renewable and highly
abundant resources, but the currently lim-
ited  usage  of  these  two  compounds  ur-
gently calls for their more efficient applica-
tion, in order to add value to industry side-
streams and create new bio-based materi-
als for bio-building applications.
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