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Farzam TAVANKAR, Rodolfo PICCHIO, Angela LO MONACO,
Mehrdad NIKOOY, Rachele VENANZI, Amir Eslam BONYAD

WOUND HEALING RATE IN ORIENTAL BEECH TREES
FOLLOWING LOGGING DAMAGE

Beech is the most important commercial species in the Caspian forests of Iran.
Selective cutting and harvesting methods may adversely impact the quality of the
residual trees, as the injuries make the trees prone to future disease, insect
infestations or timber defects. Although attempts to better understand how wounds
affect the residual trees have been made in many different contexts, there are still
few investigations on uneven-aged forests. In this study the key objectives were to
determine and model the healing rate for different wound parameters (width,
length, and area of wound); to analyse the relationship between wound healing
rate (WHR), tree diameter growth and tree height growth; to analyse the WHR in
relation to wound position on the stem; and to analyse the relationship between
WHR, width and area of wound in DBH classes and social classes, with the aim of
enabling the prognosis of logging wounds.
Wounded beech trees were examined immediately after selective logging and
after a 5-year period. The WHR was 31.2 ±7.7 cm 2 year-1. The wound width
healing rate (18.4 ±3.4 mm·year-1) was significantly higher than the wound length
healing rate (4.5 ±1.6 mm·year-1). Only 12% of wounds were completely closed
after a 5-year period, and 15 years are necessary for the complete closure of 80%
of total wounds. The ratio of wound area to stem area at wound height (RWS)
showed a more pronounced effect on diameter than on height. Regression analysis
showed that WHR was correlated negatively with wound area and width and
positively with tree diameter growth, but no significant relationship was found
between height growth and WHR parameters. The WHR was significantly higher
Farzam TAVANKAR (farzam.iaukh@gmail.com; tavankar@aukh.ac.ir), Department of
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at an upper position than at a lower one, and statistical tests showed that the tree
vertical layering classes had a significant effect on WHR. Finally, it was shown
that WHRs in upper-storey trees are significantly higher than in the middle and
lower storeys.
Keywords: Fagus orientalis, uneven-aged stand, single-tree selection, diameter
growth, height growth, tree biosocial class

Introduction
Beech is the dominant tree species in many forest complexes, and it is the most
important commercial species in the Caspian forests of Iran [Tavankar et al.
2015a]. Beech is a large tree and is common in highlands at elevations of
800-2000 m a.s.l. It is widespread on northern mountainside slopes, in cool
areas, and in rich soils throughout the Caspian Sea region of Iran [Bonyad and
Tavankar 2016]. These stands constitute approximately 17.6% of the area and
30% of standing volume [Amiri et al. 2013].
Since the end of the last century selective cutting has been the main
silvicultural method in these forests, leading to mixed and uneven-aged stands.
These are managed under the single-tree selection system, observing a cycle of
10 years, with the aims of improving the stand resilience and controlling the tree
distribution [Tavankar et al. 2013]. Selection harvesting methods may adversely
impact the quality of the residual trees, as the exposed xylem makes the trees
prone to future disease, insect infestations or timber defects [Bettinger and
Kellogg 1993; Han and Kellogg 2000; Hosseini et al. 2000; Vasiliauskas 2001;
Szewczyk 2015]. Moreover, the damage may concern not only the stem but also
the root system, depending on the cutting and extraction methods used. The
damage may not be detectable immediately after harvesting. It is reported that
the death of intact trees may occur years later [Picchio et al. 2018]. A wound or
scar is the portion of the cambial zone where the cambium is killed by injury
[Means 1989]. Trees compartmentalize the affected wood to protect the wound
zone against infestation by fungi and bacteria [Shigo 1986], forming boundary
zones within the bark [Biggs 1985]. Anatomical changes begin within the xylem,
and include reduced tracheid or vessel lumina [Arbellay et al. 2013] or the
production of callus tissue [Delvaux et al. 2010] – a thin layer of
undifferentiated cells as a response to a wound that may help re-establish the
cambium’s continuity after wounding [Smith and Sutherland 2001].
Wound characteristics such as size, location and severity are the main factors
that influence the wound healing rate and the future quality of damaged trees
[Meadows 1993; Vasiliauskas 1994; Han and Kellogg 2000; Ezzati and Najafi
2010; Karaszewski et al. 2013]. Smith et al. [1994] studied the closure of
logging wounds after 10 years in an Appalachian forest and reported that many
small wounds, < 322 cm2 in size, closed 5-10 years after logging. The wound
healing rate is related to tree species and wound severity [Picchio et al. 2018].
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Vasiliauskas [1994] suggested a 25-50 year healing period for a 10 cm wide
wound in Norway spruce, while et al. [1997] indicated a 15-year period for
complete healing of < 60 cm2 wounds in Sitka spruce. Wound closure on forest
trees may be a very important factor, restricting the colonization of woundinvading fungi [Vasiliauskas 2001].
The potential damage to residual trees is a managerial concern during cyclic
harvesting in the same forest stand. Although attempts to better understand how
injuries affect the residual trees have been made in many different contexts,
there are still few investigations on uneven-aged forests. In a previous paper,
Tavankar et al. [2015b] highlighted that logging wounds affected diameter
growth, causing a sensitive reduction particularly in young trees, dependent on
severity, location and size of wound and tree age, in an uneven-aged mixed
forest in the Caspian region subject to selection cutting. This new research was
developed and carried out in a different forest area, located at a higher elevation,
to test whether the biosocial class of a wounded tree is a contributing factor. In
this study the key objectives were to: 1) determine and model healing rate for
different wound parameters (width, length, and area of wound); 2) analyse the
relationship between wound healing rate, tree diameter growth and tree height
growth; 3) analyse the wound healing rate in relation to wound position on the
stem; 4) analyse the relationship between WHR and width and area of wound
depending on DBH and social classes of beech trees after logging damage.

Materials and methods
Study area
This study was conducted in parcel 47 (41 ha) in district 1 of the Nav forests,
which are located between 37°38'34'' and 37°42'21''N and between 48°48'44''
and 48°52'30''E. The elevation in the study area ranged from 1,350 to 1,650 m
a.s.l. The mean annual precipitation is approximately 963 mm and the mean
annual temperature is 8.8°C. The original vegetation of this area is an unevenaged mixed forest dominated by Fagus orientalis Lipsky. The soil type is forest
brown, and texture varies from sandy clay loam to clay loam. The silvicultural
method applied in this forest is single-tree selection cutting. This silvicultural
system makes it possible to maintain a self-sustaining forest of multiple age/size
classes. Stand structure is regulated by harvesting a specific number of trees in
each size class. Harvesting is repeated at regular intervals. This system maintains
continuous forest cover and provides frequent entries for harvesting of forest
products. It is one of the most suitable systems for the management of uneven-aged stands.
Logging operations in the area were carried out from December 2009 until
January 2010. In total 191 trees (4.7 trees ha -1) with a volume of 410 m3
(10 m3·ha-1) were marked for harvesting on the total parcel area. The diameter at
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breast height 1.30 m (DBH) of the marked trees ranged from 20 to 115 cm,
according to the criteria of the single-tree selection cutting system. The marked
trees were felled, delimbed and topped at 20 cm dub (diameter under bark) using
a Stihl MS 362 chainsaw with power 3.5 kW equipped with a bar of length
60 cm. Logs, ranging from 5.2 to 7.8 m in length, were then extracted from the
felling site to roadside landings using a Timberjack 450C wheeled skidder
equipped with a single-drum fixed winch. This had a power of 120 kW, a weight
of 10.3 t and width and length 3.8 and 6.4 m respectively; further details are
given by Bodaghi et al. [2018]. Although it was not possible in this study, this
technology may be adapted by equipping the skidder with both a cable winch
and a grapple, bringing interesting benefits as reported by Proto et al. [2018].
Data collection and analysis
All beech trees on which wounds were deeper than the bole bark (86 stems)
were identified, numbered and marked immediately after logging (year 2010).
The experimental design considered the wound healing rate (WHR) as
a dependent variable; the new independent variables were wound position (WP),
wound area (WA), wound width (WW), wound length (WL), ratio of wound area
to stem area at wound position (RWS), DBH at wounding time, diameter growth
(DG), height growth (HG), and the vertical layering (biosocial position) of the
wounded beech trees.
The position of each damaged tree was also identified on a topographical
map using the global positioning system. On each damaged tree the following
parameters were recorded after logging: diameter at breast height 1.30 m (DBH)
and diameter at the height of the centre of the wound (DWH) (measured with
a dendrometric calliper); tree height (TH) (measured with a Sunnto clinometer);
cause of damage (i.e. felling or extraction); position (wound height (WH) from
ground level); wound width (WW), wound length (WL) and wound area (WA).
The wound area was determined by measuring the maximum length and width
with a ruler (1 mm accuracy) and calculating the elliptical surface area, as
described and applied by Picchio et al. [2011]. The wound position (WH) was
determined using a tape to measure the vertical distance between the wound
centre and the ground. The position of each wound was recorded in one of three
classes: < 0.3 m, 0.3-1 m and > 1 m [Tavankar et al. 2015a]. Tree vertical
layering was recorded using three classes: I) upper storey trees (UST), whose
crowns receive light from all directions; II) middle storey trees (MST), whose
crowns receive light from the upper direction; and III) lower storey trees (LST),
whose crowns receive light indirectly. After 5 years (in 2015) the wounded trees
were identified in the parcel area, and DBH, DWH, TH, WW, WL, and WA were
remeasured, records being made of the occluded wounds and those that were still
open.
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The ratio of wound area to stem area at wound position (RWS) at the start
and end of the study interval was calculated by equation 1 [Tavankar et al.
2015b]:
RWS = (WA/SA) × 100
(1)
2
where WA is the wound area (cm ) and SA is the stem area at the centre of the
wound (cm2).
The 5-year diameter growth (DG) and height growth (HG) of damaged trees
were calculated using equations 2 and 3 respectively [Clark and Clark 1992]:
DG = (DBH2 – DBH1)/t
HG = (TH2 – TH1)/t

(2)
(3)

where DG is the mean diameter growth (mm·year-1) in the study period, HG is
the mean tree height growth (m·year-1) in the study period, DBH1 and DBH2 are
the diameter at breast height at the beginning of the study and five years later,
TH1 TH2 are the tree height at the start and end of the study interval (mm), and t
is the time interval between the two measurements in years (5 years).
The wound healing rate (WHR) was analysed considering three wound
parameters (WD): 1) wound width healing rate (WWHR) (mm·year-1); 2) wound
length healing rate (WLHR) (mm·year-1); and 3) wound area healing rate
(WAHR) (cm2·year-1). This was done using equation 4 [Tavankar et al. 2017c]:
WHRj = (WDij1 – WDij2)/t

(4)

where i indicates the number of the wound, j indicates the wound parameter
(width, length, area), and t is the time interval between the two measurements.
To obtain a comparison and better understanding of the average values for
WWHR, WLHR, and WAHR, these parameters were also calculated in
percentage terms using equation 5:
WHR%= [(WDij1- WDij2)/WDij1]×100

(5)

Statistical analyses
Normality (Kolmogorov–Smirnov test) and homogeneity of variance (Levene
test) were checked. The Box Cox transformation was applied when necessary for
data normalization. Then, the following tests were used for means comparison
and relationship between dependent and independent variables, using SPSS 19
(IBM, NY, USA). The means of wound width, wound length, wound area, and
ratio of wound area to stem area at the start (in 2010) and at the end of the study
period (in 2015) were compared using the paired samples t test; the means of
wound width and wound length at the start and end of the study period were
compared using the independent samples t test; the means of wound width
healing rate and wound length healing rate were compared using the independent
samples t test; the effect of DBH class and wound position class on wound
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healing rate was analysed using ANOVA and the Duncan test, as was the effect
of RWS class on diameter and height growth. Regression analysis was applied to
test the following relations: between wound healing rate and wound width,
length, and area; between wound healing rate and RWS; and between wound
healing rate and diameter growth.

Results and discussion
Wound size and healing during the study period
The mean wound length was greater (P < 0.01) than the mean wound width at
both measurement times (26.4 vs. 13.3 cm in 2010, t = 8.35; 20.8 vs. 6.6 cm in
2015, t = 8.74) (table 1), while the wound width healing rate (50.4%) was
greater (t = 5.58, α < 0.01) than the length healing rate (21.2%). The wound area
was also larger in 2010 than 5 years later, exhibiting a healing rate of 42.8%.
Similarly, the ratio of wound area to stem area (RWS) was larger immediately
after logging, and the wound healing rate in terms of RWS was 65.6%.
The mean wound width was significantly reduced (t = 11.70, P < 0.01) from
the year 2010 (13.3 cm) to 2015 (6.6 cm), as were the means of wound length,
wound area and ratio of wound area to stem area (RWS), as demonstrated by the
t paired test (table 1).
Table 1. Size of logging wounds, ratio of wound area to stem area (RWS) (mean
±SD) on beech trees (n=86) in two periods of measurements, and the wound healing
rate (WHR%). The t paired column shows the difference between 2010 and 2015.
Different letters show significant differences, verified by the Duncan test, between
values in a given column (independent samples t test)
Wound
Width (cm)
Length (cm)
Area (cm2)
RWS (%)

In 2010

In 2015

13.3 ±5.7b

6.6 ±2.7b
a

26.4 ±11.8
343.6 ±56.5
9.6 ±3.2

a

20.8 ±7.5
196.5 ±37.9
3.3 ±1.2

WHR (%)

t paired

50.4 ±12.7a

11.70**

b

21.2 ±9.3
42.8 ±14.5
65.6 ±20.4

9.11**
8.01**
14.28**

Only 10 wounds were completely closed (12%), while 76 wounds (88%)
were still open five years later (table 2). The only wounds which were
completely closed were those with a width smaller than 4 cm. None of the
wounds with a width larger than 12 cm were closed.
The wound width healing rate was significantly higher than the wound
length healing rate (F = 5.74, P < 0.01; table 3).
The multiple regression analyses used to test the relationship between wound
width healing rate and wound width were significant (F = 194.9, P < 0.001;
equation 6 and fig. 1):

Wound healing rate in oriental beech trees following logging damage

WWHR = 18.53 – 5.68 · Ln (WW)
(R2 adjusted = 0.695; SE = 1.617)
where WWHR is the wound width healing rate (mm year-1) and WW is the
wound width (mm).
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(6)

Table 2. Frequency of closed wounds in wound width classes
Wound width
(cm)

(n)

<4
4-8
8-12
12-16
> 16
All wounds

4
23
25
21
13
86

Closed wounds
(%)
100
17.4
8.0
–
–
11.6

Table 3. Wound healing rate (WHR) in beech trees over 5 years: ANOVA and
Duncan test results. Different letters show significant differences between means
WHR

Max.

Min.

Mean ± SD

Width (mm·year-1)

32.5

0

18.4 ±3.4a

Length (mm·year-1)

13.6

0

4.5 ±1.6b

Area (cm2·year-1)

50.7

0

31.2 ±7.7

Fig. 1. Relationship between wound width in the year 2010 and wound width
healing rate (WWHR) in the year 2015
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The regression analysis showed that wound area healing rate (WAHR)
decreased with increasing wound area (F = 118.08, P < 0.001; equation 7 and
fig. 2):
(7)
WAHR = 5.6·10-8·(WA)2 – 0.167·(WA) + 89.34
2
(R adjusted = 0.856; SE = 11.212)

Fig. 2. Relationship between wound area in the year 2010 and wound area healing
rate (WAHR)

A wound healing value of 17.9 (SD ±5.2) mm·y-1 was estimated in Fagus
orientalis growing on a larger elevation range in the Hyrcanian forest [Tavankar
et al. 2017c].
The WHR found in this study (18.4 ±3.4) showed no substantial difference
from other studies in the Hyrcanian forests. Despite the higher elevation, the soil
on the study site is rich and has good water conditions.
Early wound closure is generally due to greater increment. Dujesiefken et al.
[2005] observed that closure of wounds took more time in European beech than
in white and red oaks, due to the more intensive growth of oaks. Moreover, in
Fagus sylvatica the wound healing rate values are noticeably lower than those
observed in Fagus orientalis in this study [Neely 1970; Hecht et al. 2015].
Chano et al. [2015] found that wound closure is mainly driven from the
lateral edges of the wound, as in this study. Slower progress of healing in callus
formation at the upper and lower edges of artificially wounded beech has been
reported [Hecht et al. 2015], and similar results have been found for alder and
lime trees in the Caspian forest [Tavankar et al. 2017a; Tavankar et al. 2018].
Large wounds are difficult to close in a short time. The healing rate in width
and in area decreased with increasing wound size. Vasaitis et al. [2012] reported
the number of years needed to occlude wounds on Picea abies (L.) H.Karst
stems at 3.6, 5.5, 10.4, 12.7 and 14.7 respectively when the wound width ranged

Wound healing rate in oriental beech trees following logging damage
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from 1 to 5 cm. Smith et al. [1994] observed that many small logging wounds
healed rapidly and faster growing species showed the most rapid closure.
Broadleaves show increased growth near the wound, becoming unusually wider
in the years after wounding. The basipetal flow of products and growth
regulators in the stem determine healing tissue growth [Neely 1988; Arbellay et
al. 2013].
Tavankar et al. [2017c] reported that, in a mixed broadleaf forest, the WHR
was higher in the initial period after wounding, varying from 19.3 to
10 mm·year-1 after 5 and 15 years respectively. Fast wound closure makes the
tree less prone to stem decay. With increasing closure time, the frequency and
severity of decay also increased [Sheppard et al. 2016]. Large injuries on a stem
are unfavourable for the quality of the future harvest, since a discontinuity,
generating ring shake, persists under the wound, even when the wound is healed.
Internal defects may develop in the form of discoloration and decay as a result of
logging wounds [Wallis and Morrison 1975; Suzuki 2000; Shortle et al. 2010].
Injured timber is impaired in terms of both structural and aesthetic properties.
Even closed wounds restrict the application of timber to low-value products such
as firewood, with a consequent loss of financial value and lowering of future
crop volumes [Meadows 1993; Han et al. 2000; Kiser 2011; Lo Monaco et al.
2015].
Impact of wounding on diameter and height growth
The mean diameter and height growth of wounded trees were 5.4 mm·y-1 and
33.9 cm·y-1 respectively. Results are given by RWS class in table 4.
The ANOVA test showed that the ratio of wound area to stem area at wound
height (RWS) had a significant effect on both diameter growth (F = 18.81,
P < 0.01) and height growth (F = 7.84, P < 0.01). The diameter and height
growth of wounded trees declined with an increase in the ratio of wound area to
stem basal area (RWS).
The Duncan test showed RWS to have a more pronounced effect on diameter
than on height; moreover, both diameter and height growth were affected in the
> 15% RWS class.
Table 4. Diameter and height growth (mean ± SD) of wounded beech trees by RWS
class: ANOVA and Duncan test results. Different letters show significant differences
among means
RWS
(%)

n

Diameter growth
(mm·year-1)

Height growth
(cm·year-1)

<5
5-10
10-15
> 15
All trees

21
19
30
16
86

6.8 ±2.1a
6.6 ±1.9a
5.5 ±1.1b
2.3 ±0.8c
5.4 ±2.6

36.6 ±13.7a
35.7 ±13.1a
34.2 ± 2.5a
24.6 ±10.3b
33.9 ±11.6
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The regression analysis between wound area healing rate (WAHR) and ratio
of wound area to stem area (RWS) at the time of logging was also statistically
significant (F = 83.54, P < 0.001; equation 8 and fig. 3):
WAHR = 0.4·(RWS)2 – 13.65·(RWS) + 118.9
(R2 adjusted = 0.795; SE = 19.572)

(8)

Fig. 3. Relationship between wound area healing rate (WAHR) and RWS%

The regression analysis between the wound width healing rate (WWHR) and
diameter growth (DG) indicated that the WWHR rose with increasing DG
(F = 42.68, P < 0.01; equation 9 and fig. 4).
WWHR = – 0.0425·(DG)2 + 1.156·(DG) + 13.76
(R2 adjusted = 0.613; SE = 1.454)

Fig. 4. Relationship between wound width healing rate and diameter growth

(9)
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These results suggest that a larger size of wound relative to the size of the
tree caused states of suffering. The effect of wounding should be observed
relative to tree diameter. As RWS increased, tree response decreased – in terms
of diametric growth and height, as well as WAHR. It has been previously
reported that wounded trees showed no growth decrease in a pine plantation
[Picchio et al. 2011], but the wounded trees may die over time [Tavankar and
Boyard 2017; Picchio et al. 2018]. Reduction in diameter growth was observed
on residual trees wounded after a selective logging operation [Tavankar et al.
2015b] in an even-aged mixed broadleaf forest. In the present study, height
growth was less affected than diameter growth, particularly in for RWS below
15%. Only wounds of large relative size negatively influenced both diameter and
height growth. These findings are probably linked to site fertility. Site quality
determines the potential expression of tree height, conditioned by the availability
of water, nutrients and sunlight. In fact, tree height in a forest usually indicates
the site fertility [Oliveira-Filho et al. 2001; Baker et al. 2003; Cañellas et al.
2004].
The positive correlation between WWHR and diameter growth confirmed
previous observations that more intensive growth produces faster healing
[Vasiliauskas 1994; Vasiliauskas and Stenlid 1998; Vasiliauskas 1998; Ezzati and
Najafi 2010; Sarayelou et al. 2015].
Wound healing depending on tree diameter, wound position (WH) and
social position of wounded trees
ANOVA tests indicated that the tree’s DBH class had significant effects on
healing rates in terms of wound width (F = 19.3, P < 0.01), wound length (F =
32.1, P < 0.01) and wound area (F = 14.7, P < 0.01; table 5).
Trees in the 32.5-57.5 cm DBH class had the highest healing rates in terms of
wound width (26.2 ±5.3 mm year-1), wound length (7.2 ±2.1 mm year-1) and
wound area (43.1 ±9.5 cm2 year-1), as shown by the Duncan test.
Half of the wounds occurred in the lower position class. ANOVA tests
indicated that the wound position class also had significant effects on the healing
rates in terms of wound width (F = 15.6, P < 0.01), wound length (F = 24.7,
P < 0.01) and wound area (F = 30.1, P < 0.01). Duncan tests showed that the
healing rate of wounds increased with increasing wound height above ground
level. Wounds in the lower height class had lower healing rates in terms of
width, length and area.
The data showed no significant relationship between tree height (TH) and
WHR parameters (R2 < 0.10, F > 0.05) or between height growth (HG) and
WHR parameters (R2 < 0.10, F > 0.05).
ANOVA tests suggested a significant effect of the tree’s biosocial position
(upper storey, middle storey or lower storey) on WHR (F = 49.5, P < 0.01).
Duncan tests also showed that the means of the WHR parameters (WWHR,
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WLHR, and WAHR) were significantly higher in upper storey trees (UST) than
in middle storey trees (MST) and lower storey trees (LST).
Table 5. Wound healing rate (mean ± SD) for classes of tree in terms of DBH,
wound position and vertical layering. Different letters show significant differences
among the means
Parameters

n

Frequency
(%)

Width healing
rate
(mm·year-1)

Length
healing rate
(mm·year-1)

Area healing
rate
(cm2·year-1)

DBH (cm)
7.5-32.5
32.6-57.5
57.6-82.5
> 82.6

18
21
31
16

20.9
24.4
36,1
18.6

6.0 ±1.4c
26.2 ±5.3a
22.1 ±4.2b
18.5 ±3.1b

1.6 ±1.7c
7.2 ±2.1a
5.2 ±2.0b
4.0 ±1.0b

12.4 ±3.6b
43.1 ±9.5a
38.7 ±8.1c
30.3 ±7.2d

Wound position (m)
< 0.3
43
0.3-1
29
>1
14

50.0
33.7
16.3

12.2 ±3.4c
23.6 ±4.6b
26.8 ±5.0a

3.3 ±0.9b
5.6 ±1.9a
5.9 ±2.2a

15.2 ±4.4b
44.3 ±8.2a
46.2 ±8.7a

Vertical layering of tree
Upper storey
30
Middle storey
35
Lower storey
21

34.9
40.7
24.3

24.5 ±6.2a
20.3 ±4.8b
11.8 ±3.5c

6.1 ±2.0a
4.4 ±2.0b
2.5 ±1.2c

41.2 ±7.3a
29.4 ±7.6b
19.7 ±5.0c

Most wounded trees were found in the two central DBH classes (32.6-57.5
and 57.6-82.5 cm), with a combined frequency of approximatively 60%.
Silvicultural activities in an uneven-aged structure require crossing the ground to
reach the trees to be extracted. In this case, the volume harvested was 10 m 3·ha-1
and about 5 trees per hectare were extracted, with diameters ranging from 20 to
115 cm.
The high frequency of wounds due to extraction operations was mostly
caused by the difficulty in moving within an uneven-aged forest, where the trees
to be harvested are scattered [Tavankar et al. 2015b]. In every forest, but
particularly in uneven-aged forests, pre-harvest planning, training of forest
workers, adequate technologies and skilled operators are needed to reduce the
risk of damaging residual trees [Gullison and Hardner 1993; Nikooy et al. 2010;
Picchio et al. 2012; Bakinowska et al. 2016].
50% of the total number of wounds (43 wounds) occurred on stems at
heights below 0.3 m. This is evidence that the injuries were inflicted during
logging phases [Vasiliauskas 2001]. These results were very similar to those of
other studies in the Caspian beech forests for a ground-based logging system
[Naghdi et al. 2008; Tavankar et al. 2011; Tavankar et al. 2013; Tavankar et al.
2015b;]. The position of damage on the tree bole is important, because the
primary value is located in the butt log and generally decreases in subsequent
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logs [Bettinger and Kellogg 1993]. Wounds located in the lower part, as these
results confirm, are associated with the worst healing performance [Ezzati and
Najafi 2010]. These wounds affected the more valuable part of the butt, lowering
the future value of the harvest [Han et al. 2000; Alderman et al. 2004; Cassens
2004; Knoke et al. 2006; Naghdi et al. 2008; Majnounian et al. 2009; Nikooy
et al. 2010; Jourgholami 2012; Karaszewski et al. 2013; Riesco Munoz et al.
2013].
The biosocial position of wounded trees was a discriminant for healing rate.
Healing rate decreased from upper to lower storey trees, in agreement with the
general observation that higher growth rates favour faster healing.
On the other hand, the modern cultural settings of sustainable forestry
require the release of dying trees, snags and logs on the ground, to contribute to
the maintenance of high biodiversity values [Christensen et al. 2005; Atici et al.
2008; Bertolotto et al. 2016]. Wounded trees are prone to decay and eventually
die, thus generating snags and logs, which provide valuable habitats due to the
larger diameters. Quality and quantity of coarse woody debris serve as indicators
of environmental and ecosystem sustainability [Angelstam et al. 2003; Tavankar
et al. 2014; 2017b] and forest management must maintain a reconstituting flow
of dead wood [Behjou et al. 2018].

Conclusions
In this effort to enable the prognosis of logging wounds on Oriental beech trees,
it was found that the wound width was more important than the wound length.
The wound healing rate increased with increasing tree diameter growth and
wound height from the ground, and decreased with increasing wound width and
ratio of wound area to stem area at wound height. No significant relationships
between tree height and wound healing rate parameters were detected. Tree
biosocial layering plays a role in healing: the wound healing rate in upper storey
trees was significantly higher than in the middle and lower storeys. The wound
healing rate in middle age classes of beech trees (DBH 32.6-57.5 cm) was faster
than in the lower and higher age classes.
The healing rate values, in terms of area, width and length, were high due to
the richness of the soil. Based on the size of the wound (343.6 cm 2) and the
healing rate (31.2 cm2 year-1), it can be concluded that about 11 years are needed
for wound occlusion in the studied area. It should be noted that larger wounds
require more time for occlusion. After 5 years only 12% of wounds were
completely closed. It may be deduced that 15 years are necessary for the
complete closure of 80% of total wounds.
The results provide additional information on correlations between logging
wound parameters and their healing rates in uneven-aged beech forests. Previous
studies have shown that the widths of winching wounds are larger than those of
felling wounds; moreover, winching wounds are closer to ground level than
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felling wounds, and therefore require a longer time to heal. New logging
technologies are needed in these forests to reduce damage to the remaining trees.
Minimizing the quantity and intensity of damage to residual trees should be
considered an important objective, so as to ensure future high-quality timber in
forests managed by selection cutting.
These results are valuable for understanding the possible effects that logging
damage may have on tree growth and trees’ ability to repair such damage. At
higher elevations this ability is maintained, as growth is sustained by adequate
site fertility. However, a recovered wound will remain present inside the tree,
partially compromising the technological quality of the wood. Pre-harvest
planning and marking of the winching path before logging operations can reduce
damage to trees in these forests. Adequate training of logging workers is needed
to minimize damage to residual trees. Reducing logging damage to residual trees
must remain a major objective in managed forests.
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THE IMPACT OF SEMI-RIGID JOINTS ON THE
STIFFNESS OF LIGHT WOOD-FRAME STRUCTURES

This paper contains an overview and analysis of semi-rigid joints in various types
of construction. The behaviour of these joints is compared with the behaviour of
joints in light wood-frame structures. The results of experimental tests of joints in
light wood-frame structures are presented. In the experiments, displacements were
recorded to calculate the bearing of elements in the joints as well as the rotation
of the loaded element relative to the supporting element in the joint. A simple
numerical model describing the semi-rigid behaviour of the joint is presented.
Keywords: light wood-frame structures, semi-rigid joints, experimental tests,
joint stiffness

Introduction
Although timber structures are not as popular in Poland as in North America,
Scandinavia or Germany, many buildings of this type are erected there. Polish
factories also manufacture a large number of precast wall, floor or roof elements
for export. The diversity of structural systems, from traditional kinds to various
types of light wood-frame systems, necessitates the investigation of structure
behaviour.
Buildings built using lightweight wood-frame technology possess high
material load capacity, but the problem is to ensure the overall stiffness of the
entire building. Due to the high flexibility of wood to external loads and
relaxation processes, the assurance of high spatial stiffness of the building
becomes problematic. Joints are the most vulnerable points of the structure to
loss of capacity and stiffness, and have thus been the subject of analyses and
experimental tests [Foschi 1977; McCutecheon 1985; White and Dolan 1995].
The impact of joint stiffness on the functioning of the entire structure is seen
best on the basis of deformation of elements in the joint [Salenikovich 2000;
Alam and Ansell 2012].
Light wood-frame structures work in a different way than other types of
structures. Joints in a light wood-frame building are less rigid than the joints in
Michał BASZEŃ (m.baszen@pb.edu.pl), Czesław MIEDZIAŁOWSKI (c.miedzialowski@pb.
edu.pl), Bialystok University of Technology, Białystok, Poland
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other structures. Timber elements are more susceptible to external static load and
other forms of load (such as temperature), changes in humidity, biodegradation,
and loss of load capacity over time. Incorrect formation of the joint or incorrect
use of the building may result in damage of the individual structural elements or
even collapse of the structure [Vanya 2012; Krentowski 2015]. The stiffness of
the structure may also be affected by reinforcement of the joints with the use of
steel plates, additional wood elements or adhesives [D’Amico et al. 2012;
Arciszewska-Kądzior et al. 2015; Nowak et al. 2016; Rapp 2016;]. Investigation
of joint behaviour makes it possible to model the functioning of the entire
structure. Joints of lightweight timber structures behave differently from joints in
the well-researched steel, pre-cast RC or masonry structures.

Materials and methods
Behaviour of joints in precast RC structures
In the case of precast RC structures the stiffness of the junction is a function of
the stiffness of the individual connected elements. It is provided by tensile steel
reinforcement bars and the working of the concrete under a range of
compressive stresses.
The stiffness of the junction in precast
RC structures is usually lower than the
stiffness of its vertical and horizontal
elements. The stiffness of the junction is
calculated on the basis of experimental tests,
and may be described by a formula known
from structural mechanics:
M
K test = φ

(1)

where:
Fig. 1. Wall-to-floor connection and M is the bending moment acting on the
static diagram of precast reinforced horizontal element in the junction,
concrete elements [Lewicki et al.
 is the angle of rotation of the horizontal
1979]

element under the moment M.
Depending on the stiffness of the junction, the M-φ relationship is described
by a more or less non-linear function. In the case of rigid joints the rotation
angle increases insignificantly even at high values of bending moment, while for
semi-rigid joints even a small increase in the external loads causes a significant
increase of rotation angle, as shown in figure 2.
Assuming that two wall elements and one floor element are connected in the
junction (fig. 1), the stiffness of the individual components and the
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experimentally determined connection stiffness satisfy the equation [Lewicki
et al. 1979]:
1
1
1
=
+
K test K w1 + K w2 K f

(2)

and the stiffness of the wall element is calculated as
[Lewicki et al. 1979]:
E p , max I 0
(3)
K w1 ( K w2)=
ζ pl
0.5 h z
where:
Ktest is the experimentally determined stiffness
Fig. 2 The M-φ relationship
of the joint,
for
rigid joints (A, B, C) and
Kf is the stiffness of the floor element,
semi-rigid joints (D) [Lewicki
Kw1, Kw2 are the stiffness of the bottom and et al. 1979]
top-storey wall respectively,
Ep,max is the average modulus of elasticity of the band of the junction with
maximum stiffness,
I0 is the second moment of inertia of the examined band of the junction,
hz is the thickness of the junction,
ζpl is a factor expressing the plasticity of the joint material under a load close
to destructive load.
Behaviour of joints in steel structures
In steel structures, as for precast RC structures, the stiffness of the joint is
a function of the M-φ relationship (fig. 3). The shape of the M-φ curve is
conditioned by the way in which the horizontal elements (beams) and vertical
elements (columns) are connected in the joint.

Fig. 3. Semi-rigid joint in a steel structure according to Eurocode 3: a) construction
of the joint, b) deformation of the joint, c) moment–distribution (M-φ) relationship

The type of joint construction (butt connection, overlapping, overlaying,
ribs), the means of connection (fasteners, welded) and the number of individual
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components in the analysed joint influence the behaviour and deformation of the
joint [PN-EN 1993-1-8:2006/NA:2011; Bródka and Broniewicz 2013].
Depending on the stiffness of the element, the connection with the remainder of
the joint may be treated as nominally pinned, rigid or semi-rigid [PN-EN 1993-1-8:2006/NA:2011].
The connection is treated as rigid when the initial stiffness satisfies:
kb E I b
Lb

(4)

0.5 E I b
Lb

(5)

S j , ini ⩾
and as pinned when:
S k ,ini ⩽

where:
E is the modulus of elasticity of the steel,
Ib is the second moment of inertia of the beam element,
Lb is the span of the beam (between the axes of the studs),
kb is a coefficient equal to 8 or 25 according to section 5.2.2.5 of the
standard [PN-EN 1993-1-8:2006/NA:2011].
If neither of the conditions is met, the connection is treated as semi-rigid.
Behaviour of joints in masonry structures
Masonry structures are another type of
structure in which connections may be
treated as semi-rigid. A former, now
deprecated standard [PN-B-03002:2007]
provided two models of calculation of the
connection, one of which was the continuous
model. In this model, the bending moment
needed to compute the eccentricity of the
load was reduced due to the semi-rigid
behaviour of the joint. The reduction factor
was taken as 0.85.
In the current Eurocode 6 standard [PN
Fig. 4. Simplified frame diagram to
EN
1996-1-1+A1:2013-05/NA:2014-10] the
calculate joint moment according
connection
is again assumed to exhibit semito Eurocode 6
-rigid behaviour. This means that the
moments in the joint are smaller than those calculated for a scheme with rigid
nodes. The value of the moment in the joint (fig. 4) is multiplied by the factor

η =1−

km
4

(6)
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where:

E3 I3
E I
+n 4 4 4
l3
l4
k m=
<2.0
E1 I 1
E2 I 2
n1
+n 2
h1
h2
n3

(7)

where:
ni is the stiffness factor of the member, taken as 4 when it is fixed at both
ends, otherwise 3,
Ei is the modulus of elasticity of the member,
Ii is the second moment of inertia of the member,
hi is the clear height of the vertical member,
li is the clear span of the horizontal member.
Behaviour of joints in timber structures
Timber structures behave differently from the previously described structures.
Alongside the M-φ relationship describing the behaviour of the joint due to
rotation of a component relative to the rest of the joint, the P-Δ relationship is
also taken into account. This dependence represents the deformation along or
perpendicular to the axis of the component resulting from the deformability of
the wood. Deformation of the components is caused by pushing one element in
another.
Deflection of a building under an external load is shown in figure 5.
Deformation of the building
under a load causes a change in the
position of a component relative to
other components in the joint. The
joints of light wood-frame structures
most vulnerable to deformation are
shown in figure 6.
The entire building may be
subject to a variety of static schemes
due to the incorporation of objects
Fig. 5. Simplified deflection plan of entire
into the structure. In the case of structure under external loads
precast wall, floor and roof elements
assembled on site, the rigidity and
accuracy of the joints are decisive factors for spatial rigidity and SLS conditions.
Buildings based on light wood-frame technology are relatively flexible to
external loads, particularly lateral forces caused by wind or seismic impacts [EN
1995-1-1:2010].
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Fig. 6. The joints most vulnerable to deformation in light wood-frame buildings

Standards and rules for the design of light wood-frame structures require the
division of horizontal loads between individual walls parallel to the direction of
the load (fig. 7). Consideration of horizontal loads is very important in the case
of light wood-frame buildings, due to their light weight.

Fig. 7. Distribution of horizontal loads between walls

The load is distributed proportionally to the stiffness of individual walls,
using the formula:
H i = H⋅

Ki

∑ Ki

where:
Hi is the horizontal load acting on an individual wall element,
H is the magnitude of the resultant horizontal load,
Ki is the stiffness of the individual wall element.

(8)
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It is important to compute correctly the stiffness of the wall element, taking
account of the structure of the element and the composition of joints and
connections.
The behaviour of the joint is influenced by its construction, the direction of
external loads, changes in humidity, and the passage of time (rheological
changes).

Fig. 8. Deformation of floor-to-wall joint under external load: a) vertical,
b) horizontal

The cooperation of elements intersecting at the joint depends on the direction
and type of external loads. In analysis of floor-to-wall joints, different schemes
may apply for vertical loads (fig. 8a) and for horizontal loads (fig. 8b).
The above diagrams show (in both cases) the deformation of the joint as a
sum of the deformations described by the M-φ and P-Δ relationships. The
bearing zone on tangent edges of connected elements does not cover the whole
surface of the designed connection. According to the rotation of the horizontal
element relative to the vertical one, bearing zones appear on part of the top
surface of the stud. Depending on the direction of the external load, gap zones
appear between the components on the left or right side of the joint.
Experimental tests of joints in timber structures
Experimental studies have been carried out for whole buildings [Filiatrault et al.
2010], for components such as walls [Salennikovich 2000; Baszeń and
Miedziałowski 2004] and floors [Kamiya 1990; Baszeń and Miedziałowski
2004], and also for single connections and joints [McCutcheon 1985;
Arciszewska-Kędzior et al. 2015; Hataj et al. 2015].
Joints connecting horizontal elements (wall plates) with vertical elements
(studs) were tested in a previously conducted study [Baszeń and Miedziałowski
2015]. Two types of joints connecting the bottom wall plate to the stud were
made. The first was a joint with restricted vertical displacement in the axis of the
applied load, representing a wall based on the foundation, while the second was
a joint with permissible vertical displacement, representing a lintel. The
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specimen (fig. 9) was made of elements with cross-section 45 mm × 90 mm. The
load was applied to the vertical element along its axis and transferred onto the
horizontal beam.
The aim of the experiment was to determine the P-Δ relationship and
calculate the translational stiffness of a joint, calculated as the tangent stiffness
at a given point of the P-Δ curve.

Fig. 9. Stud-to-horizontal beam joint: a) with restricted vertical displacement,
b) with permissible vertical displacement

The values of the displacement Δ in joints with restricted displacement were
determined as the pushing of the stud into the surface of the horizontal beam –
the relative displacement of the tangent edges of those elements (fig. 9a). In
joints with permissible vertical translation the displacement Δ was determined as
the vertical displacement of the bottom edge of the horizontal beam in the axis
of the applied load (fig. 9b).
The experiments were conducted until loss of the load capacity of the
horizontal beam. In the case of a joint with restricted displacement, the loss of
load capacity occurred at the moment of material plastification in the bearing
surface of the horizontal beam. In the case of joints with permissible
displacement, the loss of capacity resulted from cracking of the horizontal beam
[Baszeń and Miedziałowski 2015].
In a subsequent series of experiments the M-φ relationship was determined
[Baszeń 2017]. The tests were conducted on a micro-scale specimen. A beam
with 22 mm × 46 mm cross-section supported by two elements with a clear span
of 170 mm was used in the experiment. The horizontal beam represented the top
plate of the wall, and the supporting elements represented the wall studs.
The load was applied by a timber element set in the mid-span of the beam
(fig. 10).
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Fig. 10 Calculation of rotation of a horizontal beam over a vertical support:
a) dimensions and arrangement of measurement points, b) specimen on the test
stand

Five measurement points were used to record vertical displacement: three
over the support and two in the mid-span of the specimen. The recorded values
of displacement over the support in the surface of the stud were used to calculate
the rotational angle of the joint.
In the experiments a simplified model of the joint was adopted. Only the
timber framing elements were included, neglecting the presence of sheathing.
Sheathing participates in the distribution of external loads onto the individual
components of a structural element. Depending on the type of element, the
participation of the timber framing is up to 95% in the case of wall elements and
up to 85% in the case of floor elements. The greater participation of sheathing in
carrying external loads in the case of floors is due to the fact that the number of
sheathing-to-framing fasteners is greater than in the case of walls. More
connectors provide better cooperation between individual elements of the floor.
Because the goal of the experiment was to investigate the flexibility of joints
resulting from the material properties of the wood, the study neglected the
influence of the fasteners on the stiffness and deformability of the joint. Only the
deformation of wooden elements was observed.
Numerical analysis of joint behaviour
The results obtained from the experiments could be used as input data for the
construction of a model describing the behaviour of joints. It is possible to create
a calculation model enabling the accurate mapping of joint working in timber
structures.
Modern computers with high computing power make it possible to solve
problems even with a multitude of unknowns. Finite Element Method analysis is
a good solution for the calculation problem.
The semi-rigid behaviour of the joint in the proposed numerical model
(fig. 11) is reflected by modification of the global stiffness matrix of the
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analysed structure. The semi-rigid behaviour of the joint is represented by
contact elements placed on the tangent edges of components in the joint. These
contact elements will work only in the case of compression; for tension these
elements will be inactive, allowing a gap zone to appear.
The set of equations for the whole system is described
by the known relation:
K⋅d = P

(9)

where the stiffness matrix is described as:
K = ∑ ∑ ( K e +K j )
t

(10)

e

and the load vector as:
P =∑ ∑ ( P p + P ρ )
t

(11)

e

where:
Ke is the stiffness matrix of the individual flat shell
element, describing the individual timber members,
Kj is the stiffness matrix of contact elements,
describing the connection between individual timber members,
Pp is the static load,
Pρ is the rheological load,
d is the vector of displacements.
Fig. 11. Proposed numerical model (FEM)

Flat shell finite elements are derived by the superposition of plate finite
elements with plane stress finite elements. Each node of the flat shell element
has five degrees of freedom. Stiffness is absent in the direction of the rotation
axis perpendicular to the shell element.
The stiffness of the individual flat shell element is calculated as:
p

ps

s

K e= K e + K e + K e

(12)
where:
p
K e is the stiffness matrix of the plate element,
ps
K e is the stiffness matrix of the plane stress element,
s
K e is an additional stiffness serving to make the stiffness matrix
invertible.

Results and discussion
Translational stiffness of joint
The experiments demonstrated the non-linear, semi-rigid behaviour of joints in
light wood-framed structures.
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Experimental investigations of the P-Δ relationship show that, irrespective of
the boundary conditions, the deformations of wall plate-to-stud joints are nonlinear (fig. 12).

Fig. 12. The P-Δ relationship for joints with restricted (R) and permissible (P)
vertical displacement

The results obtained from the experiments show that the translational
stiffness of a joint is at a similar level for joints with restricted and permissible
displacement, under higher values of load. In the case of lower values of external
load the initial translational stiffness for joints with restricted displacement is
significantly higher than for joints with permissible displacement.
The experimentally determined maximum stiffness of a joint with restricted
vertical displacement was 38 kN/mm for a compressive stress of 3 MPa, and
decreased to 12.5 kN/mm for a compressive stress of approximately 7 MPa.
When the compressive stress was further increased to 8-9 MPa, the translational
stiffness decreased to a value in the range 3.6-6 MPa, depending on the
specimen.
In joints with permissible vertical displacement the maximum translational
stiffness was obtained for a compressive stress of 1.5 MPa, and was
approximately 10 kN/mm. For a compressive stress of 7 MPa it decreased to
approximately 3.6 kN/mm.
Rotational stiffness of joint
The rotational stiffness of the joint is described by the M-φ relationship. To
enable use of this relationship the joint must be semi-rigid. The experiment was
carried out on beams that were not fixed, but freely supported on the vertical
elements. The external load causes stresses in the supporting. The phenomena of
bearing and friction in the support zone cause the node to function as partially
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fixed. Because the moment in this node is not easy to establish, the M-φ
relationship is replaced by Mspan-φ, where the rotational angle is related to the
maximum span moment. Another possibility is to relate the angle φ to the value
of the external load and determine the P-φ relationship.
The method of calculation of the rotational angle is presented in figure 13,
and the relationship between the maximum span moment and the rotational
angle of the supported joint is shown in figure 14.
The results obtained from the experiments
show the visible non-linearity of the M-φ
relationship curves, especially in case of higher
values of external load. The average initial
rotational stiffness of the joint was 17.6 kNm for
2.9 MPa bending stress calculated at the mid-span
of the horizontal beam. The rotational stiffness
decreased to 4.4 kNm for 9.5 MPa bending stress.
Fig. 13. Calculation of rotation angle of beam over
support element

Fig. 14. The M-φ relationship for the analysed joint

Numerical analyses
Numerical analyses were performed to observe the behaviour of the floor-to-wall joint. In the analyses a model of the joint with real dimensions was
implemented. The problem was described by finite elements in a 2D layout. As
in the experimental tests, only the wooden framing of the walls and floor was
included, neglecting the presence of sheathing and fasteners. The floor joist and
wall stud were described by 4-node shell elements, and the contact zones
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between the joist and studs by contact elements (fig. 15). The displacement in
the plane was restricted for nodes of the bottom edge of the stud of the bottomstorey wall.

Fig. 15. Discretization of floor-to-wall joint

External loads were applied as two forces at the end of the cantilever beam
representing the floor joist and in the axis of the top vertical element
representing the stud of the top-storey wall. Loads were applied stepwise for the
force at the end of the cantilever (Pf = 1 kN, 2 kN, 3 kN, 4 kN, 6 kN, 8 kN) with
a constant value for the force over the stud (Pw = 12 kN).
Numerical computation for different loads allows one to obtain the rotational
angle of the joist relative to the vertical elements. Joist stiffness was defined as
the ratio of bending moment to the calculated rotational angle. The relationship
between external load and the stiffness of the horizontal element is shown in
figure 16.

Fig. 16 Relationship between stiffness and bending moment
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Conclusions
The semi-rigid behaviour of joints in a light wood-frame structure clearly affects
the behaviour of the entire structure. The overall spatial stiffness of the building
is determined by the stiffness of individual joints. An increase in the bending or
compressive stresses in structural components of light wood-frame structures
reduces the joint stiffness, and consequently the stiffness of the entire structure
also decreases.
Experiments have shown that:
 joints of light wood-frame structures work differently from those of other
kinds of structures;
 the behaviour of joints of a timber structure is more complex than in the case
of steel, precast RC or masonry structures;
 the stiffness of a joint in a timber structure is a function of translational and
rotational stiffness;
 translational and rotational stiffness decrease with an increase in the stresses
in the structural components of the structure;
 non-linear behaviour is more visible in the case of joints with restricted
displacement in the load direction;
 knowledge of joint stiffness enables correct distribution of the external
horizontal load to the individual wall elements.
Numerical analysis may be used to determine how the joint will behave and
deform, by constructing a numerical model using the experimentally determined
stiffness of the joint.
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EFFECT OF HEAT TREATMENT ON THE COLOUR
AND GLOSSINESS OF BLACK LOCUST, WILD PEAR,
LINDEN, ALDER AND WILLOW WOOD

In this study, samples of wood from black locust (Robinia pseudoacacia Lipsky),
wild pear (Pyrus communis L.), linden (Tilia platyphyllos), alder (Alnus glutinosa
L. Gaertn.) and willow (Salix alba) were treated at 212°C for 1 hour and 2 hours
according to the ThermoWood heat treatment procedure at the Novawood Factory
in Gerede, Bolu (Turkey). Colour and glossiness were tested and compared with
untreated samples. The results showed that overall, lightness decreased, while the
behaviour of a* and b* values depended on the species and on the initial colour.
Differences in lightness and a* between species were equalized by heat treatment.
Gloss at 20° and 60° angles decreased with heat treatment for both perpendicular
and parallel directions, while at 85° an equilibrium was reached between the
decrease in gloss due to the heat treatment and the increase due to the lower
roughness of the heat-treated surface.
Keywords:

ThermoWood, heat treatment, glossiness, colour

Introduction
Wood modification was introduced many decades ago with studies by Stamm
et al. [1946], but in the last decade there has been a substantial increase in
studies on modified wood. Heat treatment has been the most studied wood
modification procedure, with several processes attaining commercial status,
including ThermoWood®, Platowood® and Perdure®. The main objective of heat
treatment has been to increase dimensional stability [Tjeerdsma et al. 1998;
Bekhta and Niemz 2003; Srinivas and Pandey 2012; Esteves et al. 2014] and
durability against decay [Kim et al. 1998; Tjeerdsma et al. 2002; Boonstra et al.
2007; Metsä-Kortelainen and Viitanen 2009; Dubey 2010], although other
Bruno ESTEVES (bruno@estgv.ipv.pt), Polytechnic Institute of Viseu, Viseu, Portugal and
Centre for Studies in Natural Resources Environment and Society (CERNAS), Coimbra,
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Ataturk University, Oltu/Erzurum, Turkey; Levent GURLEYEN (lgurleyen@hotmail.com),
Yigilca Cok Programli Anadolu Lisesi (CPAL), Ataturk Cad. No: 94, 81950, Yigilca/Duzce,
Turkey
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properties such as reduced thermal conductivity [Kol and Sefil 2011] or colour
homogeneity [Johansson and Morén 2006] throughout the wood surface are
advantageous for some types of products. Usually the treatment is performed on
low-value species to increase their commercial value and allow their utilization
in products that require better dimensional stability and durability. In the last few
years some studies have considered changes in the colour of the surface of
higher-value species, with the aim of using them as indoor flooring materials,
avoiding the use of stains, varnishes or other chemical finishing.
Colour is one of the most important properties for consumers, and the
possibility of changing the natural colour of wood without chemicals is
important for some markets. Colour measurements are usually made by the CIE
L*a*b* method, which uses a three-dimensional space with coordinates L*,
called lightness, and a* and b* representing green-red and blue-yellow tones
respectively. The colour changes due to various heat treatment processes have
been extensively studied for several species. All of the tests have shown that
lightness decreases with heat treatment and that the decrease is greater for
harsher treatments [Bekhta and Niemz 2003; Aksoy et al. 2011; Srinivas and
Pandey 2012; Barcík et al. 2015]. Moreover, the use of a shielding gas has been
shown to reduce the decrease in lightness. For instance, Esteves et al. [2007]
treated a softwood (Pinus pinaster Ait) and a hardwood (Eucalyptus globulus
Labill) by two different heat treatment methods, with and without steam as
shielding gas, and concluded that with the heat treatment the wood became
darker. L* decreased more under treatment without shielding gas, and under the
same treatment conditions (with or without steam) the decrease was greater for
eucalyptus wood. Changes in the chroma coordinates a* and b* depended on the
initial colour of the samples and on the species undergoing heat treatment.
Results have shown that heat treatment intended to produce colour changes has
to be tailored to the particular species [Ayata et al. 2017b; Gurleyen et al. 2017].
The reasons for the colour changes have been studied by several authors.
Amongst others, degradation products from wood polymers and extractive
compounds have been identified as responsible for colour formation during
hydrothermal treatment [Sundqvist and Morén 2002]. Similarly, González-Peña
and Hale [2009] report that colour changes are due to chemical changes in the
main wood polymers, more in lignin than in polysaccharides, due to the
darkening of lignin itself. This is associated with the generation of chromophoric
groups, mostly attributed to the appearance of quinone species.
Colour has also been associated with the possibility of predicting properties
of heat-treated wood [Brischke et al. 2007]. Strong correlations between the total
colour change and modulus of elasticity and bending strength were reported by
Bekhta and Niemz [2003] and also by Todorovic et al. [2012] with R 2 reaching
0.76 for MOR. However, Johansson and Morén [2006] stated that colour is not a
useful parameter for prediction of strength. The worst results were achieved for
impacted bending, where the correlation was too small to give useful results.
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Glossiness is important for some products used indoors, since it affects the
dispersion of light in the room. Heat treatment reduces gloss for all species,
although the decrease depends on the species and on the initial gloss of the
samples, as reported previously [Aksoy et al. 2011; Karamanoglu and Akyildiz
2013; Gurleyen et al. 2017].
This paper reports the changes in colour (L*, a*, b*, ΔE*) and glossiness
(parallel and perpendicular to the grain at 20°, 60° and 85°) for ThermoWood-treated black locust, wild pear, linden, alder and willow, with a view to their use
for interior applications. The treatment will enable the production of different
colours according to consumers’ preferences, without the application of any
varnishes or stains on the wood surface.

Materials and methods
Wood materials
Wood from the species black locust (Robinia pseudoacacia Lipsky), wild pear
(Pyrus communis L.), linden (Tilia platyphyllos), alder (Alnus glutinosa L.
Gaertn.) and willow (Salix alba) were obtained from suppliers of forest products
in Duzce, Turkey. Ten samples measuring 100 mm by 100 mm by 10 mm were
used for colour and glossiness measurements. All samples were conditioned at
20 (±2)°C and 65% (±5%) RH (relative humidity) before testing (ISO
554:1976).
Heat treatment
The ThermoWood® process was applied according to Viitaniemi et al. [2001].
The treatment was performed at 212°C for 1 and 2 hours at the commercial
Novawood factory in Gerede, Bolu (Turkey). After treatment all samples were
conditioned at 20 (±2)°C and relative humidity 65% (±5%) before colour and
glossiness measurements.
Colour
The colour of the tangential surface of heat-treated and control samples was
obtained by an X-Rite Ci62 Series Portable Spectrophotometer made in
Switzerland (wavelength resolution 10 nm, measurement geometry D/8°) with a
D65 standard illuminant. The CIELAB system, characterized by the three axes
L*, a*, and b*, was used. The L* axis represents lightness, varying from 100
(white) to zero (black); a* is the red(+)-green(–) tone; and b* is the yellow(+)-blue(–) tone. The corresponding changes ΔL*, Δa* and Δb* on heat treatment
were calculated using heat-treated and control samples from the equations:
ΔL* = L*heat-treated – L*reference,
Δb* = b*heat-treated – b*reference,
Δa* = a*heat-treated – a*reference.
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The total colour difference (ΔE*) was calculated by:
ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2.
Glossiness
Measurement of the glossiness of the tangential surface of heat-treated and
control test specimens was performed in a Gloss Meter Poly Gloss GL0030 TQC
(Netherlands) in parallel and perpendicular directions at 20°, 60° and 85°
according to the ISO 2813:1994 standard.
Statistical analysis
SPSS 17 software (Sun Microsystems, Inc.; 4150 Network Circle, Santa Clara,
California 95054, U.S.A.) was used for ANOVA and Duncan values. Glossiness
and colour parameters were measured using ten replicates of each sample, and
an average value was reported.

Results and discussion
Colour parameters determined for untreated and heat-treated wood at 212°C for
1 h and 2 h are presented in table 1. Initial lightness is highest for willow (81.4),
followed by linden (81.1), black locust (61.3), alder (61.1) and wild pear (59.9).
After heat treatment all samples exhibited lower lightness than the untreated
wood. The greatest differences are seen between untreated and heat-treated
wood, although overall a longer treatment (2 h) leads to lower lightness than
shorter treatments (1 h) except in the case of linden. The lightness differences
between species are much greater for untreated wood (59.9-81.4) than for heat-treated wood (36.0-41.7), showing that heat treatment equalizes lightness
between species. Similar results have been reported previously, for instance: for
Scots pine [Aksoy et al. 2011], for Pinus pinaster and Eucalyptus globulus
[Esteves et al. 2007] and for the exotic wood species afrormosia, doussie, frake
and iroko [Ayata et al. 2017a]. Changes in a* were different for each species,
increasing for black locust, linden and willow, but decreasing for wild pear and
alder. This different behaviour is possibly due to the initial value of a*, since for
all of the samples after heat treatment (2 h) a* is in the range 9.5-11.3. The
largest changes are therefore found in the linden samples, which had the lowest
a* before the treatment (3.8). Similar results were reported by Ayata et al.
[2017a] for afrormosia, doussie, frake and iroko, and by Torniainen et al. [2015]
for pine (Pinus sylvestris L.) and spruce (Picea abies L.), where following
Thermo D treatment both species took a* values in the range 9.8-10.2.
The value of b* (yellow-blue tone) for the control samples is highest for
black locust, followed by linden and alder, wild pear and willow. The variation
of b* with heat treatment depends on the species and on the initial value.
A decrease after 1 h of treatment followed by an increase after 2 h of treatment
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is observed for black locust and linden, while for wild pear and alder there is
a decrease in the value with the intensity of the treatment. In the case of willow,
there is an increase in b* followed by a decrease.
Table 1. L*, a* and b* for untreated wood and wood subjected to heat treatment at
212°C for 1 h and 2 h
Wood species

Duration

L*
mean

a*
mean

b*
mean

Black locust
(Robinia pseudoacacia
Lipsky)

Control
212°C – 1 hour
212°C – 2 hours
Control
212°C – 1 hour
212°C – 2 hours
Control
212°C – 1 hour
212°C – 2 hours
Control
212°C – 1 hour
212°C – 2 hours
Control
212°C – 1 hour
212°C – 2 hours

61.25 (0.55)
41.44 (1.27)
40.07 (0.58)
59.88 (0.67)
37.83 (0.69)
36.00 (0.50)
81.05 (1.40)
39.47 (0.86)
41.81 (0.88)
61.08 (0.92)
44.85 (1.11)
40.99 (0.83)
81.39 (0.46)
44.12 (0.81)
41.73 (0.43)

9.14 (0.47)
10.98 (0.76)
11.28 (0.23)
13.55 (0.22)
10.70 (0.22)
9.50 (0.15)
3.82 (1.03)
9.65 (0.21)
10.34 (0.20)
11.54 (0.91)
11.35 (0.29)
10.69 (0.36)
5.48 (0.27)
10.59 (0.22)
10.01 (0.18)

27.16 (0.77)
19.20 (1.54)
19.85 (0.50)
21.90 (0.22)
15.58 (0.74)
12.99 (0.43)
23.25 (1.55)
18.41 (0.70)
20.63 (0.62)
22.90 (1.78)
21.92 (1.21)
18.88 (0.72)
15.66 (0.70)
20.20 (0.50)
17.94 (0.38)

Wild pear
(Pyrus communis L.)
Linden
(Tilia platyphyllos)
Alder
(Alnus glutinosa L.
Gaertn.)
Willow
(Salix alba)

Values in parentheses are standard deviations. *Highest value.

Figure 1 shows a graphic representation of the CIE L*a*b* space for
untreated and heat-treated woods, where a* is shown on the x-axis, b* is shown
on the y-axis, and the size of the balls represents lightness (L*). This
representation clearly shows that there is a higher dispersion in the colour
parameters of the control samples while there is a higher concentration of values
in heat-treated wood, again confirming that heat treatment equalizes the initial
colour differences between species. Furthermore there is also greater
homogeneity in each sample, due to the darker colour that masks many
blemishes and discolorations, and throughout the thickness of the board, which
allows further machining of the wood without compromising the colour of the
surface, as has been stated previously [González-Peña and Hale 2009].
Two-way ANOVA (table 2) was performed to determine whether there is
a significant difference between species and heat treatments. The results show
that L*, a* and b* values are significantly different for wood species (A), heat
treatment (B) and interaction (AB), at the selected level of significance
(p < 0.05). A significant interaction effect means that the effect of one factor
depends on the other factor. In this case the effect of heat treatment on colour

44

Bruno ESTEVES, Umit AYATA, Levent GURLEYEN

varies with species. This confirms that, in order to impart a darker colour to
wood, the heat treatment should be tailored to each species, as has been reported
previously [Ayata et al. 2017a].

Fig. 1. CIE L*a*b* space, where L* is represented by the size of the balls
Table 2. Two-way ANOVA for L*, a* and b*
Test

Source

Type sum
of squares

df

Mean square

F

Sig.

L*

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

2583.420
26372.009
3051.415
96.670
410050.282
32103.515

4
2
8
135
150
149

645.855
13186.005
381.427
0.716

901.937
18414.266
532.663

0.000*
0.000*
0.000*

a*

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

273.979
110.529
420.262
29.790
15555.670
834.561

4
2
8
135
150
149

68.495
55.265
52.533
0.221

310.395
250.440
238.061

0.000*
0.000*
0.000*

b*

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

614.123
460.625
657.974
119.884
60447.333
1852.607

4
2
8
135
150
149

153.531
230.313
82.247
0.888

172.889
259.352
92.617

0.000*
0.000*
0.000*
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Table 3 shows the Duncan homogeneous groups for L*, a* and b* values.
The results show that both wood species and treatment duration have
a significant effect on lightness, and the same is true for the effect of treatment
duration on a* and b*. Although, generally, wood species has a significant effect
on a* and b*, wild pear and alder have statistically similar a*, and alder and
linden have statistically similar b*.
Table 3. Duncan homogeneity groups for L*, a* and b* values
Wood species

N

Wild pear (Pyrus communis L.)

L*

a*

b*

mean

HG

mean

HG

mean

HG

30

44.57

E

11.25

A*

16.82

D

Black locust (Robinia
pseudoacacia Lipsky)

30

47.58

D

10.47

B

22.07

A*

Alder (Alnus glutinosa L. Gaertn.)

30

48.97

C

11.19

A

21.23

B

Linden (Tilia platyphyllos)

30

54.11

B

7.94

D

20.76

B

Willow (Salix alba)

30

55.75

A*

8.69

C

17.93

C

Duration

N

Control

L*

a*

b*

mean

HG

mean

HG

mean

HG

50

68.93

A*

8.70

C

22.17

A*

212°C – 1 hour

50

41.54

B

10.65

A*

19.06

B

212°C – 2 hours

50

40.12

C

10.36

B

18.06

C

Number of measurements, HG: Homogeneous group, *Highest value.

Table 4 gives the variations between untreated and heat-treated wood and the
total colour change for the tested species. The total colour (ΔE*) is in the range
16.3-42.26. The highest ΔE* was found for linden and the lowest for alder, and
the same was true for ΔL*. This shows that ΔE* is highly dependent on changes
in L*, since these are much greater than the changes in a* and b*.
Along with colour, gloss is one of the most important aesthetic properties,
particularly in terms of consumer preferences. Table 5 presents the results of
perpendicular and parallel gloss measurements in untreated wood and wood that
has undergone heat treatment for 1 h and 2 h, at the angles 20°, 60° and 85°. The
initial gloss of the samples at the respective angles lay in the ranges 1.41-2.55,
2.62-3.95 and 1.07-3.06 for perpendicular gloss and 1.35-2.37, 3.00-4.65 and
0.99-5.58 for parallel gloss. Although according to ISO 2813:1994 the correct
angle for measuring gloss is 85° (since at 60° the quantity of gloss units is less
than 10), all three angles were tested. Gloss at 20° decreased with heat treatment
for both perpendicular and parallel directions. The largest differences were found
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Table 4. Colour changes due to heat treatment for 1 h and 2 h
Wood species

Duration

ΔL*

Δa*

Δb*

ΔE*

Black locust (Robinia
pseudoacacia Lipsky)

212°C – 1 hour
212°C – 2 hours

-19.81
-21.18

1.84
2.14

-7.96
-7.31

21.43
22.51

Wild pear (Pyrus communis L.)

212°C – 1 hour
212°C – 2 hours

-22.05
-23.88

-2.85
-4.05

-6.32
-8.91

23.11
25.81

Linden (Tilia platyphyllos)

212°C – 1 hour
212°C – 2 hours

-41.58
-39.24

5.83
6.52

-4.84
-2.62

42.26
39.86

Alder (Alnus glutinosa L. Gaertn.)

212°C – 1 hour
212°C – 2 hours

-16.23
-20.09

-0.19
-0.85

-0.98
-4.02

16.26
20.51

Willow (Salix alba)

212°C – 1 hour
212°C – 2 hours

-37.27
-39.66

5.11
4.53

4.54
2.28

37.89
39.98

between untreated and heat-treated wood; the differences between 1 h and 2 h of
treatment were small or non-existent. For instance, there is a small decrease for
black locust and alder in the perpendicular and parallel directions, an increase
for willow (⊥) and for linden (||), but in most cases, as with wild pear and linden
(⊥) and wild pear and willow (||), the samples have similar gloss. A decrease in
glossiness has previously been reported for several species, including Scots pine
[Aksoy et al. 2011; Gurleyen et al. 2017], wild cherry [Korkut et al. 2013],
Anatolian black pine, Calabrian pine, sessile oak and chestnut [Karamanoglu
and Akyildiz 2013], and afrormosia, doussie, frake and iroko [Ayata et al.
2017a].
Glossiness at a 60° angle is similar to that at 20°, although the decrease on
heat treatment is smaller. Wild pear even exhibited an increase in glossiness in
the perpendicular and parallel directions. This angle is usually the reference
angle, since it is less influenced by the direction of measurement and the natural
features of the wood substrate [Scrinzi et al. 2011].
At the highest angle (85°) there is no consistent variation for all of the
species. In some cases there is a decrease (black locust ⊥ 85°), in others an
increase (wild pear and willow ⊥ and ||), and in the remainder a decrease
followed by an increase. This is probably due to differences in surface roughness
between treated and untreated wood. Several authors have stated that heat
treatment leads to a large decrease in surface roughness, and that this decrease is
greater for longer treatments [Kamdem et al. 2002; Korkut et al. 2008; Korkut
and Guller 2008; Unsal and Ayrilmis 2005]. At the 85° angle the surface grains
are highlighted, with consequent lower gloss values, as reported previously
[Scrinzi et al. 2011]. Therefore, there is an equilibrium between the decrease in
gloss due to the heat treatment and the increase due to the lower roughness of the
heat-treated surface.
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Table 5. Perpendicular and parallel gloss at 20°, 60° and 85° for untreated wood
and wood subjected to heat treatment for 1 h and 2 h
Wood species

Duration

⊥ 20°

⊥ 60°

⊥ 85°

mean

mean

mean

Black locust (Robinia
pseudoacacia
Lipsky)
Wild pear
(Pyrus communis L.)

Control
212°C – 1 hour
212°C – 2 hours
Control
212°C – 1 hour
212°C – 2 hours

1.41 (0.03)
0.82 (0.06)
0.70 (0.00)
1.50 (0.05)
0.83 (0.12)
0.84 (0.21)

2.95 (0.23)
2.11 (0.43)
1.88 (0.14)
2.62 (0.09)
2.77 (0.37)
3.31 (0.99)

3.06 (0.54)
2.08 (0.42)
1.40 (0.16)
1.93 (0.08)
2.69 (0.47)
3.66 (0.86)

Linden
(Tilia platyphyllos)

Control
212°C – 1 hour
212°C – 2 hours

2.55 (0.10)
0.82 (0.09)
0.85 (0.05)

3.38 (0.25)
1.75 (0.21)
1.73 (0.18)

1.07 (0.09)
1.01 (0.17)
1.03 (0.11)

Alder
(Alnus glutinosa L. Gaertn.)

Control
212°C – 1 hour
212°C – 2 hours

1.63 (0.05)
1.14 (0.05)
0.94 (0.05)

3.95 (0.19)
2.80 (0.32)
2.53 (0.24)

2.25 (0.21)
1.76 (0.33)
2.34 (0.33)

Willow
(Salix alba)

Control
212°C – 1 hour
212°C – 2 hours

2.39 (0.11)
1.08 (0.08)
1.30 (0.08)

3.30 (0.17)
3.09 (0.53)
3.58 (0.19)

1.32 (0.09)
1.74 (0.49)
2.21 (0.10)

Wood species

Duration

||20°
mean

||60°
mean

mean

Black locust (Robinia
pseudoacacia Lipsky)

Control
212°C – 1 hour
212°C – 2 hours

1.35 (0.07)
0.76 (0.05)
0.65 (0.05)

3.38 (0.30)
3.11 (0.19)
2.71 (0.38)

4.04 (0.94)
5.88 (0.56)
4.01 (1.06)

Wild pear
(Pyrus communis L.)

Control
212°C – 1 hour
212°C – 2 hours

1.43 (0.05)
0.71 (0.13)
0.67 (0.13)

3.00 (0.18)
3.63 (0.36)
3.10 (0.81)

4.68 (1.15)
8.74 (1.47)
8.48 (3.78)

Linden
(Tilia platyphyllos)

Control
212°C – 1 hour
212°C – 2 hours

2.37 (0.07)
0.65 (0.05)
0.81 (0.09)

3.81 (0.17)
2.20 (0.21)
2.29 (0.26)

0.99 (0.07)
1.64 (0.41)
1.41 (0.30)

Alder
(Alnus glutinosa L. Gaertn.)

Control
212°C – 1 hour
212°C – 2 hours

1.49 (0.09)
0.90 (0.05)
0.78 (0.10)

4.65 (0.28)
3.04 (0.44)
3.15 (0.48)

5.58 (0.30)
3.83 (1.32)
6.08 (1.72)

Willow
(Salix alba)

Control
212°C – 1 hour
212°C – 2 hours

2.34 (0.10)
0.91 (0.03)
0.90 (0.11)

4.07 (0.23)
3.51 (0.47)
4.12 (0.32)

2.11 (0.38)
2.74 (1.10)
6.39 (0.96)

||85°

Table 6 presents the results of two-way ANOVA for perpendicular and
parallel gloss at 20°, 60° and 85°. The results show that values of perpendicular
and parallel gloss at 20°, 60° and 85° are significantly different for wood species
(A), heat treatment (B) and interaction (AB), at the selected level of significance
(p < 0.05). The fact that the interaction is significant means that the effect of heat
treatment on parallel and perpendicular gloss differs with species.
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Table 6. Multiple variance analysis for perpendicular and parallel gloss at 20°, 60°
and 85°
Test

Source

Type sum
of squares

Df

⊥20°

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

7.571
30.980
6.833
1.070
282.080
46.453

4
2
8
135
150
149

⊥60°

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

26.067
15.901
23.592
18.569
1246.170
84.128

⊥85°

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

Mean
square

F

Sig.

1.893
15.490
0.854
0.008

238.794
1954.354
107.756

0.000*
0.000*
0.000*

4
2
8
135
150
149

6.517
7.950
2.949
0.138

47.377
57.801
21.440

0.000*
0.000*
0.000*

48.190
1.995
32.903
18.347
683.570
101.435

4
2
8
135
150
149

12.048
0.997
4.113
0.136

88.647
7.339
30.263

0.000*
0.001*
0.000*

||20°

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

5.141
34.831
6.338
0.918
233.600
47.228

4
2
8
135
150
149

1.285
17.415
0.792
0.007

189.010
2561.069
116.510

0.000*
0.000*
0.000*

||60°

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

23.960
16.162
23.247
18.833
1733.570
82.201

4
2
8
135
150
149

5.990
8.081
2.906
0.140

42.937
57.925
20.830

0.000*
0.000*
0.000*

||85°

Wood species (A)
Heat treatment (B)
Interaction (AB)
Error
Total
Corrected total

563.807
81.652
181.479
246.702
4030.680
1073.640

4
2
8
135
150
149

140.952
40.826
22.685
1.827

77.132
22.341
12.414

0.000*
0.000*
0.000*

Table 7 shows Duncan homogeneity groups for perpendicular glossiness
values. In relation to wood species, only for glossiness at 20° does each species
belong to a different homogeneous group, meaning that there are significant
differences between all species. Although, generally, there are significant
differences between wood species, this does not apply to black locust and linden
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(⊥60°) or black locust and alder (⊥85°). No significant differences were found
between treatments, although there was a significant difference between
untreated (control) and treated wood for perpendicular glossiness at 20° and 60°.
Table 7. Duncan homogeneity groups for ⊥20°, ⊥60° and ⊥85° glossiness values
Wood species

N

Wild pear (Pyrus communis L.)
Black locust (Robinia pseudoacacia Lipsky)
Alder (Alnus glutinosa L. Gaertn.)
Linden (Tilia platyphyllos)
Willow (Salix alba)

30
30
30
30
30

Duration

N

Control
212°C – 1 hour
212°C – 2 hours

50
50
50

⊥20°

⊥60°

⊥85°

mean

HG

mean

HG

Mean

1.06
0.98
1.24
1.41
1.59

D
E
C
B
A*

2.90
2.31
3.09
2.29
3.32

C
D
B
D
A*

2.76
2.18
2.12
1.04
1.76

⊥20°

⊥60°

⊥85°

mean

HG

mean

HG

mean

1.90
0.94
0.93

A*
B
B

3.24
2.50
2.61

A*
B
B

1.93
1.86
2.13

Number of measurements, HG: Homogeneous group, *Highest value.

Table 8. Duncan homogeneity groups for ||20°, ||60° and ||85° glossiness values
||20°
Wood species

N

Wild pear (Pyrus communis L.)
Black locust (Robinia pseudoacacia Lipsky)
Alder (Alnus glutinosa L. Gaertn.)
Linden (Tilia platyphyllos)
Willow (Salix alba)

30
30
30
30
30

Duration

N

Control
212°C – 1 hour
212°C – 2 hours

50
50
50

||60°

||85°

mean

HG

mean

HG

mean

0.94
0.92
1.06
1.28
1.38

D
D
C
B
A*

3.24
3.07
3.61
2.77
3.90

C
C
B
D
A*

7.30
4.64
5.16
1.35
3.75

||20°

||60°

||85°

mean

HG

mean

HG

mean

1.80
0.79
0.76

A*
B
B

3.78
3.10
3.07

A*
B
B

3.48
4.57
5.27

Number of measurements, HG: Homogeneous group, *Highest value.

Table 8 shows Duncan homogeneity groups for parallel glossiness values.
There were no significant differences between all species at any measurement
angle, the same holding for the treatments. However, similarly to the case of
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perpendicular glossiness, there was a significant difference between untreated
and treated wood for 20° and 60°.

Conclusions
1. Lightness decreases with heat treatment, with the greatest differences seen
between untreated and heat-treated wood. The lightness differences between
species are much greater for untreated wood, showing that heat treatment
equalizes lightness between species.
2. Changes in a* were different for each species, increasing for black locust,
linden and willow, and decreasing for wild pear and alder.
3. The change in a* and b* on heat treatment depends on the species and on the
initial value.
4. L*, a* and b* values are significantly different for wood species (A), heat
treatment (B) and interaction (AB) at the selected level of significance
(p < 0.05).
5. Gloss at a 20° angle decreased with heat treatment for both the perpendicular
and parallel directions. Glossiness at a 60° angle is similar to that at 20°,
although the decrease on heat treatment is smaller. With the 85° angle there
is an equilibrium between the decrease in gloss due to the heat treatment and
the increase due to the lower roughness of the heat-treated surface.
6. Perpendicular and parallel glossiness at the angles 20°, 60° and 85° are
significantly different for wood species (A), heat treatment (B) and
interaction (AB) at the selected level of significance (p < 0.05).
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THE COMPARISON OF ACID AND ENZYMATIC
HYDROLYSIS OF PULP OBTAINED FROM POPLAR
WOOD (POPULUS SP.) BY THE KRAFT METHOD

This paper compares the acid and enzymatic hydrolysis in relation to bioethanol
production. The pulp obtained from wood of the fast-growing poplar species
(Populus deltoides x maximowiczii and Populus trichocarpa Torr. & A. Gray ex
Hook) was used as a feedstock. The delignification process by the Kraft method
was carried out with 19% and 26% of active alkali (NaOH and Na 2S). The
obtained sugars (xylose and glucose) were analyzed by a high-performance liquid
chromatography. The results concluded that the enzymatic hydrolysis process is
better than acid hydrolysis because a higher content of sugars (especially xylose)
was obtained. Additionally, after the acid and enzymatic hydrolysis process from
Populus trichocarpa pulp, more sugars were obtained than from the pulp of
Populus deltoides × maximowiczii. The Kraft pulp from the wood of fast-growing
poplar species is a good raw material for the production of glucose. However, in
order to obtain a higher xylose content and finally increase the profitability of
bioethanol production, a new method should be developed, or the Kraft method
should be optimized.
Keywords: acid and enzymatic hydrolysis, Kraft pulp, poplar, bioethanol

Introduction
The topic related to renewable energy is currently of great interest [Fay and
Golomb 2002; Drapcho et al. 2008; Stolarski et al. 2013; Krzyżaniak et al.
2014]. Bioethanol is an example of biofuel that can be produced from renewable
sources such as sugar cane, maize or wood. The bioethanol made from feedstock
that can be also consumed by humans (so-called first-generation bioethanol) is
characterized by a low reduction carbon dioxide emission during its production
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and processing. This kind of production results in a shortage of agricultural land,
which in turn leads to a rise in food prices. An alternative solution which avoids
those disadvantages is the bioethanol production from lignocellulosic biomass
(so-called second-generation bioethanol) obtained from fast-growing plantations
of willow or poplar and residual vegetable mass, mainly stover. These specified
raw materials fulfil the requirements of the sustainable development and
greenhouse gas emission limitations recommended by Directive 2009/28/EC
[Kupczyk et al. 2013].
The processing of lignocellulosic biomass to bioethanol consists of several
stages: material pre-treatment, enzymatic hydrolysis and fermentation. The
material pre-treatment and hydrolysis of polysaccharides are the most important
steps because the yield of the resulting ethanol and the profitability of the
process depends on them [Zhang and Lynd 2004; Dyk and Pletschke 2012]. The
methods of biomass pre-treatment may be divided into different types: physical,
thermochemical and biological [Sun and Cheng 2002; Kumar et al. 2009; Zheng
et al. 2009]. In this paper, pre-treatment of lignocellulosic material with various
concentrations of alkali reagents (primarily NaOH and Na 2S), known as the
Kraft method, was performed. As a result of this treatment, the disintegration of
ester and glycosidic bonds in lignin-carbohydrate complexes (LCC) occurs. This
leads to changes in the lignin structure and to a large extent its subsequent
dissolution, and a decrease in the degree of cellulose crystallinity as well as
partial hemicelluloses dissolution [Singh and Trivedi 2013; Zawadzki et al.
2016]. After pre-treatment, the enzymatic hydrolysis of the lignocellulosic
material is carried out. The main advantages of enzymatic hydrolysis are high
process efficiency, no substrate loss due to chemical modification, the
application of mild and non-corrosive conditions (lower reaction temperature,
less acid pH) along with the use of biodegradable, nontoxic reagents.
Unfortunately, a very significant disadvantage of the enzymatic hydrolysis is the
high cost of the enzymes. Nowadays, a lot of studies aiming to reduce those
expenses have been carried out [Samdhu and Bawa 1992; Taherzadeh and
Karimi 2007b]. Furthermore, the acid hydrolysis is generally performed with the
use of diluted or concentrated inorganic acids, such as sulfuric, hydrochloric and
orthophosphoric acid, but organic ones are also used, for example, trifluoroacetic
acid (TFA) [Kačik and Solár 1999; Antczak et al. 2012].
The application of concentrated acid during processing allows a high content
of sugar to be obtained, reaching up to 90% of the theoretical glucose yield,
which results in a significantly larger amount of final ethanol production
compared to using diluted acid. Nevertheless, the use of concentrated acid while
performing hydrolysis leads to intense metal reactors corrosion, which makes it
necessary to work with expensive special alloys or ceramic materials.
Furthermore, the neutralization and regeneration of acids used for the hydrolysis
reaction requires a high energy consumption, which leads to a decrease in the
cost-effectiveness of the process [Taherzadeh and Karimi 2007a].
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Conversely, the application of diluted acid is one of the most popular
hydrolysis methods. This method can be generally used not only as an actual
hydrolysis procedure, but also as a part of the pre-treatment process before
enzymatic hydrolysis. It is distinguished by a low acid consumption and a short
reaction time. However, the high temperature of the reaction and the large
number of by-products are significant disadvantages [Taherzadeh and Karimi
2007a].
In the available literature, there are publications on the use of the Kraft
method as a pre-treatment process before acid or enzymatic hydrolysis [Wu et al.
2014; Buzała et al. 2015; Palme et al. 2016; Przybysz-Buzała et al. 2016].
However, it is difficult to find information on studies, in which acid and
enzymatic hydrolysis were compared, where sulfate pulp obtained from the fastgrowing species of poplars were used as a feedstock. Therefore, from scientific
and practical point of view, such a comparison is interesting and worthy of
attention.
The aim of the studies was to verify the potential of pulp obtained from the
fast-growing poplar species by the Kraft method (as a potential pre-treatment
method) in relation to bioethanol production. To achieve this verification, acid
and enzymatic hydrolysis were compared.

Materials and methods
The studies were carried out on the pulp obtained from wood of the fast-growing
poplar species (Populus deltoides × maximowiczii and Populus trichocarpa Torr.
& A. Gray ex Hook). The poplar feedstock was harvested from experimental
fields in Wolica owned by the Department of Plant Genetics, Breeding and
Biotechnology, Faculty of Horticulture and Landscape Architecture, Warsaw
University of Life Sciences. The age of the trees was 2.5; 3 and 5 years. The
debarked wood was used for further studies. The chemical composition of the
studied poplar wood species is presented in table 1.
The delignification process by the Kraft method was made in cooperation
with the Institute of Papermaking and Printing in Lodz. Poplar wood chips
(particle size of 1.2-1.6 mm) were prepared by drilling larger pieces of poplar
wood using an electric 6388AA Skil drill (Lowe’s, USA) equipped with
a Metabo drill (Poland) no 10 (10.0 mm in diameter). Then, the wood chips were
subjected to a pre-treatment process under the following conditions:
1. the share of active alkali: NaOH (Chempur, Poland) and Na2S
(Chempur, Poland) was 19% and 26% respectively
2. sulfidity: 30%
3. module of liquid: 4
4. the maximum temperature of pulping: 160°C
5. time to achieve the maximum temperature: 2 h
6. pulping time in the maximum temperature: 2 h
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7. cooling time of pulp to 40°C: below 20 min
8. cooling time of pulp to 25°C: below 30 min
Table 1. The chemical composition of studied poplar wood
Chemical composition
[%]
Extractives (in mixture
of chloroform and
ethanol 93:7 w/w)*
Lignin (acetyl bromide
method)**
Cellulose (Kürschner
and Hoffer method)***
Holocellulose (sodium
chlorite method)****
Hemicelluloses
(calculated from the
difference in content of
holocellulose and
cellulose)

Populus deltoides × maximowiczii

Populus trichocarpa

2.5 years

3 years

5 years

2.5 years

3 years

5 years

2.6 ±0.2

2.1 ±0.3

2.3 ±0.2

1.7 ±0.3

1.2 ±0.2

1.5 ±0.3

19.7 ±0.7

19.1 ±0.3

20.7 ±0.6

19.9 ±0.5

20.0 ±0.6

20.1 ±0.5

51.2 ±0.4

51.7 ±0.5

51.6 ±0.3

52.0 ±0.4

53.0 ±0.3

53.0 ±0.2

82.1 ±0.3

82.0 ±0.1

83.5 ±0.1

85.4 ±0.2

85.7 ±0.2

86.4 ±0.5

30.9

30.3

31.9

33.4

32.7

33.4

*

Antczak et al. [2006].
Johnson et al. [1961]; Iiyama and Wallis [1988].
***
Saeman et al. [1954].
****
Wise et al. [1946].
**

After the alkaline pre-treatment process, the material was subjected to
a diffusion wash for a minimum of 12 h. Then, it was defibrated for 3 min in
a laboratory propeller pulp defibrator (type R1 from Labor-meks, Poland), and
the ﬁbres were collected by centrifuging (300 rpm, 10 min). After the refining
process, the pulp was subjected to washing and sorting to remove undigested
elements. The characteristics of the studied pulp in relation to lignin content is
presented in table 2.
The pulp was protected with 2% LiCl (Sigma-Aldrich, Germany) to prevent
the growth of microorganisms. The material was stored in a refrigerator at about
6°C. The pulp, before the hydrolysis, was washed with distilled water (10 times
with about 500 cm3) on a Büchner funnel to remove lithium chloride. Then, after
thorough pressing and filtration, the material was divided into two parts. The
first part was pre-dried at 45°C to carry out acid hydrolysis. The pre-drying time
was 3 days. After pre-drying, the pulp was ground to a form of sawdust
(a fraction below 0.43 mm). Prior to the acid hydrolysis process, the material
was dried to a constant weight in a vacuum drier at 60°C and under pressure of
0.4 kPa. Whereas in the case of the second part of the studied pulp, the samples
were taken to determine the moisture content, and the remaining part was used
to carry out enzymatic hydrolysis.
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Table 2. The characteristic of pulp in relation to lignin content
Lignin content [%]
Poplar species used to obtain pulp

Age
[years]

Populus trichocarpa

2.5

Populus deltoides × maximowiczii

Populus trichocarpa

Populus deltoides × maximowiczii

Populus trichocarpa

Populus deltoides × maximowiczii
*

Active alkali
[%]

Kappa number
method

Acetyl bromide
method*

19

4.4

5.8 ±0.2

26

2.4

5.2 ±0.4

19

4.4

5.8 ±0.4

26

2.7

4.2 ±0.3

19

8.5

10.4 ±0.3

26

3.7

5.4 ±0.4

19

9.0

11.2 ±0.7

26

3.8

5.9 ±0.3

19

–

9.3 ±0.1

26

–

5.6 ±0.2

19

–

10.3 ±0.4

26

–

5.6 ±0.4

2.5

3

3

5

5

Dence [1992]; ISO 302 [2015].
Marton [1967]; Iiyama and Wallis [1988].

**

Acid hydrolysis process
The acid hydrolysis of the pulp was made using trifluoroacetic acid (TFA)
(Sigma-Aldrich, Germany) with an initial concentration of 99%. The method
was described in detail by Kačik and Solár [1999] and later refined and adapted
to the material of poplar wood by Antczak et al. [2014]. The TFA method was
selected because of several important advantages, namely the high yield of
simple sugars and the ability to shorten the hydrolysis process by evaporation of
volatile TFA. The hydrolysis procedure using TFA was as follows:
approximately 100 mg of poplar pulp was placed in a pear-shaped flask, with
a volume of 50 cm3, to which 4 cm3 of 99%, trifluoroacetic acid was added.
Then, the flask was stoppered and left for 24 h at room temperature. After this
time the mixture was heated under reflux for 1 h in an oil bath at 120°C.
Subsequently, the sample was cooled to room temperature and diluted to
a concentration of 80% TFA by the addition of 1.5 cm3 of distilled water. Then,
the sample was further heated for 15 minutes. Finally, the sample was diluted to
30% TFA by adding 12 cm3 of distilled water and the mixture was further heated
for 1 h. After heating in the oil bath, the sample was filtered through a Schott G3
filter. During this time, the flask and filter were washed with 8 cm 3 of distilled
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water (twice). The collected filtrate was quantitatively transferred to a pear-shaped flask with a volume of 100 cm3. Then 1 cm3 of 0.05 M sodium azide
solution (Chempur, Poland) was added. The obtained hydrolyzate was subjected
to a concentration process using a vacuum evaporator (Rotavapor R-215, Büchi,
Switzerland) to remove acid and water. The precipitated sugars were dissolved
in 10 cm3 of distilled water and again evaporated to dryness. The operation was
repeated twice. After the removal of the acid, the precipitated sugars were
dissolved with distilled water and transferred to a 10 cm 3 volumetric flask. After
the process, the sugar content (glucose and xylose) determination in the
supernatant was done by HPLC (a high-performance liquid chromatography)
method. All acid hydrolysis tests were done in fourfold and single standard
deviations were calculated.
Enzymatic hydrolysis process
The enzymatic hydrolysis of the pulp was made on never dried, wet material.
The wood was in an air-dry state (material without alkaline pre-treatment; milled
totally to a fraction below 0.43 mm) and was also subjected to enzymatic
hydrolysis. At first, the samples were weighed in sealed screw-capped test tubes
with a volume of 10 cm3 and the cellulose concentration was 1% w/w. Then,
a 5 cm3 of 0.1 M citrate buffer solution (Chempur, Poland) at pH = 4.8 was
added to each sample. Next, 0.1 cm3 of a 2% solution of sodium azide
(Chempur, Poland) was added to each sample in order to prevent the growth of
microorganisms during the hydrolysis. Subsequently, the addition of distilled
water was calculated, so that the total volume of the solution was 10 cm 3. The
distilled water was added to each sample prior to the addition of the enzyme.
Finally, a 0.333 cm3 of 25% v/v solution of Cellic CTec2 enzyme (the mixture of
cellulases, β-glucosidases and hemicellulases) (Novozymes, Denmark) was
added to each sample (0.1 g of enzyme per 0.1 g of cellulose). The test tubes
were thoroughly sealed and samples were hydrolyzed over 72 h using a mixer
(RM-2M, Elmi, USA) with a rotation of 25 rpm placed in the laboratory drier at
50°C. After the process, the collected samples were stored in a freezer at -20°C.
The sugar content (glucose and xylose) determination in the supernatant was
done by the HPLC method. All enzymatic hydrolysis tests were done in triplicate
and single standard deviations were calculated.
Conditions of HPLC analysis
Before the chromatographic analysis, the samples were thawed and brought to
room temperature. Subsequently, the enzyme was denatured by heating the
samples for 15 min at 95°C in a water bath. In the next step, the samples were
centrifuged for 10 min on a laboratory centrifuge at 12 000 rpm. Finally, each
sample was filtered using a nylon syringe filter with a porosity of 0.2 μm.
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The analysis of sugar content after hydrolysis was carried out using an
HPLC system (LC-20AD, Shimadzu, Japan), which was equipped with
a differential refractive detector (RID-10A, Shimadzu, Japan), pump (LC-20AD,
Shimadzu, Japan), degasser DGU-20A (Shimadzu, Japan), oven (CTO-20A,
Shimadzu, Japan) and controller (CBM-20A, Shimadzu, Japan). The
chromatographic data were processed using the LC Solution v.1.21 SP1
software. The HPLC analysis conditions were different and depended on the
hydrolysis process. The samples after acid hydrolysis were as follows:
– acetonitrile – water (80:20) v as the eluent,
– column – Genore Cosmosil Sugar-D (250 × 4.60 mm, Nacalai Tesque,
Japan) connected with a guard column,
– oven temperature: 50 °C,
– flow rate: 2 cm3/min,
 injection volume: 20 µL.
Based on the previously developed calibration curves [Antczak et al. 2014],
under the conditions described, the content of sugar (glucose and xylose) in the
hydrolyzates was determined. The developed equations of calibration curves for
Genore Cosmosil Sugar-D column were as follows:
y = 689336 x; R2 = 0.9997 (xylose)

(1)

y = 791397 x; R2 = 0.9995 (glucose)

(2)

In the case of samples after enzymatic hydrolysis the conditions of HPLC
analysis were as follows:
– redistilled water as the eluent,
– column – RHM-Monosaccharide (300 × 7.80 mm, Rezex, USA) connected
with a guard column,
– oven temperature: 80°C,
– flow rate: 0.6 cm3/min,
 injection volume: 20 µL.
Also, in these cases, based on the developed calibration curves, under the
conditions described, the content of sugar (glucose and xylose) in the
hydrolyzates was determined. The developed equations of calibration curves for
RHM-Monosaccharide column were as follows:
y = 2911325 x; R2 = 0.9990 (xylose)

(3)

y = 2838182 x; R2 = 0.9998 (glucose)

(4)

Results and discussion
The results of the main sugar content (glucose and xylose) after acid and
enzymatic hydrolysis obtained from fast-growing poplar species are presented in
figures 1-4. In the case of enzymatic hydrolysis, the process was carried out on
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wood (material without alkaline pre-treatment) and pulp (material after the Kraft
method with 19% and 26% of active alkali share).

Fig. 1. The sugar content (glucose and xylose) after enzymatic hydrolysis of wood
(before alkaline pre-treatment) and after acid and enzymatic hydrolysis of pulp
obtained from Populus deltoides × maximowiczii with 19% of active alkali share

Fig. 2. The sugar content (glucose and xylose) after enzymatic hydrolysis of wood
(before alkaline pre-treatment) and after acid and enzymatic hydrolysis of pulp
obtained from Populus trichocarpa with 19% of active alkali share
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The average glucose content after enzymatic hydrolysis of wood without
pre-treatment was between 3.5% to 4.6% and for xylose between 1.0% to 2.3%
only. In turn, the average content of sugar after the enzymatic hydrolysis of pulp
obtained during alkaline pre-treatment was much higher (for glucose between
58.2% to 71.9% and for xylose between 15.8% to 18.8%). Comparing the
results, it may be observed that the pre-treatment process significantly increased
the average contents of glucose and xylose obtained after enzymatic hydrolysis.
Additionally, the results proved, that the enzymatic hydrolysis process after
alkaline pre-treatment was even better than acid hydrolysis because especially
for xylose, its content after enzymatic hydrolysis was over 1.5 times higher than
after acid hydrolysis. Certainly, the main reason, in this case, is the greater
susceptibility of xylan than cellulose to hydrolysis in concentrated acid, which
may further result in a greater exposure of formed xylose to degradation in acid.
The same relationships were observed in other studies [Wyman et al. 2005;
Antczak et al. 2014; Gawron et al. 2014]. Hence, enzymatic hydrolysis was
a more efficient process especially with regards to xylose. The average xylose
content, regardless of the active alkali share, after acid hydrolysis was between
8.0% to 11.9% (figs. 1-4). On the other hand, after enzymatic hydrolysis, the
average xylose content was higher (by approximately 7%) and was between
15.8% to 18.8% (figs. 1-4). However, based on the average hemicelluloses
content in studied poplar wood (above 30%; presented in table 1) and literature
information that poplar wood contains up to 23% of glucuronoxylan [Willför et
al. 2005], it can be assumed that the xylose content was still underestimated.
Probably, the main reason, in this case, is the strongly alkaline environment in
the Kraft method. It is known that among all structural components, the
hemicelluloses are the most susceptible to alkali [Fengel and Wegener 2003].
Hence, because of the alkaline pre-treatment, before the hydrolysis process, they
most likely were dissolved. So, to receive an even higher xylose content and
finally higher yields of bioethanol, a better method should be developed.
In the case of glucose, the average contents after acid and enzymatic
hydrolysis were at a similar level and depended mainly on an active alkali share.
For 19% of the active alkali, the average content of glucose was between 58.2%
to 61.5% (figs. 1 and 2). However, for 26% of active alkali share the average
content of glucose was much higher (by approximately 8%) and was between
64.3% to 71.9% (figs. 3 and 4). In this case, the difference in the content of
glucose may be connected with the delignification degree of the studied pulp, for
which the lignin content is presented in table 2. If we compare the results shown
in table 2, we can see that the use of 26% of active alkali share, results in
a greater removal of lignin from wood than for a 19% share. This is especially
important for older wood, in which the lignin is more crosslinked and has
a higher molar mass [Fengel and Wegener 2003]. Hence, with the use of more
dilute alkaline solutions the delignification process may be more difficult and be
less efficient. Similar results were obtained by other researchers [Buzała et al.
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2015], who also used the Kraft method as a pre-treatment. After the enzymatic
hydrolysis process, the hydrolysates were obtained, which mainly consisted of
glucose.

Fig. 3. The sugar content (glucose and xylose) after enzymatic hydrolysis of wood
(before alkaline pre-treatment) and after acid and enzymatic hydrolysis of pulp
obtained from Populus deltoides × maximowiczii with 26% of active alkali share

Fig. 4. The sugar content (glucose and xylose) after enzymatic hydrolysis of wood
(before alkaline pre-treatment) and after acid and enzymatic hydrolysis of pulp
obtained from Populus trichocarpa with 26% of active alkali share
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Moreover, if we compare the sum of glucose and xylose content in figures
1-4, we can observe that after the acid and enzymatic hydrolysis process from
Populus trichocarpa pulp more sugar (by approximately a few percent) were
obtained than from pulp of Populus deltoides × maximowiczii. Similar findings
were presented in earlier studies that focused on the acid hydrolysis of wood,
bark and leaves of the previously discussed species of poplar [Antczak et al.
2016]. These differences are because the Populus trichocarpa wood was made
up of more polysaccharides (cellulose: 52.0-53.0% and hemicelluloses: 32.7-33.4%) content than Populus deltoides × maximowiczii (cellulose: 51.2-51.7%
and hemicelluloses: 30.3-31.9%) (table 1).
Finally, if we compare the sum of glucose and xylose content in figures 1-4,
we can observe the slight impact of tree age on sugar content produced during
the hydrolysis process. Generally, the highest sugar content was obtained during
the hydrolysis process of pulp produced from the oldest poplar samples (5 years
old). Surely, this relationship is also connected with the polysaccharides content
in wood of the studied poplar species (table 1). Based on the results presented in
table 1, we can see that the content of holocellulose (sum of cellulose and
hemicelluloses) in wood increased with the age of poplar trees. The average
holocellulose content in 2.5 year-old Populus deltoides × maximowiczii was
82.1%, whereas in the 5 year-old samples it was 83.5%. In turn, the average
holocellulose content in 2.5 year-old Populus trichocarpa was even higher and
was determined at a level of 85.4%. In the case of 5 year-old Populus
trichocarpa, the average holocellulose content was the highest and amounted to
86.4%.

Conclusions
In this paper, acid and enzymatic hydrolysis of biomass from the fast-growing
poplar species were compared. Based on the experiments performed, the
following conclusions were drawn:

1. The Kraft method turned out to be a good pre-treatment method in relation to
glucose production. However, in order to receive a higher xylose content and
finally increase the profitability of the bioethanol production, a new method
should be developed, or the Kraft method should be optimized.
2. The results proved that the enzymatic hydrolysis process after the Kraft
method was better than acid hydrolysis, because of the higher content of
sugar (especially xylose) that was obtained.
3. After the acid and enzymatic hydrolysis process from Populus trichocarpa
pulp, more sugars were obtained than from the pulp of Populus deltoides ×
maximowiczii.
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CATALYTIC OXIDATION OF LIGNIN TO AROMATICS
OVER SALEN-PORPHYRIN COMPLEX AS A BIOMIMETIC
CATALYST

The aim of this work is to enable increased production of aromatics by the use of
salen-porphyrin complex (ZnPSC6) as a binuclear catalyst for the catalytic
oxidation of Indulin AT lignin. Catalytic activity was enhanced by the increase in
active sites, as confirmed by the results observed in the conversion of lignin model
compounds and Indulin AT lignin compared with processes using the
mononuclear complexes Zn(salen) and Zn(Phe-TPP). The yields of long and
convoluted aromatics from the catalytic oxidation of Indulin AT lignin with
ZnPSC6 reached high values after reaction at 80°C for 24 h. Notably, the
formation of vanillin was promoted by the increase in active sites over ZnPSC 6.
This was followed by a significant decrease of β-O-4 linkages and refractory
condensed substructures in the lignin, induced by ZnPSC 6. This may be expected
to be an important area for further study.
Keywords: lignin, biomimetic catalysis, mononuclear complex, binuclear
complex, lignin structure

Introduction
In recent years, the efficient conversion of lignin has attracted increasing
attention due to the shortage of resources. The key focus is on finding highly
active catalysts to transform lignin, where lignin can be degraded efficiently and
selectively to obtain high yields of the degradation products [Teguia et al. 2017].
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Salen complexes have been widely used as catalysts in the oxidation of
lignin and lignin model compounds [Diaz-Urrutia et al. 2016; Ma et al. 2017]. In
the oxidation reactions, phenoxy radical complexes are formed and then react
with lignin to form phenoxy radicals, in which free radical coupling occurs to
give various compounds such as alkyl phenyl ketones, benzoic acids, cinnamic
aldehydes, benzofurans and other compounds [Badamali et al. 2011; Zhou,
2015]. Metalloporphyrins have active centers similar to those of lignin
peroxidase (LiP) and manganese peroxidase (MnP) which catalyze the oxidation
of C–C, C–O and 5–5’ bonds in the lignin structure [Zhu et al. 2015]. Maruyama
et al. [1990] used salen-porphyrin binuclear complexes as active site models of
metalloenzymes, and found that they had an advantage over salen or porphyrin
complexes in catalytic performance. In fact, it was observed by Su et al. [2007]
that the increase in the active sites in the binuclear complex resulted in
a proportional increase in cyclohexane conversion (12.45%) compared with
salen (4.07%) or porphyrin complex (5.05%). Wezenberg et al. [2009] prepared
supramolecular hybrid assemblies between metallosalen and metalloporphyrin
components via Zn-Npyr coordination using a one-pot procedure, and
demonstrated by NMR spectroscopy and MALDI-TOF mass spectrometry that
there were two active sites in the supramolecular complex. Xia et al. [2015]
indicated that the binuclear complexes exhibited better catalytic performance
than cobalt(III)-based porphyrin and salen catalysts in epoxidation.
Salen-porphyrin binuclear complexes have drawn great attention due to their
readily modifiable nature and promising catalytic behavior, such as high
selectivity and good efficiency for catalysis with respect to the transformation of
organic compounds. It was hence expected that the optimal combination of salen
and porphyrin complex used for the enhancement of the catalytic reaction might
lead to maximum lignin degradation and high selectivity. To the authors’ best
knowledge, there are no similar studies described in the literature. The objective
of this work was to study the increase in aromatics production in lignin
conversion catalyzed by the salen-porphyrin binuclear complex.

Materials and methods
Materials
Guaiacylglycerol-β-guaiacyl ether, a β-O-4 lignin dimer, was synthesized
following the procedure previously reported [Song et al. 2012]. 1H-NMR (500
MHz, DMSO-d6): δ 7.63 (dd, 1H, J1 = 8.38 Hz, J2 = 2.11 Hz, Ar-H), 7.52 (d, 1H,
J = 2.13 Hz, Ar-H), 6.94 (d, 1H, J = 8.42 Hz, Ar-H), 4.38 (s, 2H, CH2), 3.95 (s,
3H, CH3O), 3.93 (s, 3H, CH3O).
Indulin AT lignin, a kraft lignin, was obtained from Sigma Aldrich.
Chloroform (Sinopharm Chemical Reagent Co., Ltd) was dried with
NaHCO3 and CaCl2 and distilled prior to use. Other chemicals used (Sinopharm
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Chemical Reagent Co., Ltd) were analytical grade chemicals. Milli-Q ultra-pure
water was used in all experiments.
Synthesis of salen-porphyrin complex
The salen-porphyrin complexes were synthesized following the protocol
previously described [Zhao et al. 2006].
HPTPP (5,10,15-triphenyl-20-p-hydroxyl phenyl porphyrin): p-Hydroxyl
benzaldehyde (23 g) and benzaldehyde (57 ml) were dissolved in propionic acid
(2000 ml), and stirred in a three-neck flask at 140°C for 20 min. Pyrrole (52 ml)
was then slowly added, and the reaction continued at 130°C for 30 min.
Afterwards the mixture was left for 12 h at room temperature without agitation,
half of the propionic acid was removed in vacuum by a rotary evaporator, and
then the same amount of ethanol was added. After 24 h, the mixture was filtered
to obtain a precipitate. The precipitate was washed with ethanol, dried under
vacuum and purified with chloroform in a neutral alumina column. The second
band was then taken to obtain the HPTPP. The HPTPP was concentrated in
vacuum and purified with a mixture of chloroform and ligarine (1:1) in a neutral
alumina column.
Salen-OH: Salicylaldehyde (630 mg), o-phenylenediamine (560 mg) and
2,5-dihydroxybenzaldehyde (700 mg) were dissolved in chloroform (60 ml) and
stirred at room temperature for 20 h. After that, a yellow precipitate was formed,
and the solution was orange red. After the precipitate was filtered, the solution
was concentrated in vacuum and purified by column chromatography, and the
second band was taken to obtain salen-OH. The salen-OH was concentrated and
purified with a silica gel column.
Salen(CH2)6Br: The salen-OH ligand (0.25 mmol) and Br(CH2)6Br
(2.5 mmol) were dissolved in acetone (20 mL), and anhydrous potassium
carbonate (3.75 mmol) was added. The mixture was refluxed in darkness for 5 h,
concentrated in vacuum, and then extracted with chloroform. The organic layers
containing salen(CH2)6Br were collected, dried with anhydrous sodium
carbonate and purified with chloroform by column chromatography.
HPTPP-(CH2)6-salen (HPSC6): Anhydrous potassium carbonate was added
to acetone, followed by the addition of HPTPP and salen(CH 2)6Br. The reaction
was carried out at room temperature for 17 h while avoiding exposure to
sunlight. After that, the mixture was concentrated in vacuum, extracted with
chloroform and washed with ultrapure water to remove inorganic matter. The
organic phases were collected and dried with anhydrous sodium sulphate. The
crude HPSC6 was purified with a silica gel column using chloroform as eluent.
ZnPTPP-(CH2)6-salenZn (ZnPSC6): HPSC6 was refluxed in chloroform for
10 min, zinc acetate was added, and the mixture was refluxed for 5 h. It was then
dried with anhydrous sodium sulphate and purified by chloroform in a silica gel
column to obtain ZnPSC6.
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The whole process was carried out in a nitrogen atmosphere.
ZnPSC6 (fig. 1): Zn2C70H52N6O4, 66.28% C (66.07%), 4.21% H (4.11%),
6.73% N (6.51%). 1H-NMR (CDCl3): (CH2)n, 1.242-1.653; -O-CH2, 3.413;
P-O-CH2, 4.196; -phenyl, 7.263-7.295; -phenyl 3, 5/-phenyl 3', 5', 7.772-7.875;
-phenyl 2, 6/-phenyl 2', 6', 8.113-8.206; -C=N, 8.598/8.60l; -Pyrrole-H, 8.878.94.

N

N

N

Zn

O

O

N
Zn

-O-(CH2)6-O-

N

N

ZnPTPP-(CH2)6-salenZn (ZnPSC6)

Fig. 1. ZnPSC6

Synthesis of Zn(salen) complex
The salen was prepared by condensation reactions of ethylenediamine with
salicylaldehyde in methanol. The metal complex was synthesized from the salen
and a slight excess of zinc acetate by refluxing.
Synthesis of zinc porphyrin (Zn(Phe-TPP))
N-chloroacetyl phenylalanine and 5-(p-hydroxylphenyl)-10,15,20-tris(p-chlorophenyl) porphyrin were synthesized according to the procedures
previously described [Huang et al. 1983]. They were then subjected to an
equimolar reaction in DMF in the presence of pyridine and potassium carbonate
to obtain 5-p-(N-phenylalanine formyl methoxyl) phenyl-10,15,20-tris(p-chlorophenyl) porphyrin (Zn(Phe-TPP)), and purified using neutral alumina
column chromatography, followed by refluxing for 30 min in the presence of
zinc acetate in DMF. After cooling to room temperature, the precipitate was
filtered, dried, purified by alumina column chromatography, and finally
recrystallized in chloroform-ethanol to obtain Zn(Phe-TPP). Zn(Phe-TPP)
(fig. 2), ZnC55H36O4N5Cl3, 65.37% C (65.88%), 3.46% H (3.62%), 6.35% N
(6.98%). FTIR: -COOH, 1724 cm-1; porphyrin ring, 1005 cm-1; C-N, 1485 cm-1;
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benzene ring in tetraphenyl porphyrin, 1593/1021/1002/880 cm-1; porphyrin
skeleton, 1546/1476/1242/1056 cm-1; zinc porphyrin, 1365 cm-1. 1H-NMR
(CDCl3): 8H/Ph-NH2, 5.61; 8H/m-ArH, 6.73-7.47; 8H/O-ArH, 7.62–8.42; 8H/β-pyrrole, 8.93.
OCH3

N

N
OCH3

Zn

CH3O

N

N

OCH3

Zn(Phe-TPP)
Fig. 2. Zn(Phe-TPP)

Catalytic reactions
Indulin AT lignin (36 mg) or lignin model compound (1.0 mM) was used as the
substrate, which was fully dissolved in sodium hydroxide aqueous solution
(60 mL, pH 9.0), and ZnPSC6, Zn(salen) or Zn(Phe-TPP) (3 mg) was employed
as the catalyst in the reaction. The reaction was performed under stirring in
sealed vials at 80°C for Indulin AT lignin or 25°C for lignin model compound,
using air as oxidant, by bubbling from the headspace. The control trial was
conducted under the same conditions without the addition of catalyst.
After the reaction, the catalyst was recovered by centrifugation and washed
with ultrapure water, followed by drying under reduced pressure. The aqueous
solution was adjusted to pH 2.0 with hydrochloric acid (0.2 M), and the residual
lignin obtained was dried at 50°C in vacuum for GPC and 31P-NMR analysis.
Next the aqueous solution was extracted with ether (3 × 10 mL), and the ether
phase was concentrated to 5 mL at 30°C in vacuum for GC/MS analysis.
GC-MS
The ether phase containing the degradation products from Indulin AT lignin or
lignin model compound was characterized using an Agilent HP6890-5973 GC-
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-MS instrument, equipped with a mass selective detector and a capillary column
(30 m × 0.25 mm × 0.25 μm). Helium was used as the carrier gas. The
temperature was ramped from 40°C to 280°C at 10°C/min (held for 5 min).
Compounds were quantitatively identified using benzaldehyde as the internal
standard, based on the NIST 2005 MS library. Replicates were performed and
better reproducibility was obtained, with a coefficient of variation less than 3%.
FTIR
FTIR spectra of lignin samples were obtained using a Bruker Equinox 55 FTIR
spectrometer.
Quantitative 31P-NMR
Quantitative 31P-NMR spectra were obtained on a Bruker DRX500 MHz
spectrometer for lignin samples derivatized with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP). The functional groups in the 31P-NMR
spectra were quantified based on the internal standard (cyclohexanol) [Michael
and Arthur 2001; Pu et al. 2011].
Molecular weight analysis
The molecular weight of the acetylated lignin was measured in tetrahydrofuran
using Agilent 1100 GPC. Acetylation of the lignin samples was performed with
acetic anhydride and pyridine [Thring et al. 2002].

Results and discussion
Catalytic degradation of lignin model compound
The catalytic oxidation of β-O-4 model compound was performed using the
previously described catalysts. The degradation products obtained are shown in
Scheme 1. It was observed that ZnPSC 6 was the most active catalyst, followed
by Zn(Phe-TPP) and Zn(salen), with degradation rates of 43%, 37% and 34%
respectively, in the degradation of the dimer at 25°C (fig. 3). In addition, it can
be concluded that the dimer was degraded by β-O-4 cleavage and benzylic
oxidation, as confirmed respectively by product 1 and by products 2 and 3.
Similar results were reported previously by Dawange et al. [2015].
CH3O

O
O
OH

CH3O

catalyst

CH3

+

80 ¡ãC

O

O

CH3O
HO

+

CH3O
P1

OH

CH3O

CH3O
CH3O

CH3O

P2

P3

Scheme 1. Catalytic degradation of β-O-4 lignin model compound
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Fig. 3. Degradation of β-O-4 lignin dimer. (a) Degradation rate of lignin dimer, (b)
yield of product 1, (c) yield of product 2, (d) yield of product 3

Catalytic degradation of Indulin AT lignin
The catalytic oxidation of Indulin AT lignin mainly yielded five aromatic
compounds: vanillin (product 1), 2-methoxy phenol (product 2), 4-hydroxy-3-methoxyacetophenone (product 3), phenol (product 4) and 4-hydroxy-3-methoxy benzoic acid (product 5). Vanillin was the main compound among the
degradation products, as shown by their respective yields in figure 4. The control
test showed negligible oxidation of the Indulin AT lignin, whereas ZnPSC 6
demonstrated a significant promotional effect on lignin degradation at room
temperature when compared with the other two catalysts (fig. 4). For example,
ZnPSC6 produced a vanillin yield of 8.80% by weight with respect to lignin,
compared with 3.43% for Zn(Phe-TPP) and 2.54% for Zn(salen), since the
structure of ZnPSC6 provided more active sites for regulating the catalytic
reaction by abstracting phenolic hydrogen atoms to produce phenoxy radicals by
oxo-complex [Maruyama et al. 1991; Fujii et al. 2003]. Another explanation is
that it achieves high catalytic selectivity by mimicking an enzyme [Höcker et al.
2004; Martin and Teixeira 2013]. Thus, ZnPSC6 is of interest, as a high yield of
vanillin was obtained in lignin conversion compared with the results for
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biological enzymes and chemical catalysts [Strassberger et al. 2011; Li et al.
2015; Zhou and Tang 2016; Mishra et al. 2017].
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Fig. 4. Yield of aromatic compound

In addition, recycling tests were carried out for the catalysts to assess their
stability on reuse. The results are shown in figure 5. It was found that the activity
of ZnPSC6 decreased after 10 recycling times, while that of Zn(salen) and
Zn(Phe-TPP) fell after 6 recycling times (according to the evolution of vanillin),
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indicating that the binuclear complex was more stable than the mononuclear
complex.
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Fig. 5. Vanillin yield vs. recycling times in oxidation of lignin for 24 h

Structural characterization of lignin
The structure of the lignin samples was determined to map the progress of the
catalytic reaction with GPC, FTIR and 31P-NMR. The molecular weights
(table 1) showed that catalysis led to the decomposition of lignin, which may be
explained by the cleavage of some of the linkages in lignin, such as β-O-4
[Neumann et al. 2014]. Simultaneously, according to the molecular weight data,
ZnPSC6 exhibited superiority in lignin degradation over Zn(salen) and Zn(Phe-TPP). This is due to its binuclear features, which combine the advantages of
Zn(salen) and Zn(Phe-TPP).
Table 1. Molecular weight of lignin samples by GPC analysis
Reaction time [h]

Control

Mw [g·mol-1]
Zn(salen)
Zn(Phe-TPP)

ZnPSC6

6

3103

2977

2774

2196

12

2876

2674

2238

1764

24
2354
Mw of Indulin AT lignin: 3127.

2086

1765

1262
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Fig. 6. FTIR spectra of lignin samples. (a) Indulin AT lignin; (b) residual lignin
from the control; (c) residual lignin from catalysis by ZN(salen); (d) residual lignin
from catalysis by Zn(Phe-TPP); (e) residual lignin from catalysis by ZnPSC6

The lignin samples obtained from the catalytic reaction were also analyzed
by FTIR (fig. 6). Interestingly, the oxidation of the side chain in lignin was
confirmed by the increasing intensity of carbonyl (1720 cm -1) with catalysis,
which was accompanied by a decrease in the aliphatic OH content (table 2) as
determined by 31P-NMR [Crestini et al. 1999]. This is consistent with the
biodegradation of lignin [Fackler et al. 2006; Nousiainen et al. 2014; de Gonzalo
et al. 2016]. The formation of 1,2-butanediol found in the catalytic oxidation of
lignin was also supported by the decrease in the aromatic ring vibration bands at
1506 cm-1 and 1558 cm-1 with the progression of Zn(salen), Zn(Phe-TPP) and
ZnPSC6 treatment, versus the control. Meanwhile, FTIR analyses further
confirmed the change of β-O-4 in the lignin. According to the FTIR spectra
shown in figure 6, catalysis weakened the ether-O linkage, which was crucial for
lignin fragmentation, resulting in an increase in the content of phenolic OH [Kim
et al. 2016], especially for ZnPSC 6 as compared with the mononuclear
complexes (table 2).
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Table 2. Content of functional groups by 31P-NMR analysis
Content [mmol·g-1]
Chemical
shift (ppm)

Functional group

Catalysis

Indulin
AT
lignin

Control

Zn(salen)

Zn(PheTPP)

ZnPSC6

154.2–153.4

Internal standard

–

–

–

–

–

149.6–145.7

Aliphatic hydroxyl
group

1.63

1.47

1.14

1.02

0.66

144.3–140.5

Condensed
phenolic hydroxyl
group

0.71

0.56

0.33

0.21

0.08

143.2–142.4

Phenolic hydroxyl
group in syringyl
structure

0.22

0.37

0.66

0.84

1.27

140.3–138.5

Phenolic hydroxyl
group in guaiacyl
structure

0.18

0.27

0.47

0.63

0.97

138.7–137.3

p-Phenolic
hydroxyl group

0.14

0.26

0.52

0.68

1.07

136.3–133.5

Hydroxyl group in
carboxyl group

0.13

0.38

0.63

0.73

1.12

Notably, the lignin degradation induced by ZnPSC6 resulted in a significant
decrease in the content of refractory condensed phenolics, compared with
degradation by Zn(salen) and Zn(Phe-TPP) (table 2). This was an important
factor enhancing lignin decomposition by the binuclear complex.

Conclusions
Salen-porphyrin complex (ZnPSC6) was successfully used as a biomimetic
catalyst in the conversion of lignin to aromatics. ZnPSC 6 displayed outstanding
performance in the catalytic oxidation of lignin model compounds and Indulin
AT lignin compared with the mononuclear complexes Zn(salen) and Zn(Phe-TPP). The degradation products were tracked using GC-MS, and the structural
changes in the degradation of lignin were characterized by GPC, FTIR and
31
P-NMR, to examine the catalytic effect of the binuclear complex.
Consideration should hence be given to further research concerning the catalytic
mechanism in lignin conversion using salen-porphyrin complex as catalyst.
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STUDY OF WOOD SURFACE PRE-TREATMENT
BY RADIO-FREQUENCY DISCHARGE PLASMA

An investigation was made of wood of the species oak (Quercus petraea), beech
(Fagus sylvatica L.), maple (Acer pseudoplatanus) and ash (Fraxinus excelsior)
pre-treated using radio-frequency (RF) plasma in air at reduced pressure.
Physical and chemical changes for all of the wood species were determined using
measurements of water contact angles and FTIR-ATR spectroscopy. The results
confirmed an increase in the wood’s hydrophilicity/polarity in all cases, caused by
an increase in –OH group concentration due to irradiation by RF plasma. The
content of oxygen-containing functional groups after treatment by RF plasma
significantly increased, and the water contact angles were diminished. FTIR-ATR
spectroscopy confirmed that RF plasma modification of the surfaces of all
investigated wood samples led to certain changes, which were also dependent on
the time of plasma exposure.
Keywords: FTIR-ATR, RF plasma treatment, wood surface, water contact
angle, hydrophilicity

Introduction
Low-temperature plasma has been suggested as an appropriate procedure for the
hydrophilization of polymeric surfaces [Novák et al. 2012]. Due to the plasma
treatment, the surface free energy of wood is increased as a result of the
generation of polar functional groups on the treated surface, thus making the
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frequency (RF) discharge plasma at reduced pressure is currently an efficient
method for surface treatment and the obtaining of adhesive properties of wood,
and is considered an ecologically friendly (“green”) method. To enable a wide
range of industrial uses, wood species must offer a large set of different surface
characteristics, including polarity, dyeability, scratch resistance, tailored
adhesive properties, antibacterial resistance, etc. [Bente et al. 2004;
Wolkenhauer et al. 2009; Acda et al. 2012]. Nanoscale dimensional changes
have been achieved in plasma-treated wood, while maintaining the desirable
material properties. The enhancement of wood surface hydrophilicity is
a necessary condition to promote better adhesion with water-based adhesives
and coatings, and this is currently the subject of research [Frihart 2005;
Odrášková et al. 2008; Moghadamzadeh et al. 2011; Reinprecht and Šomšák
2015].
There are two reasons why discharge plasma can be successfully used for the
surface modification of wood [Odrášková et al. 2008]. Firstly, discharge plasma
in air significantly increases the hydrophilicity of wood, because various polar
groups are formed (hydroxyl, carbonyl, carboxyl, etc.), and the wood
macromolecules are also cross-linked (up to a few microns), which leads to an
increase in scratch resistance and to an improvement in the barrier properties of
the wood material. The second reason for the use of plasma is an increase in
adhesion in adhesive joints between polymeric adhesives and the wood
substrate, due to an increase in the wood’s wettability, which is important for
industrial applications. Low-temperature plasma represents a mixture of various
excited particles, i.e. ions, atoms, electrons, and radicals with a low degree of
ionization and little penetrating energy, but plasma particles have sufficient
levels of energy to break chemical bonds on the wood substrate [Olaru et al.
2005]. The impact of the treatment of wood by discharge plasma is limited to a
depth of 100 nanometres; there is no effect on the bulk properties of the material
[Odrášková et al. 2008]. The increased surface polarity, due to oxidation
reactions during the modification of wood by RF plasma, improves its
wettability and hydrophilicity [Müller et al. 2009; Ciolacu et al. 2011]. Thermo-oxidative stability of modified materials can be tested, for example, by
differential scanning calorimetry (DSC). This method is based on determination
of the end of the induction period or the beginning of the main oxidation process
[Šimon and Kolman 2001; Šimon 2006]. Wettability assists in establishing
molecular scale contact with the wood surface and is critical to the obtaining of
strong adhesion at the adhesive/wood interface [Kúdela et al. 2017].
The aim of this study was to investigate the surface and chemical properties
of selected species of wood following surface modification by radio-frequency
plasma in air.
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Materials and methods
Samples of wood from oak (Quercus petraea), beech (Fagus sylvatica L.),
maple (Acer pseudoplatanus) and ash (Fraxinus excelsior) with dimensions 50 ×
15 × 5 mm (Technical University in Zvolen, Slovakia) and a moisture content of
8% were pre-treated using RF plasma in the air at a pressure of 100 Pa.
The physical and chemical changes in all of the wood species were observed
using measurements of water contact angles obtained by means of a contact
angle meter, and using an FTIR-ATR device.
RF plasma modification
The surface of the wood was modified by RF discharge plasma. The
modification of wood by capacitive coupled RF plasma was performed in
a laboratory RF plasma reactor (fig. 1) working at a reduced pressure of 100 Pa,
consisting of two 240 mm brass parallel circular electrodes with a symmetrical
arrangement, 10 mm thick, between which RF plasma was created.
Powered electrode
Chamber
Power
supply

RF

Grounded
electrode

Sample
Ceramic
substrate
Rotary
pump

Fig. 1. Diagram of RF plasma source

The two electrodes of the RF plasma reactor are contained in a closed
stainless steel vacuum cylinder. One is powered, and the other is grounded
together with the steel cylinder. The RF plasma reactor has a voltage of 2 kV,
a frequency of 13.56 MHz and a maximum current intensity of 0.6 mA. The
maximum power of the RF plasma source is 1200 W. The wood samples were
modified by RF plasma at a power of 350 W.
Measurement methods
The surface energy of wood was measured by the determination of contact
angles (θ) with re-distilled water as the testing liquid [Odrášková et al. 2008].
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The drops of testing liquid (V = 20 μl) were placed on the wood surface with
a micropipette (Biohit, Finland), and the graph of the function θ = f (t) was
extrapolated to t = 0. Water contact angle measurements were taken using
a professional SEE (Surface Energy Evaluation) system device coupled to a web
camera (Advex, Czech Republic) and required PC software. The measurements
of contact angles were repeated 12 times, and the arithmetic mean and standard
deviation of the measurements were taken for analysis.
A hardness value was determined for each type of wood according to the
Brinell hardness (BH) test.
Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance
(FTIR-ATR) measurements were performed with a Nicolet 8700 FTIR
spectrometer (Thermo Scientific, UK) using a single bounce ATR accessory
equipped with a Ge crystal. For each measurement, the spectral resolution was
2 cm-1 and 64 scans were performed.

Results and discussion
The water contact angle on the investigated wood surfaces diminished with an
increase in the time of modification by RF discharge plasma, and exhibited
a steep decrease from 74° (pristine oak wood) to 45° after activation of oak
wood by RF plasma in the air for 60 s (fig. 2). The decrease in the water contact
angle can be explained by an increase in the hydrophilicity of the investigated
wood surfaces during pre-treatment by RF plasma in air. The hydrophilicity of
the wood surface depends on the formation of polar oxygenic functional groups
during RF plasma modification. At saturation of the wood surface with polar
groups (after 60 s of plasma treatment), the hydrophilicity stabilized. The
effectiveness of modification of the wood surface by RF plasma was lower in the
case of ash wood, for which the effect on the water contact angle was smaller
than in the case of oak, beech and maple.
The aging of RF plasma-treated wood species is illustrated in figure 3.
During aging after modification by RF plasma, the water contact angle of the
modified wood surfaces increased rapidly for two days, after which the aging
process was slower. The increase in the water contact angle over the total aging
time was smaller in the case of ash wood than in the case of oak, beech and
maple. The water contact angle of RF plasma-treated beech wood increased
from 42° to 64° over 21 days of aging, a rise of 52.4%.
In general the spectrum of any kind of wood is a mixed spectrum
(composition) of cellulose and lignin with characteristic peaks corresponding to
O–H bonds (with a maximum at about 3400 cm -1) and fingerprints assigned to
the -C–O–Cá-, –COO and –CH2– bonds typical for polysaccharides. Moreover,
the peak at 898 cm-1 corresponding to glycosidic linkages appears for each of
them as a typical spectral band [Ciolacu et al. 2011]. So-called normalized
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Fig. 2. Water contact angle of RF plasma-treated wood species vs. plasma activation
time

Fig. 3. Water contact angle of RF plasma-treated wood species vs. aging time

spectra, i.e. FTIR-ATR spectra modified by multiplication by a factor chosen to
allow a common Y-axis for better readability, are presented in figures 4-7. Thus
small changes in the shapes of the absorption bands assigned to -C–H and
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-C–O–Cá- bonds, which confirmed changes on the surfaces of the wood
samples, are more easily better observed. However, since the spectral band was
composed of more parts, a different procedure was chosen to quantify these
changes. The ratios of integrated intensities of spectral bands assigned to
oxygen-bonding groups (with the majority contribution of –OH groups, with
a maximum at 3400 cm-1) and integrated intensities of the spectral band assigned
to (–CH2–)sym with a peak at 2985 cm-1 were determined. However, this
represents only semi-quantitative information, e.g. providing confirmation or
exclusion of the impact of RF plasma treatment on the wood surface. The ratios
of integrated intensities P(–OH)/P(–CH2–)sym, where the intensity of
symmetrical stretching vibrations of –CH2– bonds was chosen as an internal
standard, are presented in table 1. It was assumed that RF plasma treatment did
not affect –CH2– groups.
Figures 4, 5, 6, and 7 show the increased ratio of specified intensities for RF
plasma-treated samples of all investigated wood species compared with
untreated samples. For maple wood it may be concluded that the values of this
ratio correlate with the time of exposure to RF plasma. The largest increase was
observed in the case of beech wood (from a value of 7.433 for untreated beech
wood to 22.986 after 120 seconds of RF plasma treatment). The ratio
P(–OH)/P(–CH2–)sym for the untreated samples of woods ranges from 5.948 to
7.433, indicating similar hydrophilicity, and accordingly content of oxygen-bonding groups, on the surfaces of all types of wood investigated before any
plasma treatment. The values of the ratio for ash wood, with a hardness of
4.0 BH, were very similar for all time regimes, which may be due to the fact that
the ash was the hardest of the evaluated wood species, meaning that RF plasma
treatment in this case was not so effective. Indeed, the baseline for the ratio was
the lowest in the case of ash wood. It should be noted, however, that the
hardness values of the materials are not dependent on the type of surface, in this
case on the porosity, which may be a reason why RF plasma treatment is more
effective in some cases and less in others. It can be concluded from the FTIR-ATR spectroscopy results that RF plasma treatment caused some changes on the
surfaces of all investigated species of wood. These changes were dependent on
the plasma activation time in the case of maple wood. This trend was not
completely proven for the other species of wood, but it may be observed that
there was an increased content of hydrophilic groups in the plasma-treated
samples compared with the untreated samples. The findings of FTIR-ATR
spectroscopy may also be supplemented by the results of water contact angle
measurements.
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Fig. 4. FTIR-ATR spectra of oak wood surface untreated by RF plasma (a) and
following RF plasma treatment for: 20 s (b), 60 s (c) and 120 s (d)

Fig. 5. FTIR-ATR spectra of beech wood surface untreated by RF plasma (a) and
following RF plasma treatment for: 20 s (b), 60 s (c) and 120 s (d)
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Fig. 6. FTIR-ATR spectra of maple wood surface untreated by RF plasma (a) and
following RF plasma treatment for: 20 s (b), 60 s (c) and 120 s (d)

Fig. 7. FTIR-ATR spectra of ash wood surface untreated by RF plasma (a) and
following RF plasma treatment for: 20 s (b), 60 s (c) and 120 s (d)
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Table 1. Integrated intensities (P) of selected spectral bands on the FTIR-ATR
spectra for surfaces of wood species (oak, beech, maple and ash) pre-treated by RF
discharge plasma
Integrated intensities of analyzed spectral bands
(internal standard, polar oxygen-containing
groups, combined integrated intensities for
RF plasma activation time oxygen-bonding groups incl. –OH stretching
vibrations)
Type of wood / Brinell
hardness /

Oak, 3.7 BH
Untreated
20 s plasma
60 s plasma
120 s plasma
Beech, 3.8 BH
Untreated
20 s plasma
60 s plasma
120 s plasma
Maple, 3.0 BH
Untreated
20 s plasma
60 s plasma
120 s plasma
Ash, 4.0 BH
Untreated
20 s plasma
60 s plasma
120 s plasma

Final ratio

P (2895 cm-1,
–CH2– sym. stretching
vibrations)
0.593
0.563
0.508
0.440

P (3400 cm-1,
–OH stretching
vibration)

P(Oxy groups)/
P(–CH2–)sym

4.017
5.376
6.334
7.622

6.863
9.549
12.469
17.414

0.552
0.364
0.306
0.284

4.103
5.086
6.311
6.528

7.433
13.973
20.624
22.986

0.763
0.538
0.483
0.430

4.538
6.141
6.784
7.293

5.948
11.414
14.046
16.960

0.643
0.597
0.523
0.540

4.387
6.472
7.015
7.151

6.823
10.841
13.413
13.243

Conclusions
The water contact angle of the investigated wood species treated by RF plasma
in air decreased with activation time from 74° to 30°. During aging of the wood
samples after the plasma pre-treatment the water contact angle increased rapidly
for two days, and subsequently more slowly. The water contact angle values of
the four wood species exhibited a steep decrease after activation by RF plasma
in air. The plasma-treated wood surfaces should subsequently undergo
procedures such as bonding, painting, etc. within two days of modification by
plasma.
FTIR-ATR spectra confirmed the increase in polarity of the selected wood
species as a result of treatment with RF discharge plasma in air, due to the
increase in the quantity of –OH groups. The concentration of oxygen-containing
groups on the wood surface markedly increased after treatment by RF plasma.
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Based on the FTIR-ATR results it may be observed that there is an increased
content of hydrophilic groups on the surfaces of the plasma-treated wood
samples compared with the untreated samples.
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THE INFLUENCE OF SURFACE MODIFICATION
OF WOOD PARTICLES WITH CARBON NANOTUBES
ON PROPERTIES OF PARTICLEBOARD GLUED
WITH PHENOL-FORMALDEHYDE RESIN

Research was carried out on a newly manufactured particleboard (PB) containing
carbon nanotubes (CNTs) to determine the effect of the CNTs on physical,
mechanical and combustion properties of the board. The experiment consisted of
two stages. In the first, wood particles were treated with an aqueous suspension of
CNTs (0.2% w/w) and sodium dodecylbenzenesulfonate (0.2% w/w) as
a dispersant. After drying to constant weight, a modified form of the ASTM E69
method was used to determine the effectiveness of fire protection provided by
CNT-modified wood chips. The rate of wood decomposition decreased
significantly, and the time to complete combustion increased from 18 to 22.5 min
for the reference and CNT-modified wood particles respectively. In the second
stage of the experiment a particleboard bonded with phenyl-formaldehyde resin
was produced, in which the particles were modified with CNTs using the method
described in the first stage. Selected physical and mechanical properties of the
final board were determined. Samples of the board were tested using a mass loss
calorimeter in accordance with the ISO 13927 standard, and mechanical tests
were performed by applicable standard methods. However, no significant
improvement in the properties of the PB were observed.
Keywords: carbon nanotubes, wood
mechanical properties

chips,

particleboard,

flammability,

Introduction
Nanotechnology is applied nowadays in many fields, including energy storage,
nanoelectronics and biotechnology, as well as materials science. Recent studies
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have resulted in applications of nanomaterial composites, including wood-based
panels.
Studies to date have shown that the inclusion of small quantities of various
types of nanomaterials, such as nano-SiO 2, nano-ZnO, nano-Al2O3, nano-CuO,
nano-TiO2, nano-Ag, nanoclay, nanocellulose, etc., can significantly change the
properties of both adhesive resins and joints bonded with those resins. The
addition of nanoparticles helps to control the viscosity of resin solutions,
increases the strength and thermal and water resistance of adhesive-bonded
joints, and improves their barrier properties [Romueli et al. 2012; Dukarska and
Bartkowiak 2016; Dukarska and Czarnecki 2016]. Reinforcement of adhesive-bonded joints by the addition of nanoparticles results in improved strength
parameters, water resistance and hygienic properties of wood-based materials
[Zhang and Smith 2010; Taghiyari et al. 2011; Veigel et al. 2012; Salari et al.
2013; Taghiyari and Farajpour Bibalan 2013; Liu and Zhu 2014; Candan and
Akbulut 2015; Dukarska and Czarnecki 2016]. The use of nanomaterials also
enables the production of wood-based boards with required physical and
mechanical properties from alternative raw materials, most often of inferior
quality, such as date or paulownia wood or annual plant waste [Salari et al. 2013;
Rangavar and Fard 2015]. As regards technological processes, the use of
nanoparticles enables optimization of the manufacture of particleboards (PBs).
The introduction of such particles into the adhesive resin solution increases the
thermal conductivity of the pressed mat and enhances heat transfer from the
external layers to the core layer. This in turn improves the conditions of
condensation of the adhesive resin. As a consequence, the pressing time of the
boards may be shortened without impairing their physical or mechanical
properties [Lei et al. 2008; Zhang and Smith 2010; Taghiyari et al. 2011, 2013;
Kumar et al. 2013]. Promising results have also been obtained for the biological
resistance of materials modified with nanoparticles, as they have been found to
be more resistant to various types of molds and termites [Taghiyari and
Farajpour Bibalan 2013; Gao and Du 2015; Marzbani et al. 2015; Dukarska et al.
2017].
When PBs are used in construction, great importance attaches not only to
their mechanical properties, but also to their fire resistance, in view of the
flammability of boards of this type. To reduce the fire risk, a wide range of flame
retardants is used to improve the properties of flammable materials
[Boruszewski et al. 2011]. It has already been proposed that recent progress in
nanotechnology may be of use in producing fire retardant coatings or additives.
The most promising nanomaterials include carbon nanotubes (CNTs). Their
unique chemical [Lin et al. 2003; Tasis et al. 2006], thermal [Berber et al. 2000;
Kim et al. 2001] and mechanical properties [Treacy et al. 1996] have been
widely researched in recent years. The development of chemical vapor
deposition enabled the manufacture of cheap mass-produced CNTs [Cassell et al.
1999; Chhowalla et al. 2001], which may be used inter alia in polymer
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composites and coatings. Currently, CNTs are a popular additive to polymer
composites to improve their mechanical properties and to act as a flame
retardant.
CNTs dispersed in polystyrene and poly(methyl methacrylate) (PMMA)
matrices may serve as a flame retardant, reducing the two key parameters of
mass loss rate (MLR) and peak heat release rate (PHRR) [Kashiwagi et al. 2005;
Cipiriano et al. 2007]. Not only CNTs dispersed in the polymer matrix, but also
CNT-based coatings, reduced the flammability of composites. PETI330/T650
covered by thin CNT film exhibited decreases PHRR and total mass loss, and
increased time to ignition (TTI) [Fu et al. 2010]. Anderson et al. [2010] made
a multifunctional cellulose/CNT composite paper, which demonstrated greatly
reduced flammability [Anderson et al. 2010]. Thermogravimetric measurements
on a phenol-formaldehyde/cellulose composite showed that thermal stability
increased slightly on the addition of 1.0 wt% of multiwall (MW) CNTs [Park
and Kadla 2012]. Cotton fabrics cross-linked with polyvinylphosphonic acid
presented delayed ignition and a decreased burning rate after the incorporation
of MWCNTs [Gashti and Almasian 2013]. Although research on cellulose/CNT
composites is not a novel area, there are few studies describing composites
containing bulk wood or wood-based materials, not only cellulose, mixed with
carbon nanotubes. Some current studies on the use of carbon nanomaterials and
wood-related products are focused on wood-plastic composites (WPC) made of
wood flour and polymer. It has been reported that the addition of CNTs to the
composite lowers flammability and increases mechanical strength.
Polypropylene/wood flour with 2 wt% of CNTs showed a 25% fall in PHRR and
total heat released (THR) and a significant decrease in CO yield [Farsheh et al.
2011].
Unfortunately, all nanomaterials tend to aggregate in such applications. The
aggregates not only diminish the positive effect, but may also clog the nozzles
used for spraying resin during PB production. Therefore, we propose using
CNTs as coating materials for wood particles instead of incorporating them into
resins. The main aim of this research is to investigate the flammability of wood
particles coated with MWCNTs. Moreover, CNT-modified wood particles were
used to manufacture a CNT-modified particleboard, and the flammability, water
resistance and mechanical properties of that board were then investigated.

Materials and methods
Materials
Industrial-grade NC7000 CNTs were obtained from Nanocyl SA. The dispersant
used to prepare the aqueous dispersion of CNTs was sodium
dodecylbenzenesulfonate (SDBS) supplied by Sigma Aldrich. The wood
particles used were industrial Scots pine (Pinus sylvestris L.) chips with average
dimensions of 15.91 × 1.81 × 0.91 mm and a moisture content of 4%. The binder
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used to manufacture the PB was phenol-formaldehyde resin (PF) with viscosity
679 mPas (at 25ºC), density 1.215 g/cm3, solids content 48.5%, pH 8.45 and gel
time 271 s (at 130ºC).
Sample preparation
In the first stage of the study, wood particles were coated with CNTs. An
aqueous dispersion of CNTs (0.2% w/w) and SDBS (0.2% w/w) was sonicated
using a Hielsher UP400 ultrasonic homogenizer for 20 min. CNTs were
deposited onto wood particles in a simple dip-coating process. A CNT
suspension (4 l) was used to obtain 2 kg of CNT-modified wood particles, so that
the final ratio of CNTs to wood was approximately 0.4% (w/w). Afterwards, the
wood particles were dried at 105°C to obtain the humidity of the reference chips
(4%).
Single-layer PBs were produced in laboratory conditions with the following
parameters: thickness 12 mm, resination 8%, and density 650 kg/m3. The
pressing process was carried out at 200°C, with a unit pressure of 2.5 N/mm2
and for a time of 23 s per mm of board thickness. The PBs were prepared
according to the same procedure: the first contained pure wood particles, and the
second contained wood particles modified with CNTs.
Flammability
The study was conducted in several stages. In the first stage, a modified form of
the ASTM E69 method was used to determine the effectiveness of the protection
of pine wood particles with an aqueous CNT suspension. The next step was to
produce particleboard from protected chips and to test it for flammability using
a mass loss calorimeter (MLC), and to carry out strength tests based on current
standards.
The test of the flaming properties of wood particles was performed
according to a modified form of the ASTM E69 method, by burning protected
and control (unprotected) samples in a tubular furnace. The modification
consisted in the making of a special basket of approximately one-liter volume,
made of 2 × 2 mm steel mesh, with diameter 5 cm and length 50 cm. The empty
basket was weighed before the test. The test pieces were poured into portions of
the basket, being successively whipped using a wooden plunger. When the
basket was filled, the whole was weighed to calculate the bulk density. Then the
filled basket was suspended in the tube. A burner was placed under the
suspended sample, with a flame height of approximately 25 cm. The flame acted
on the sample for 3 minutes. The percentage mass loss and the exhaust gas
temperature at the outlet of the pipe were recorded every 0.5 minutes. Further
observations and recordings were made from the moment the burner was
extinguished until three weight loss measurements returned the same value. At
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the same time measurements of the flue gas temperature at the outlet of the tube
were made using a thermocouple.
The following types of board were investigated: pure PB (control) and PB
modified with CNTs. Flammability tests were carried out on three samples for
each type. MLC is a benchmark that enables the measurement of mass loss rate
and HRR (heat release rate) for any heat flux used for full-scale cone calorimetry
(ISO 5660). The tests were carried out in accordance with ISO 13927, with
a radiant heat of 35 kW/m2. The applied radiant intensity corresponds to fire
protection targets, especially for polymers, and corresponds to the intensity of
heat flux in a small-scale fire [Schartel and Hull 2007]. In the tests we used
100 × 100 mm particleboard samples with a thickness of 12 mm. Using the
standard calorimeter software, the following combustion properties of the
examined materials were determined: heat release rate (HRR), mass loss rate
(MLR), THR, effective heat of combustion (HOC), final sample weight (FSW)
and TTI. Average results are reported here for HRR, max. PHRR, mass loss [%]
and TTI [s].
Particleboard properties
Before testing, all samples of the manufactured boards were subjected to
conditioning to achieve a constant mass at 20ºC and relative humidity 65%. The
moisture content of the samples was about 8%. The mechanical properties of the
experimental boards and their water resistance were tested according to relevant
standards. We determined the modulus of rupture (MOR) and modulus of
elasticity (MOE) according to EN 310 and the internal bond (IB) according to
EN 319. The water resistance of the boards was investigated by measuring the
internal bond after a boil test (V-100) according to EN 1087-1, and the thickness
swelling (TS) after 2 and 24 h of soaking in water according to EN 317. As well
as thickness swelling the water absorption (WA) was also calculated, using
equation (1):
WA=

m2 −m1
⋅100
m1

(1)

where WA is the water absorption (%), and m1 and m2 are the sample mass
before and after soaking (g).
Each test was performed in 15 replicates. The results obtained for the
physical and mechanical properties of the experimental boards were statistically
analyzed using Statistica software (version 13.1). To compare the average values
of the physical and mechanical properties of the tested boards, we carried out
a single-factor analysis of variance and Tukey’s post hoc test, on the basis of
which uniform average values were determined for each of the investigated
properties, with the boundary significance level equal to 0.05.
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Results and discussion
Fire retardant properties of CNT-modified wood particles
The burning of wood is a very complex physicochemical process. Flammable
gases such as ethane, methane, and hydrogen are the main causes of
flammability. As the temperature rises, the intensity of evolution of the gases
increases. In the wood, as a result of low heat permeability, it is mostly the top
layer that is burned. Incineration is slow, and a layer of charred wood effectively
slows down the process, thanks to the very low thermal conductivity of char
[Kozłowski and Władyka-Przybylak 2001; Hankalin et al. 2009]. The thermal
conductivity of char is several times smaller than that of wood. After the
formation of this layer and removal of the heat source, the process is suppressed,
and self-extinguishing can even occur.
The highest temperatures during this part of the experiment were 177 ±23°C
and 191 ±10°C respectively for the reference and CNT-modified wood particles.
Despite the slightly higher temperature of the exhaust gases, the mass loss
following exposure to the flame for 3 minutes was lower for the CNT-modified
wood particles (12 ±1%) than for the reference samples (16 ±3%).

Fig. 1. Mass loss of reference and CNT-modified wood chips

Removal of the flame caused a rapid decrease in temperature followed by
smoldering of the samples. After 10 minutes, the average mass loss was 52 ±4%
and 36 ±2% for the reference and CNT-modified samples respectively.
Therefore, the presence of CNTs caused a significant reduction in the rate of
decomposition. Afterwards, from the beginning of the experiment, the process of
combustion of the reference wood particles was accelerated and the temperature
increased to 347 ±52°C in 14.0 ±1.0 minutes. Similar behavior was observed for
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the CNT-modified wood particles, for which the temperature reached 323 ±47°C
after 17.0 ±1.5 minutes. Such temperatures are the result of the re-emergence of
flames in the higher layers of chips placed in the basket. These results suggest
that the CNT coating produces a clear retardation of wood particle combustion.
The whole process lasted for 18.0 ±1.0 minutes and 22.5 ±1.5 minutes, and the
mass loss was 98.0 ±0.5% and 94.5 ±1.5%, for the reference and CNT-modified
samples respectively. The results suggest that covering wood particles with
CNTs produces a fire retardant effect. The retardation of combustion is clearly
visible on the dynamic mass loss graph (fig. 1), which shows that the
combustion process was much slower after modification with CNTs. However,
the observed smoke temperatures were not significantly changed, which may be
explained by the lack of an active mechanism of flame suppression.
Several possible mechanisms have been proposed to explain the flame
retardant properties of composites containing CNTs in the polymer matrix. The
thermal conductivity of polymers increases after the incorporation of CNTs,
particularly above 160°C [Kashiwagi et al. 2004]. The presence of CNTs in the
matrix may also help to create a thermally insulating char layer [Kashiwagi et al.
2005]. Moreover, the change in the viscoelastic properties of polymers when
CNTs are added may lead to an anti-dripping effect when the polymers burn
[Capiriani et al. 2007].
In the case of the CNT-modified wood particles, CNTs were located only on
the surface of the samples. Therefore, the CNTs did not change any physical
properties of the wood, and only surface action could be observed. Among the
proposed mechanisms, the most probable is the influence of CNTs on char
formation. Char may either be formed more rapidly or be mechanically
enhanced to become more durable. As no significant differences were recorded
in the first minutes of combustion between the reference and CNT-modified
particles (fig. 2), the faster formation of char is unlikely. Therefore,
reinforcement of the char layer is a more probable cause. The other mechanism
which may be responsible for the fire retardant action is faster heat dissipation
during slow burning, caused by the high surface area of CNTs and their high
conductivity.
Fire retardant properties of CNT-modified particleboards
Although the mechanism of fire retardation in CNT-modified wood particles
may be of interest, it is important to investigate the flammability of complete
particleboards. Therefore, a CNT-modified PB was prepared (as described in the
Sample Preparation section) and tested by MLC. The average TTI was 4 s
shorter for the CNT-modified PB, which may be due to the stronger infrared
absorption of black CNTs. The kinetics of HRR after ignition were similar for
the reference and the modified PB. The first peak value of HRR was 102 kW/m 2;
then, after a slight decrease in HRR, its value rapidly increased. The PHRR was
recorded 25 s earlier for CNT-modified PB. As in the case of TTI, the
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explanation of the earlier PHRR may be the stronger infrared absorption. The
values of time to PHRR and THR were slightly lower for the CNT-modified PB
than for the reference, but the difference lies within the limits of measurement
uncertainty. Also, no significant change was observed for total mass loss.

Fig. 2. Heat release rate measured by MLC during combustion of reference and
CNT-modified PBs

Ineffective fire protection may be explained by the fact that the protective
charred layer loses its properties during radiant heat flux. The rapid thermal
decomposition causes the formation of large amounts of volatile components
which, when mixed with air, ignite and influence the rate of fire spread and the
rate of combustion [Grześkowiak and Wiśniewski 2010; Mačiulaitis and
Praniauskas 2010]. As explained in the previous section, CNTs may either
dissipate heat or enhance the char layer. Neither mechanism involves active
flame suppression. The slightly decreased time to PHRR for CNT-modified PB
is probably caused by stronger IR absorption and faster heating due to the optical
properties of CNTs. In general, it may be claimed that although CNTs retard
burning at the initial stage of combustion, there are no active flame suppressive
mechanisms which might decrease HRR as observed in high-energy cone
calorimetry.
Strength properties and water resistance of CNT-modified PB
Because the CNTs were located only on the surface of wood particles, they
should not be expected to influence the physical properties of a single wood
particle. However, the interaction between phenol-formaldehyde resin and wood
particles might significantly change after CNT deposition. Another important
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Table 1. Combustion properties, investigated by MLC, of reference and CNT-modified PB
TTI
(s)

THR
(MJ/m2)

PHRR
(kW/m2)

Time to PHRR
(s)

Total mass loss
(%)

Reference PB

38.5 (3.0)*

88 (4)

191 (5)

437 (6)

87.3 (0.7)

CNT-modified PB

34.7 (3.2)

86 (2)

197 (13)

412 (15)

88.3 (2.0)

*Standard deviations in parentheses.

factor was the presence of SDBS, used as a stabilizing agent for CNT dispersion.
The properties of the reference and CNT-modified PBs are presented in table 1.
A comparison of mean values obtained for each tested parameter shows that both
the strength and swelling of boards made from CNT surface-modified wood
chips were slightly higher than those of the reference boards. However, on
consideration of the standard deviations associated with the mean values, and
above all the results of post hoc analysis used for the determination of
homogeneous groups, the differences between the CNT-modified and reference
boards were found to be insignificant. Tukey’s homogeneous group tests
performed for the majority of the investigated properties identified the same
homogeneous group, for which the statistical significance level p took values
above the assumed value of 0.05. Only in the case of bending strength and
swelling after two hours of water soaking did one-way analysis of variance
enable the identification of two different homogeneous groups (a, b), indicating
a statistically significant effect of CNT-modified wood chips on these two
parameters. Modification of wood chips with carbon nanotubes resulted in
a slight increase in board bending strength by ca. 15% (intergroup MS = 2.3665,
df = 18.000, p < 0.05) and slightly increased swelling after short-term water
treatment (by ca. 13%, intergroup MS = 4.0367, df = 18.000, p < 0.05).
However, the lower water resistance of the CNT board after short-term water
exposure was of little importance, as its swelling after 24 hours of soaking in
water was similar to that of the reference boards. A general conclusion is that the
modification of wood chips by the method of CNT dispersion investigated in
this study does not significantly affect the strength and water resistance of the
resulting PBs. This is probably due to the relatively low CNT concentration and
the presence of hydrophilic SDBS. This assumption has been confirmed by other
researchers studying the effects of surface modification of wood with various
types of nanoparticles, who have reported significant changes in strength,
hydrophobicity, color durability, fire resistance and bioresistance only at higher
concentrations of nanoparticle suspensions [Nowaczyk-Organista 2009; Dong et
al. 2015; Soltani et al. 2016; Taghiyari et al. 2016]. Nevertheless, preliminary
results, particularly those concerning fire resistance, are promising and
encourage further research in this area.
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Table 2. Strength properties and water resistance of the experimental boards
Property

Reference PB

CNT-modified PB

MOR [N/mm2]

12.9a (1.8)*

14.8b (1.0)

MOE [N/mm2]

2250a (260)

2400a (180)

IB [N/mm2]

0.69a (0.11)

0.64a (0.06)

V-100 [N/mm2]

0.37a (0.04)

0.40a (0.047)

TS – 2 h [%]

22.3a (1.4)

25.1b (2.7)

TS – 24 h [%]

25.9a (2.4)

27.5a (2.5)

WA – 2 h [%]

72.1a (2.6)

72.8a (3.1)

WA – 24 h [%]

85.8a (3.2)

87.2a (2.7)

*Standard deviations in parentheses, a, b – homogeneous groups, CNT – carbon nanotubes, MOR – modulus of
rigidity, MOE – modulus of elasticity, TS – thickness swelling, WA – water absorption.

Conclusions
In this study, wood particles were coated with a 0.2% (w/w) aqueous dispersion
of carbon nanotubes, stabilized with SDBS. The prepared CNT-modified
particles were tested using a modified form of the ASTM E69 method. The
modification of wood particles with CNTs significantly influenced their
combustion properties, and thermal decomposition significantly decreased. We
have proposed two models describing the fire retardancy. First, due to their high
surface area and thermal conductivity, the CNTs might increase heat dissipation;
and second, the CNTs may mechanically enhance the char layer, which
thermally insulates the wood from fire. However, although fire retardant
properties were observed for CNT-modified wood particles, no significant
decrease in the flammability of particleboards was observed after the addition of
CNTs. A possible explanation is that during cone calorimetry the combustion
was too rapid, and the fire suppressive properties of CNTs are significant only
during low-energy thermal degradation. Moreover, tests of strength and water
resistance in boards manufactured from both unmodified and CNT-modified
wood chips did not show any significant changes in these properties, apart from
a slight increase in bending strength. This may be because of the relatively low
quantity of CNTs, the presence of SDBS, or the method of modification.
However, the preliminary research results presented in this paper may provide
a basis for further investigation into the potential of carbon nanotubes in the
production of wood-based products.
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THE EFFECT OF VENEER IMPREGNATION WITH
A MIXTURE OF POTASSIUM CARBONATE AND UREA
ON THE PROPERTIES OF MANUFACTURED PLYWOOD

It was determined how the impregnation of birch veneers with a mixture of
potassium carbonate and urea affected the fire protection properties, shear
strength, modulus of elasticity and modulus of rigidity of plywood glued with PF
and UF resin. Veneers were impregnated by soaking in aqueous fire retardant
solutions with concentrations of 20% and 30%. Measurements of mass loss,
burned area and time of ignition showed the fire protection provided to be very
effective. Impregnation did not significantly affect the modulus of elasticity or
modulus of rigidity of the plywood. Impregnation caused a decrease in bonding
quality, especially in the case of plywood with UF resin soaked in water. For the
samples with PF resin, both immersed and boiled in water, impregnation had less
impact on the shear strength: its values exceeded 1 N/mm2, thus meeting the
requirements of EN 314-2.
Keywords: plywood, fire retardant, impregnation, flammability, veneer,
mechanical properties

Introduction
Birch plywood is a valuable material used in many fields, including furniture
production, building joinery and other applications in buildings, both as
a finishing and a structural material. The wide range of applications results from
the very good mechanical properties provided by its layered construction [Wang
and Rao 1999; Bekhta et al. 2016]. Plywoods are characterized by a high
susceptibility to inflammation because of their chemical structures – the main
components of wood have a large number of oxygen atoms [Mahr et al. 2012;
Grześkowiak et al. 2016]. To reduce flammability, fire retardants are commonly
used, for example to extend the time of ignition and reduce mass loss and burned
area [Grześkowiak et al. 2016]. There are a number of chemical substances used
in industry that can improve the flammable properties of materials, but usually
Jakub KAWALERCZYK (jakub.kawalerczyk@up.poznan.pl), Dorota DZIURKA (ddziurka@up.
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up.poznan.pl), Poznań University of Life Sciences, Poznań, Poland
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they consist of toxic chemicals. Fire retardants can also impair the mechanical
properties of plywood, which may cause limitations on its use in many areas.
There are many ways of decreasing the flammability of plywood, among them
the impregnation of veneers before gluing [Borysiuk et al. 2011; Wang et al.
2014; Bekhta et al. 2016]. Studies show that impregnation of individual veneers
improves the flammable properties of plywood; however, in many cases
impregnation also leads to deterioration of mechanical properties. Besides the
type of substance, an important factor is the species of wood from which veneers
are made. As reported by Borysiuk et al. [2011], in the case of beech veneer
impregnation caused a decrease in the shear strength of plywood by about 20%,
while it did not affect the bonding quality of plywood made of pine veneers. It is
also possible to modify the adhesives used in plywood manufacture by adding
fire retardants [Grexa et al. 1999; Cheng and Wang 2011; Wang et al. 2012].
This is also an effective means of decreasing flammability, but as with the
previous method, impregnation can lead to deterioration of mechanical
properties. As reported by Cheng and Wang [2011], a change in the composition
of adhesive caused a decrease in bending strength by 25% compared with non-protected plywood samples. However, there exists the possibility of modifying
fire retardants used as additives to adhesives, for examples using zeolites, to
reduce their negative impact [Wang et al. 2012]. Another way to protect the
material is the impregnation of finished plywood. Kim et al. [1984] found that
impregnation by soaking plywood in aqueous fire retardant solutions can
improve their mechanical properties, such as modulus of elasticity. However,
LeVan et al. [1996] reported that plywood protected in this way shows a higher
tendency to degrade under conditions of cyclical temperature changes. Another
example of an effective method is surface protection with fire retardants. These
substances are transformed by high temperature into a solid, insulating mass or
a swelling, dispersive coating [Chou et al. 2010; Chang et al. 2011; Yew et al.
2015]. Among the methods presented, the most effective is to soak the veneers in
fire retardant solution, because this allows the material obtained to be protected
along the whole of its cross-section [Bueno et al. 2014].
The aim of this study was to investigate the effect of veneer impregnation on
the flammable properties, shear strength, modulus of elasticity and modulus of
rigidity of plywood. The fire retardant used consists of potassium carbonate and
urea, and it is known to be effective in the case of solid wood protection.

Materials and methods
Birch veneers of size 300 × 300 mm and 1.5 mm in thickness were used in the
tests. For fire protection impregnation, an aqueous solution of a mixture of
potassium carbonate and urea in a weight ratio of 1:1 was used. Veneers with
a moisture content of 8% were impregnated for an hour by soaking in
a container filled with fire retardant in two different concentrations: 20% and
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30%. After the impregnation process the veneers were left under ambient
conditions for 24 hours, and were then dried in a laboratory oven at (60 ±5)°C to
4% moisture content. For the veneers before impregnation and after drying,
moisture content was calculated in accordance with EN-322. Phenol-formaldehyde (PF) and urea-formaldehyde (UF) resin with the characteristics
listed in table 1 were used for plywood production.
Table 1. Characteristics of resins
Properties of resin

Standard

Density, g/cm3
No. 4 Ford Cup viscosity, s
Solids content, %
pH
Gel time at 100°C, s
Gel time at 130°C, s

PN-ISO 8962

Values
UF

EN 12092
EN 827
EN 1245
PN-C-89352-3
EN-ISO 9363

1.282
89
65
8.09
86
–

The veneers were glued with UF and PF resins applied to their surfaces at
180 g/m2 and 160 g/m2 respectively. The materials thus prepared were pressed
using a laboratory press at 120°C (UF) or 140°C (PF) under a unit pressure of
1.5 MPa for 1 min per millimeter of plywood thickness after pressing
(ca. 4 min). Reference plywood samples were pressed for the same time; these
were manufactured in the same way except for the step of protection of the
veneer with fire retardant. The variants of manufactured three-layer plywood are
shown in table 2.
Table 2. Variants of plywood
Code

Type of resin

Protection

0PF
20PF
30PF
0UF
20UF
30UF

PF
PF
PF
UF
UF
UF

non-protected
20% aqueous solution
30% aqueous solution
non-protected
20% aqueous solution
30% aqueous solution

To determine the quantity of absorbed fire retardant, the absorption content
per unit volume was calculated:
m2 −m1
A=
⋅C
V
where: A is absorption, kg/m3
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m1 is the mass of veneer before treatment, kg
m2 is the mass of veneer after treatment, kg
V is the volume of veneer, m3
C is the concentration of fire retardant solution as a decimal fraction
(unitless).
Moreover, to evaluate the effectiveness of fire protection, a flammability test
using a slightly modified version of the “French method” was applied [Lutomski
2002]. Similar methods are commonly used in scientific research and industry
[Peterson 2006; Taghiyari 2012; Grześkowiak et al. 2016; Soltani et al. 2016].
Samples of plywood with a moisture content of 6% were placed on a tripod at
45°. A spirit burner filled with ethanol, with a cotton wick and flame about 3 cm
high, was placed centrally under the sample. The flame temperature was 600°C.
The time of the test was 2 minutes, during which the time of ignition of the
plywood surface was recorded. Ignition time was measured from the moment the
specimens were exposed to fire. The top of the flame was in direct contact with
the surface of the plywood and burned during the whole test. To determine mass
loss, samples were weighed again when they stopped glowing. Based on the
difference in the weights before and after the test, weight loss (WL) was
calculated:
W b −W a
WL=
⋅100 
Wb
where: Wb is the mass before the test, g
Wa is the mass after the test, g
After cooling of the samples, the carbon layer was removed and the burned area
was measured with a planimeter. The effectiveness of fire protection was
determined by calculating the coefficient Z [Grześkowiak et. al. 2016]:
P
Z = z ⋅100 
Pk
where: Pk is the burned surface area of control samples, cm2
Pz is the burned surface area of impregnated samples, cm2
Assessment of protection quality was made based on values of the coefficient Z
as follows: >75% – poor protection, 50-74% – average protection, <50% – good
protection.
The modulus of rigidity (MOR) and modulus of elasticity (MOE) were
tested according to the EN 310 standard along and across the direction of the
wood fibers.
Bonding quality was assessed by means of a shear test (fv) according to
EN 314-1. UF resin plywood samples were tested both dry and following
treatment in water at a temperature of 20°C for 24 h (according to section 5.1.1
of EN 314-1). PF resin samples were tested after water immersion at 20°C for
24 h (section 5.1.1 of EN 314-1) and boiling in water for 4 h, followed by drying
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in a laboratory oven at 60°C for 18 h, re-boiling in water for 4 h and cooling in
water at 20°C for 1 h (according to section 5.1.3 of EN 314-2 for exterior
plywood).

Results and discussion
The outcomes of absorption for treated plywood samples are shown in table 3. It
was found that the concentration of the fire retardant solution has a significant
effect on the absorption values. During soaking in 30% impregnation solution,
the veneers absorb two times more fire retardant than in case of 20% solution .
Table 3. Absorption of fire retardant
Parameter

20PF

30PF

30UF

Absorption [kg/m3]

18.71
1.84*

36.33
3.02

38.38
2.53

*Standard deviation.

Results of the investigation of the effect of veneer impregnation on the fire
protection properties of plywood are given in table 4. In the case of plywood
with both PF and UF resin, the flammable properties were improved by the
applied protection method.
Table 4. Flammable properties of plywood
Parameter

0PF

20PF

30PF

0UF

30UF

Mass loss [%]

11.20
0.85*
4
0.5
91.58
2.42
–

6.23
0.32
11
1.7
45.53
2.23
49.71

4.39
0.43
11
1.0
45.48
3.14
49.66

10.51
0.44
6
0.8
90.15
7.90
–

3.91
0.48
13
0.8
42.05
1.13
46.64

Time of ignition [s]
Burned area [cm2]
Coefficient Z
*Standard deviation.

As indicated by the data in table 4, a reduction of mass loss was achieved in
each of the tested variants. The best results were obtained with UF resin
plywood, where the difference between the protected and non-protected samples
was 63%. A slightly smaller reduction in mass loss was observed in the case of
plywood with PF resin. The studies confirmed the finding that lowering the
concentration of the aqueous impregnate solution has a negative effect on the
quality of protection of wood-based materials [Wang et al. 2014].
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The time of ignition, namely the time measured from the start of combustion
to the time of sustained burning [Craft et al. 2008], is a parameter that to a large
degree determines the effectiveness of fire protection. As expected, in the case of
the protected samples, the ignition time was much longer than for the control
samples (table 4). The longest ignition time was recorded in the case of plywood
glued with UF resin, for which the time increased by 117% compared with the
control sample. Although a slightly shorter ignition time was observed for PF
resin plywood, it increased by as much as 175% compared with the unprotected
samples. Unlike in the case of mass loss, lowering the fire retardant
concentration had no negative impact on the recorded time of ignition.
Measurements of burned area showed that the least surface damage during
combustion was sustained by the protected plywood with UF resin. A slightly
larger burned area was measured for plywood with PF resin. However, in both
cases the ratio of this area to the whole surface of the sample was improved by
about 20%.
In the case of plywood with both UF and PF resin, impregnation had
a negative impact on the bonding quality, evaluated on the basis of values of the
shear strength (fv) of the plywood (fig. 1).

Shear strength [N ·mm-2 ]

3
c

2 .5

c
b

2

b

1 .5
1

Resin
Resin

PF
UF

F(2, 54)=35.639, p=.00000

0 .5

a

a

0
-0 .5
0

20

30

Amount

Fig. 1. Shear strength (fv) of plywood

The tests revealed that in case of plywood made of unprotected veneers, the
type of resin did not affect the results for shear strength. Samples with UF resin
were tested dry and after soaking in water at (20 ±3)°C. Based on the results of
the dry tests, it was found that bonding quality decreased by 22% compared with
the control samples. The largest decrease in bonding quality was recorded for
samples with UF resin soaked in water, and was as high as 89%. The shear
strength of plywood with PF resin was also lowered after soaking, but
irrespective of the concentration of the impregnating solution, the decrease was
only approximately 21%. Waterproof plywood samples, as required by the
EN 314-2 standard, were also tested after double boiling. As a result of this
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treatment, shear strength decreased by 48% and 19% respectively for 30% and
20% fire retardant concentration. It was found that the magnitude of the
difference between results for the two fire retardant concentrations was not
statistically significant. Despite the decrease in bonding quality, the shear
strength of all plywood samples, except the wet samples with UF resin, retained
good values exceeding 1 N/mm2. The large decrease in the case of samples with
UF resin tested wet was most likely caused by the pH of the fire retardant. Use
of an alkaline impregnating agent impairs the process of UF resin condensation
and hence leads to a significant decrease in shear strength [Zenkteler 1996].
Results of investigations concerning the effect of veneer impregnation on the
modulus of rigidity and modulus of elasticity of plywood are given in table 5.
Tests were performed both along (||) and across (⊥) the wood fibers.
Table 5. Modulus of elasticity (MOE) and modulus of rigidity (MOR) of plywood
MOE [N·mm-2]

Variant
0PF
20PF
30PF
0UF
20UF
30UF

MOR [N·mm-2]

||

⊥

||

14031
1275*
16271
2034
14769
2504
14378
2324
13820
2289
13877
2379

1060
180
1389
142
1340
183
1397
110
1201
124
1130
147

133.43
13.99
157.29
25.91
134.03
17.74
149.52
21.59
133.30
18.91
112.41
16.50

*Standard deviation.

The best results were obtained for PF resin plywood impregnated with 20%
fire retardant solution. Bending strength was increased compared with the
control samples by 18% along the fibers and 37% across the fibers. Similar
findings were made for modulus of elasticity, which increased by 16% along and
by 31% across the fibers (table 5). Moreover, impregnation of the veneer of PF
resin plywood with 30% fire retardant solution also led to satisfactory results,
especially for the properties determined across the fibers. In turn, the
impregnation of veneers glued with UF resin seems to have a slight negative
impact on the properties of the plywood. However, ANOVA statistical analysis
(table 6) did not indicate an unequivocally negative impact of impregnation on
the mechanical properties (MOR and MOE). The data in table 6 show that in the
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case of samples with UF resin, impregnation did not cause significant changes in
these properties.
Table 6. Analysis of variance
MOR ||
MS=335.89
df=60

MOR ⊥
MS=19.077
df=54

MOR
MS=185.82
df=114

MOE ||
MS=3734E3
df=60

MOE ⊥
MS=20518
df=54

MOE
MS=1975E3
df=114

0PF

A,B

A,B

B

A,B

A

B

20PF

C

C

C

B

B,C

B,C

30PF
0UF

A,B
B,C

B,C
A

B
B,C

A,B
A,B

B,C
C

C
B,C

20UF
30UF

A,B
A

A
A

B
A

A
A,B

A,B
A

B
A

A,B,C – homogeneous groups.

Conclusions
The results of the tests show that the impregnation of birch veneers with fire
retardant based on potassium carbonate and urea significantly improved the
flammable properties of the plywood, including mass loss, burned area and time
of ignition.
Impregnation of the veneers had a negative impact on the bonding quality of
the protected plywood. However, it was found that the shear strength of all
plywood samples, except the wet samples with UF resin, retained good values
exceeding 1 N/mm2.
Veneer protection with the tested fire retardant does not affect the modulus
of rigidity or modulus of elasticity of plywood with PF resin. Impregnation
causes a slight decrease in these properties for plywood with UF resin, but
statistical analysis shows that these changes are not significant.
The applied fire retardant enables the manufacture of water-resistant
plywood (glued with phenolic resin) with improved fire protection and good
mechanical properties.
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A METHODOLOGY AND PROCESSES FOR ASSESSMENT
OF THE COMPLIANCE OF EXISTING WOOD-BASED
PANEL PRODUCTION PLANTS WITH BAT
REQUIREMENTS

All producers of wood-based materials should know to what extent their facility is
in compliance with BAT (Best Available Techniques) requirements (Reference
Document for the Production of Wood-based Panels, 2016). This paper presents a
methodology with optimized procedures to evaluate the compliance of a facility
with BAT requirements, verified using the example of an existing wood-based
panel production plant. Model production of particleboard consumes 500,000
tonnes of wood (actual weight – LUTRO) annually; the largest shares are those of
coniferous pulpwood with nearly 150,000 tonnes, sawdust with around 110,000
tonnes, and others. Approximately 400,000 m3 of raw particleboard is produced
per year, of which about half is laminated. The company manufactures annually
almost 22 million m2 of impregnated foil. There are 34 points at the plant where
air emissions occur. During particleboard production, 27 types of hazardous
waste and nine kinds of other waste are generated. The article is a brief overview
of the subject matter and the results of research. The methodology comprises a set
of theoretical analyses, results of controls on site, analyses and measurements,
which are processed in 16 steps. In this article, we report the results of
comparisons of the parameters of the monitored plant with the parameters of the
best available technology. In the processes of production, drying and shredding of
chips, the critical locations, or most demanding in terms of meeting the BAT
requirements, are sawdust storage or sawdust handling, and the chip dryer. The
drying of chips is the main source of air pollution and a potential source of odour.
A wet electrostatic precipitator was implemented to minimize emissions from the
dryer. Authorized emission measurement indicates an average PM value of
3.57 mg/m3 (with 17% O2), against a current emission limit of 20 mg/m 3. The
result of authorized measurement of TOC is 49 mg/m 3, while the current emission
limit is 300 mg/m3. The real values of the formaldehyde concentration
measurements are low, below 0.76 mg/m 3. The current emission limit for the sum
of concentrations of formaldehyde, acetaldehyde, phenol and formic acid is
25 mg/m3. Thorough environmental management analysis of the compliance of the
existing particleboard production plant has a positive impact on several
Emília HRONCOVÁ (emilia.hroncova@gmail.com), Juraj LADOMERSKÝ (jladomersky@yahoo.
co.uk), European Science and Research Institute, Zvolen, Slovakia; Anna BOHERS
(anna.bohers@umb.sk), Matej Bel University – Faculty of Natural Sciences, Banská
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environmental and economic solutions. Moreover, a series of measures and
communication with competent environmental protection authorities are
proposed.
Keywords: particleboard production, IPPC, BAT requirements, assessment,
environmental management

Introduction
Research in the area of production of wood-based materials is concentrated
particularly on expanding non-traditional raw materials based on biomass
[Lykidis et al. 2014; Gűler et al. 2016; Wang et al. 2016; Klímek et al. 2017] and
on new types of adhesives [Moubarik et al. 2013; Paiva et al. 2014; Esteves et al.
2015]. Large-capacity production of wood-based materials is subject to ever
stricter requirements in terms of environmental protection and optimal use of
raw materials [Directive 2010/75/EU 2010; Saravia-Cortez et al. 2013; Garcia
and Freire 2014; Kim and Song 2014]. Emission limits are becoming stricter and
effective solutions are required for reducing fugitive emissions and odours.
There is constant interest in the issue of formaldehyde emissions from wood
materials and their production [Frąckowiak et al. 2014; Akyüz et al. 2017].
Research is being carried out with a focus on the production and lifecycle of
particleboards [Silva et al. 2014; Iritani et al. 2015; Nakano et al. 2017]. Energy
optimization of this production process is also very important [Knauf 2015].
In recent years the greatest innovative changes have been made by
manufacturers of wood products, mainly producers of wood-based panels
[Szostak and Ratajczak 2009]. It is now necessary to for these activities to be
synchronized with the new requirements of the IPPC Directive and EIA.
Act no. 39/2013 of the Slovak Republic on integrated pollution prevention
and control (IPPC) incorporated Directive 2010/75/EU of the European
parliament and of the Council of 24 November 2010 on industrial emissions
(integrated pollution prevention and control) into the Slovak legal system [Act
no. 39/2013 SR] and EIA [Act no. 24/2006 SR]. All producers of wood-based
materials with threshold capacity > 600 m3/day ought to be aware to what extent
their facility is in compliance with Best Available Techniques (BAT)
requirements. In Slovakia there are two producers of particleboard with
a production capacity exceeding this threshold.
It was necessary to create a methodology to assess the compliance of the
sites with the requirements of the reference document for wood-based material
production [Stubdrup et al. 2016] and the conclusions of BAT [2015] “BAT
Reference Document for the Production of Wood-based Panels” and to
implement it in actual operations. This is the principal aim of our article.
A subsidiary goal is to propose further technical and environmental management
techniques to increase the environmental quality of particleboard production.
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Research methodology
The methodology consists of a set of theoretical analyses, results of controls on
site, and analyses and measurements:
1st Step Detailed analysis of current state of production of particleboard and
related operations – material and energy balance.
nd
2 Step Identification of critical points in terms of possible environmental
impacts.
3rd Step Introduction or internal control of environmental management
system.
th
4 Step Preparation of environmental impact reports.
5th Step Preparation of baseline report before starting operation of an
installation or before a permit for an installation, to document the
current state of contamination of soil and groundwater.
th
6 Step Measurement of concentration and mass flows of pollutants in all
chimneys and air outlets.
7th Step Measurement or expert estimates of fugitive emissions.
8th Step Production of an emission study based on results of measurements.
9th Step Production of emission studies of diffuse emissions.
10th Step Preparation of technical and organizational measures to protect the
environment.
th
11 Step Measurement of concentrations and mass flows of pollutants released
into water courses.
12th Step Preparation of a study of water pollution.
13th Step Preparation of a noise study.
14th Step Measurements relating to hygiene of the working environment.
15th Step Preparation of a health study.
16th Step Preparation of an application for a permit to implement IPPC in
accordance with Act 39/2013 of the Slovak Republic on IPPC.
Generally, for the preliminary study, technical measurements will be
sufficient. Only authorized measurements by accredited measuring groups are
permitted for official procedures involving the atmospheric protection
authorities. For the measurement of emissions, first of all EN standards, or in
their absence ISO standards or national standards, are used. Similarly, authorized
measurements are required by the water protection authorities and for other
purposes. Individual studies are prepared by competent persons entered in the
registers of the Ministry of the Environment, the Ministry of Transport or the
Ministry of Health.
All of this documentation is sufficient for the requirements of Directive
2010/75/EU to be fully addressed, particularly Articles 11-13, and for the
competent authorities to process the permit conditions (Article 14).
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Brief description of particleboard production operations
The technical process of production of raw particleboards begins with storing of
the input raw materials, and continues with the production, drying and sorting of
chips, and storing of dried, sorted particles, with transport between operations
performed mechanically and using air. This is followed by the preparation of
adhesive mixtures, and application of adhesive mixtures and other chemicals to
the chips. In the main production hall, operations are performed on the shaping
line, press, finishing line, intermediate store, grinding line, formatting line and
packing line. Operations include the surface treatment of the raw particleboard
by lamination, for which laminated paper – paper impregnated with special
bitumen resin – is prepared at the facility.
Particleboard production consumes 500,000 tonnes of wood (actual weight –
LUTRO) annually, the largest shares being those of coniferous pulpwood with
nearly 150,000 tonnes, sawdust with around 110,000 tonnes, and then cuttings,
chips, and hardwood and softwood fibres. In addition, there are almost 40 types
of adhesives, auxiliary materials and other substances, each type with an annual
consumption of at least 1 tonne. Approximately 400,000 m 3 of raw particleboard
is produced per year, of which about one half is laminated. The company
manufactures annually almost 22 million m2 of impregnated foils.
Use of fuel and electrical energy is as follows:
• Motor diesel 290,000 l per year;
• Natural gas for the chip dryer – max. gas consumption 5000 m 3/h;
• Wood energy recovered in the dryer – max. consumption of wood dust
7500 kg/h, average consumption 4100 kg/h;
• Heat purchased (for production of impregnated paper, bonded boards
and heating) – max. heat consumption 12 GJ/h, average daily
consumption ca. 140 GJ/day.
Almost 10,000 m3 of drinking water and more than 90,000 m 3 of utility
water is consumed per year.
There are 34 points at the plant where air emissions occur, and all locations
have been officially measured by an authorized measuring group. Wastewater is
cleaned by means of a mechanical-biological wastewater treatment system.
In producing particleboards, 27 types of hazardous waste and nine kinds of
other waste are generated. The total amount of waste produced is more than
900 tonnes per year, of which hazardous waste represents up to 315 tonnes per
year. Removal of hazardous waste is provided by an authorized external
company.

A methodology and processes for assessment of the compliance of existing wood-based panel...

121

Results and discussion
Identification of critical locations regarding possible impacts on the
environment
In the process of production, drying and chipping, there are two critical locations
– the sawdust store, or sawdust handling generally, and the chip dryer. Similar to
the sawdust store, the chip store is located in the open, but given the dimensions
and humidity, chip storage is not a source of particulate matter surface
emissions. The other equipment is in closed halls or otherwise covered to avoid
the creation of other sources of air pollution. Dried chips are stored in a concrete
silo. The drying of chips is the main source of air pollution and a potential
source of odour.
Under Article 22 paragraph 2 of Directive 2010/75/EU of the European
Parliament and Council, “Where the activity involves the use, production or
release of relevant hazardous substances and having regard to the possibility of
soil and groundwater contamination at the site of the installation, the operator
shall prepare and submit to the competent authority a baseline report before
starting operation of an installation or before a permit for an installation.” The
baseline report should contain the information necessary to determine the state
of soil and groundwater contamination so as to make a quantified comparison
with the state upon definitive cessation of activities provided for under
paragraph 3.
The baseline report should contain at least the following information:
(a) information on the present use and, where available, on past uses of the site;
(b) where available, existing information on soil and groundwater
measurements that reflect the state at the time the report is drawn up or,
alternatively, new soil and groundwater measurements having regard to the
possibility of soil and groundwater contamination by those hazardous
substances to be used, produced or released by the installation concerned.
For the purposes of preparing a baseline report, a geological survey was
carried out. The geological survey was performed in accordance with Act no.
569/2007 on geological works, taking into account the possibilities of taking
samples from built industrial land (buildings, roads, sewers, utilities, etc.).
Samples were taken and analysis performed on soil, and ground water was also
sampled.
The results of analysis of groundwater showed that the water is not
contaminated and no active measures are needed for remediation. The
concentration of phenols is max. 12 µg/l, the concentration of crude oil
substances (NEL-IR) is max. 70 µg/l, the concentration of ammoniacal nitrogen
is max. 40 µg/l, and the concentration of formaldehyde is around 50 µg/l.
The soil has a neutral to slightly alkaline pH, but does not show signs of
ammonia contamination, the formaldehyde concentration is low and the content
of phenolic compounds is negligible.
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Results of analyses, authorized measurements and evaluation of compliance
with BAT requirements
Comparisons of the parameters of the monitored plant with the parameters of the
best available technology are summarized in table 1.
Table 1. Comparison of the parameters of the monitored plant with the parameters
of the best available technology
Monitored area

BAT requirements

Applied solutions and remarks

Results of measurement
stated

As half-hour or daily averages

In compliance

Waste gas from dryer
furnace

Equivalent for dry gas and 11%
reference oxygen

Not applicable in this case. The
combustion chamber is integrated into the
dryer without the possibility of sampling
between the furnace outlet and the inlet to
the dryer

Waste gas from wood
particle dryer

Equivalent for wet gas and 18.5%
reference oxygen

In compliance. Currently for Slovakia
stricter conditions are in force, with the
equivalent for wet gas and 17% reference
oxygen

Waste gas from other
processes

Based on operating conditions

In compliance

Wood particle dryer

Wet electro-static precipitator (WESP)
from the dryer to minimize emissions.
Original quotation from BREF:
“WESPs are useful for reducing wooddust, fine dust (aerosols) and odour in
dryer emissions and also press
emissions, where the emissions have
been cooled and wetted down to a
temperature close to the dew point of
the particulates. Also, formaldehyde and
other organic compounds expressed as
TOC are reduced, to a certain degree”

Implemented

Concentration of particulate matter
3-40 mg/m3 (when using WESP
concentration should be around the
lower boundary)

In compliance. Authorized emission
measurement – average value 3.57 mg/m3
(with 17% O2). The current emission limit
is 20 mg/m3

Concentration of TOC 5–100 mg/m3 (for In compliance. The raw material is mostly
raw materials with a high natural content coniferous with a high content of terpenes.
Results of authorized measurements are
of terpenes concentrations are at the
upper boundary)
49 mg/m3. The current emission limit is
300 mg/m3
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Applied solutions and remarks

Under the laws on air protection in
Emission factor of formaldehyde 0.2–0.5
Slovakia, concentrations are measured, not
kg/m3 of boards produced
emission factors. The real values of the
concentration measurements are low, below
0.76 mg/m3 The calculated emission factor
is around 0.35 kg/m3 of boards produced.
The current emission limit for the sum of
concentrations of formaldehyde,
acetaldehyde, phenol and formic acid is
25 mg/m3
In compliance. Combustion process
Concentration of NOx 120-300 mg/m3
optimized with respect to the assessment of
(for directly heated dryers)
nitrogen oxide formation [Rimár et al.
2016]. Authorized emissions measurement
at the lower boundary of 145 mg/m3. The
WESP is found to cause a moderate increase
in the concentration of nitrogen oxides,
since the real value when the WESP was
switched off was 63 mg/m3. The current
emission limit is 650 mg/m3
Concentration of CO not stated in BREF In accordance with the national emission
limit – the current emission limit is
250 mg/m3
Partial recirculation of waste gas from
the dryer to the mixing chamber

Implemented.

Waste gas from
Application of efficient particulate matter In accordance with requirements – in all
mechanical processing emission separators (fabric filters, high cases of separation of dry wood particles,
and transport of
BAT-compliant material filters are used
performance cyclones, cyclofilters)
disintegrated wood
Concentration of particulate matter
Real values 0.4-2.8 mg/m3, in the case of
material and formatting
3
a single air outlet the concentration is
2-5
mg/m
of mat
5.56 mg/m3. The current emission limit is
50 mg/m3; in the case of grinding boards the
emission limit is 10 mg/m3
Emissions from the press

Based on operating conditions.
Concentration of particulate matter
3-10 mg/m3

Not applicable in this case – waste gas from
the press is not discharged into the
atmosphere but is introduced into the
absorber and then into the chimney stack.
The same applies to TOC and formaldehyde

Emissions from
impregnation of paper

Use of low-formaldehyde resin

Resins with low content of formaldehyde
are used, ensuring the highest emission
quality (E1) for laminated particleboard
products

Concentration of formaldehyde from
adhesive production is not stated in
BREF

Compliant with the national emission limit
– the current limit is 20 mg/m3
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Monitored area

BAT requirements

Applied solutions and remarks

Emissions of TOC from the paper
Solvent-free resins are used, therefore
impregnating line without cleaning of
effective cleaning to provide a TOC
waste gas but with use of a resin with concentration of 10-30 mg/m3 is not required.
low content of VOC, up to 50 mg/m3, to Authorized emission measurements from five
ensure a TOC concentration in waste gas air outlets 0.5-2.8 mg/m3; at one outlet there
of 10-30 mg/m3
was an average value of 6.77 mg/m3. No
specific national emission limit is defined
Effective cleaning to achieve a
The choice of resin means cleaning is not
concentration of formaldehyde ≤5 mg/m3 necessary. This condition is fulfilled, as is
the current emission limit of 20 mg/m3
Fugitive emissions

Effective ventilation of the room
containing the press

Implementation of a working environment
in accordance with health requirements

Regular cleaning of roads and spaces for In accordance with requirements. Managed
storing disintegrated material and means
under the operating rules
of transport
Unloading of sawdust in specially closed Unloading sawdust in a closed area is not
drive-through areas with closed doors.
possible for safety reasons, because air
Original Requirement – Unloading of
with wood dust is highly explosive.
sawdust using covered drive-through Substitute measures implemented – in case
unloading areas with closed doors
of windy weather, spraying with water. We
performed operational measurements of
ultra-fine particles (10–100 nm) and
microparticles (0.1–10 μm) in close
proximity to the unloading of sawdust
(fig. 1) and in the open space of the site.
The results showed that unloading of
sawdust is not a source of excessive
dustiness

Emissions into water

Storage of dusty materials in silos

Dried disintegrated wood is stored in silos

Minimization of dust emissions during
dry and windy weather by sprinkling
open stocks of dusty materials

Applied. The humidification procedure is
performed according to the established
operating rules

Separately collect and treat water from Relatively small production of such water.
Drainage water from roofs and paved
areas where wood raw materials are
stored. Separately collect and dispose of surfaces is discharged into a receiver in
rainwater from the roofs
accordance with the requirements of the
competent authority. The water meets the
requirement for discharge into the receiver
Remove point sources of pollution of
water e.g. installation of roofs over
production areas

Fulfilled. All possible production areas are
in halls or covered

Fulfilled. All storage areas have a concrete
Paved surfaces for storing logs, raw
or asphalt base
materials to reduce the load on cleaning
water
Water treatment from
wet cleaning of waste
gas

Apply sedimentation, decanting or
another method of thickening to remove
solid materials from the system of wet
cleaning of gases

Implemented by the WESP
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Monitored area

BAT requirements

Applied solutions and remarks

Results from measuring
emissions into water

As daily proportional averages

In accordance with legal requirements on
measurements

Do not exceed the
concentration in the
overall collected surface
water released into the
receiver

Non-soluble materials 10-40 mg/l

Condition fulfilled

COD 20-150 mg/l

Condition fulfilled

Handling resins and
additives

Only in defined areas with protection
against leakage

Fulfilled – in production areas

Storing the stated
materials

Protected against leakage

Fulfilled – in production areas

Leakage of materials

Technical solution for capture

Building technical solution – capture baths
and insulated floor

Emissions into soil and
groundwater

Energy efficiency

Waste

Combustion products

Optimize the operation of combustion
All energy equipment is managed and
equipment by monitoring the process and controlled to achieve the highest possible
checking the key parameters of the
efficiency
combustion process
Drain fuels from biomass and sludge

In accordance with the requirement – for
energy purposes, dry wood dust is used.
Sludge is not incinerated

Take advantage of the waste heat of hot
gases from wet scrubbing. Recirculate
hot gases from different processes to the
dryer

In view of the very humid environment,
recuperation would be ineffective, or
technologically very problematic

Reuse own waste wood in production or
A process to do this is designed and
to produce heat
implemented – no biomass is taken out of
the works as waste
Continuously seek possibilities for
recovery

Ash taken out by an authorized
organization which thus far does not have
proper recovery options. Here, further
research is being done to recover this type
of ash from the flue gas of the wood chip
dryer

Fulfilled. Optimally managed process of
Efficient system of combustion which
minimizes the amount of remnants from burning wood particles in the incinerating
furnace of the dryer
combustion

Noise

Safe handling of ash and its transport
and storage. In the preventive
humidification of the ash, use a
secondary water source

Approved system of the authorized
organization

Individually seek effective measures to
reduce noise and prevent transmission
of noise from source to receiver

Research is performed periodically to
detect sources of noise and to insulate
sources of noise [Ladomerský et al. 2010]
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Fig. 1. Emptying of wood chips out of trucks

Proposed measures
To avoid emissions – or if that is impossible, then to limit emissions (gaseous,
liquid and solid) – a list was drawn up of selected technical and organizational
measures for air, water and waste management to reduce emissions (gaseous,
liquid and solid).
Emissions from the production of particleboard are measured periodically in
accordance with the decisions of the relevant government environment office.
For each calendar year, an emission statement is issued and sent to NEIS. To
prevent the generation of waste, or to increase the proportion of waste recovered,
the production company has adopted an internal directive on the separation of
selected components of waste.
In the long-term strategy to improve the running of particleboard production
and related operations, and in the final phase of preparation for IPPC
implementation, all technically feasible and organizational measures were taken
to minimize its negative impacts on the quality of life of residents of the nearby
estate and the environment in general.
A wide range of other measures to minimize emissions to all elements of the
environment has been proposed. An emergency operating plan has been
developed. Once every two to three years, there will be a comprehensive
assessment of the possibility of implementing further measures.

Conclusions
In this article, a methodology for assessment of the compliance of
a particleboard production plant with BAT (Reference Document for the
Production of Wood-based Panels) requirements has been described and proven
in real operations. The entire process of verifying compliance of operations with
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BAT requirements includes 16 steps, and is somewhat lengthy. This procedure
will ensure consistent compliance with the requirements of Directive
2010/75/EU, in particular Articles 11–13, and that the competent authority is
able to process the permit conditions (Article 14).
In the processes of production, drying and shredding of chips, two locations
are critical, or most demanding in terms of meeting the BAT requirements –
sawdust storage or sawdust handling, and the chip dryer. The assessed operation
meets all requirements, often with a large margin relative to emission limits.
Authorized emission measurements indicate an average PM value of 3.57 mg/m 3
(with 17% O2), compared with the current emission limit of 20 mg/m 3. Results
of authorized measurements of TOC are 49 mg/m3, the current emission limit
being 300 mg/m3. The real values of the formaldehyde concentration
measurements are low, below 0.76 mg/m3. The current emission limit for the
sum of concentrations of formaldehyde, acetaldehyde, phenol and formic acid is
25 mg/m3.
As a point of interest, we note that in the authorized measurement of
emissions it was shown that the wet electro-filter moderately increased the
concentration of NOx.
A wide range of further measures were proposed to minimize emissions into
all elements of the environment, in line with the long-term goal of the
environmental management system to continuously improve the operation of
particleboard production and related operations.
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ASSESSMENT OF LOW-COST INTERVENTION
(FOAM RUBBER) AMONG WOOD CARVERS EXPOSED
TO HAND-ARM VIBRATION AND NOISE

Despite having diversified products, some part of Indian handicrafts is still
untapped with lack of awareness about new traditions. This interventional study is
first of its kind to investigate the occupational use of carving hand tool that
contributes to the development of hand-arm vibration (HAV) and noise.
Reductions in HAV were evaluated using low-cost foam rubber as damping
intervention on the tool handle. Sound pressure levels under actual work
conditions were measured. The exposure was monitored from twenty experienced
wood carvers. We used system usability scale as a basis to analyse the usability of
foam rubber on bare handle. The daily vibration exposure indicated reduction by
around 20% when compared to conventional handle. Mean equivalent sound
pressure level (Lex, 8 h) was quite high (93.17 dB (A)), exceeding the exposure
limit. The intervention was effective in curtailing frequency-weighted acceleration
in dominant axes, but, deficient in reducing peak values during the field testing.
The damping intervention showed a positive effect on usability ratings. The other
contribution of the study is to propose the insight to develop a hand tool that
could prevail over HAV to a greater extent. The implementation of hearing
conservation programmes and practice of personal protective equipment’s have
been suggested.
Keywords: wood carving, handicrafts, hand-arm vibration (HAV), noise
exposure, hand tool intervention, ergonomics

Introduction
Depending upon the nature of the work and design of hand tool, handicraft
operatives can be exposed to awkward posture, forceful gripping, high
repetitiveness, and hand-arm vibration (HAV) hazard. These variables are
directly associated with the symptoms of carpal tunnel syndrome [Armstrong
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Malaviya National Institute of Technology
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1983; Mital and Kilbom 1992; HSE 2003a; Atroshi 2009]. This research is
concerned with HAV emanates from the holding of materials against
a mechanical process [HSE 2003b].
HAV health risks due to prolonged use of vibration transmitting hand tools
have a direct association with the vascular and peripheral sensory-neural
disorders. Moreover, it is also associated with the loss in handgrip strength,
vibration white finger (VWF), and carpal tunnel syndrome [NIOSH 1997;
Chetter et al. 1998; Bovenzi et al. 2003; HSE 2003b; Pettersson 2013; Azmir et
al. 2015]. Kihlberg and Hagberg [1997] opined that the upper arm, elbow, and
shoulder were most pretentious regions using low-frequency impact tools
whereas, the wrist symptoms were more prominent using high-frequency impact
tools [Singh et al. 2019]. Collectively, hand vibration propagates from the direct
point of contact of the vibrating surface resulting in HAV exposure symptoms.
In the handicrafts industry, noise exposure from hand-held non-powered and
powered tools is rather common. The average noise exposure permitted is
90 dB(A) for the 8-hour working day and shall not be exposed to noise level
exceeding 115 dB(A) at any time [OSHA; CPCB 1948]. According to the
National Institute of Occupational Safety and Health [NIOSH 1996], the average
noise exposure recommended is 85 dB(A) for the 8 h working day and shall not
be exposed to continuous, varying, intermittent, or impulsive noise exceeding
140 dB(A) at any time. The workers exposed to hand-transmitted vibration and
noise are at higher risk in loss of hearing threshold varies with frequency
[Pettersson et al. 2011; Pettersson 2013].
Indian handicrafts industry possesses around 50% of the national product by
informal sector which makes it the largest producer and exporter in the
international market [NSC 2012]. The export of Indian handicrafts rose
exceptionally to US$ 335 billion in the year 2015-2016 [EPCH 2015a].
According to the provisional data available the exports of handicrafts have
shown an increase of US$ 231.17 million, i.e., the exports increased by 13.5% in
one year [EPCH 2015b].
Apart from blue pottery, leather crafts, hand-knotted carpets, and imitation
jewellery, Rajasthan is also famous for producing wood crafted products. Major
buyers of wooden wares are Australia, Canada, France, and Germany [EPCH
2015a]. The export of wooden wares in 2015-16 was US$ 587.5 million which
were 18.21% of India’s total handicrafts exports [EPCH 2015c]. The woodcraft
sector is vital to the economy and personal livelihoods. The state of Rajasthan is
also widely known for its exotic sandalwood. Wood carving is potentially
famous especially in Jaipur, Bassi, Jodhpur, Pratapgarh, Udaipur and Bikaner
region within the state. Rosewood, teak, sandalwood, and walnut are commonly
used for carving intricate designs. These kinds of wood are used for carving
sculpture, statue, wooden toys, furniture, decorative items, gift items, utility
items, and other home interior decoration structures. It is believed to be of great
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religious importance and therefore religious figures, carved sculptures and
prayer beads are considered sacred in all traditions.
Intricate craftsmanship, lesser innovation and outdated techniques, lack of
infrastructural facilities, and poor working conditions are the major barriers to
effective work performance in this industry. Consequently, make it less
competent to other handicrafts supplying countries [Singh et al. 2017].
Productivity in the area of craft products primarily depends on the handwork
practices involved as the earning depends on manual work. For improving the
productivity, occupational health and safety issues, as well as poor work
practices, need to be addressed [Choobineh et al. 2007; Wani and Jaiswal 2012;
Singh et al. 2018a]. Therefore, we believe these factors somehow linked with the
ergonomic perspective.
Studies carried out in the past have mostly assessed musculoskeletal
disorders (MSDs), working conditions, and physiological factors among the
workers in the handicraft industry [Choobineh et al. 2004a; Gangopadhyay et al.
2010; Ghosh et al. 2010; Chaman et al. 2015; Mrunalini and Logeswari 2016].
Besides these factors, the design of hand tools contributes to building up the
risks of carpal tunnel syndrome (CTS). Design of hand tools developed the
foundation to ease the efforts of the workers, thus resulting in lower MSDs
among them [Choobineh et al. 2004b; Motamedzade et al. 2007].
Mukhopadhyay and Srivastava [2010] investigated the musculoskeletal risk
factor involved blue pottery, handloom and gota patti craft sectors of Jaipur in
India. Ergonomics job analysis methods were used to indicate the immediate
need for hand tool and workstation interventions. Furthermore, the lack of
rationale for the use of the methods to characterize ergonomics challenges
during handicraft work in different informal sectors suggests that the area needs
to be explored. Much research in recent years has focused on muscular and
neurological examinations, palpation, range of motion, muscle strength tests and
visual demand assessments in the imitation jewellery occupation [Untimanon et
al. 2006; De et al. 2012; Salve 2015a; Salve 2015b].
Susanha and Sujitra [2007] in their study pointed out that woodcarving
workers were at risk to occupational health problems that include backache,
asthma, gastric ulcer, eyesight problems, and skin problems. Past studies
suggested that woodworkers are highly prone to respiratory tract problems due
to exposure to wood dust during woodworking causing respiratory symptoms
such as chronic bronchitis, cough, and breathlessness [Scheeper et al. 1995;
Bosan and Okpapi 2004; Soongkhang and Laohasiriwong 2017].
However, major concerns of these studies were only on assessing the
prevalence of occupational health hazards among handicraft operatives.
A literature review indicates that no significant research has carried out so far in
wood carving from occupational vibration and noise exposure perspective,
despite heterogeneous tools used. Wood carving is vibrant since the 17 th century
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and is much more tedious and extremely labour intensive as compared to other
crafting tasks.
There remains a need for assessing exposure to hand-transmitted vibration
and noise among the workers involved in the manufacturing of wooden crafts.
Therefore, we sought useful to take up the issues of the ergonomic study of
workers. The research aimed to determine the transmissibility of HAV and
prevalence of noise exposure to them. In low-income countries, informal sectors
are not willing to use expensive tools, and that makes it challenging to
implement the research interventions to overcome the worker's problems [Singh
and Khan 2014]. This study hypothesizes that relatively low-cost foam rubber
coatings used on the tool handle reduce the hand transmitted vibrations
significantly.

Materials and methods
Task involved in wood carving
During this study, we have investigated the HAV and noise exposure among the
workers involved in wood carving crafts trade. The details of the tasks involved
in this occupations have been discussed. The outlines of the final figure were
first sketched on the wooden block. The woodcarver sits in a squat posture
holding the wooden block and carving it using different types of cutters. Highly
precise works are still done using these tools. They produce quick work by the
ease in tracing the patterns and smooth transition in round edges. As the cutter
head is forced on the wooden block, it carves with the vibration against the
wood. The final polishing was done by forcing the half round and square files
against the semi-finished sculpture. The woodcarvers are exposed to hand
vibration and noise during both the processes. Figure 1a shows some of the
finished carved products. For the HAV measurement, the carving was done to
produce a sculpture on a cylindrically shaped sandalwood block with diameter
3 cm and length 12 cm dimension (fig. 1b).
Participants
The exploratory study was conducted within the urban and rural area of Jaipur
region. The selection of male participants was based on their respective
occupations. A total of 20 male participants, aged between 23 and 46 (mean
33.2; SD 7.2) were randomly selected for the experiment from five workshops of
handicrafts manufacturers. All of them were right hand dominant with no history
of upper extremity disorders and permanent hearing impairment. No participants
underwent audiometric screening during the past and reported no documented
sensorineural hearing loss. These workshops were situated at different locations
in Bagru, and Kalwar regions within Jaipur district. Minimum 3 year of work
experience on the same job was the inclusion criteria for this study. The
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university Institutional Review Board approved all experimental procedures, and
the study received written approval from the workshops prior to their
participation in the study.

Fig. 1. (a) Finished wood carved craft products; (b) Semi-finished work piece
developed in the present study

Table 1 shows the demographic description and general information of
woodcarvers related to work. The description of mean BMI was 22.2 ±1.8
(normal) [WHO 2000]; mean BSA was 1.64 ±0.1 m 2 (normal). The daily hours
spent by the participants was 9.8 ±0.42 hours with rest of 45-60 minutes each
day, and weekly workload was 67.2 ±3.6 hours (7 days working). It was
observed that all the participants were having education below secondary.
Table 1. Demographic statistics and general information of woodcarvers (n=20)
Demographic Characteristics

Mean ±SD

Age of subject (years)

33.2 ±7.2

Weight of subject (Kg)

59.1 ±6.9

Stature of subject (cm)

163.1 ±4.8

2

BMI (Kg/m )
2

22.2 ±1.9

BSA (m )

1.64 ±0.1

Experience (years)

11.1 ±7.1

Daily workload (hour)
Weekly Workload (hour)

9.8 ±0.42
67.2 ±3.6
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Prototype handle
The physical structures of the traditional wood carving tooling arrangement are
shown in figure 2, and their technical characteristics are presented in table 2.
A prototype intervention of carving handle was constructed as per ergonomic
design principles [Lewis and Narayan 1993]. Nitrile Polyvinyl Chloride (NPVC)
foam rubber grip was used on the tool handle as a low-cost solution to prevail
HAV. Besides aesthetic advantages, they also protect the metal from rust,
scratches, vibration, impacts and, cracks [Fellows and Freivalds 1991]. The
shore hardness value (Type A) of NPVC was measured using shore durometer
(flat cone point (0.79 mm) 35° included angle) and found to be 30HA.
Based on the anthropometric measurements from the study of Meena et al.
[2013] on 160 handicraft workers, the 95 th percentile value of handbreadth at
metacarpal was used to calculate the length of the prototype handle [Lewis and
Narayan 1993; Das et al. 2005; Dewangan et al. 2008]. Taking, 0.5 cm clearance
on both sides, the handle length came out to be 10.8 cm. Less than 5th percentile
value of the inside grip diameter was recommended for the better gripping
[Lewis and Narayan 1993; Dewangan et al. 2008]. Therefore, the diameter of the
handle was taken as 3.4 cm. Foam rubber sheet of thickness 1.25 cm was used to
attain the required diameter of the handle. Foam rubber to metal handle bonding
was done using Araldite standard rubber based epoxy adhesive (Resin +
Hardener).

Fig. 2. Physical structure of conventional wood carving tool arrangement. (a)
driving motor and pulley arrangement; (b) carving tool handle; (c) various cutters
used during carving, chisel, tool handles and a wooden work piece; (d) cutters used
for examining HAV during the present study
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Table 2. Technical characteristics of conventional wood carving tools
Parameters

Driving
motor

Tool handle

Cutter 1

Cutter 2

Cutter 3

Cutter 4

Power, kW

1.12

–

–

–

–

–

220-240

–

–

–

–

–

1740-2200

–

2500-3000

2500-3000

Length, cm

–

12

–

–

–

–

Max Diameter,
cm

–

2.5

3

4.2

1.8

1.2

No. of teeth

–

–

17

Material

–

steel

heat treated
steel

Voltage, V
Max speed, min

-1

26

2500-3000 2500-3000

20

15

heat treated heat treated heat treated
steel
steel
steel

Vibration measurement
The hand vibration was measured with a tri-axial accelerometer [PCB
Piezotronics Inc., Depew, NY], model 356A01 (1.0-gram weight, 6.35 mm ×
6.35 × 6.35 mm size, ±1000 g peak shock survival) [PCB Piezotronics Inc.]. The
accelerometers were chosen by the expected vibration magnitude (5 mV/g,
±20%) and frequency range (2 to 8000 Hz, ±5%) during the wood carving in the
normal environmental conditions [ISO 8041:2005]. The raw acceleration output
was collected using sensor signal conditioner/amplifier (model 482C05, PCB
Piezotronics Inc., Depew, NY), NI cDAQ-9171 chassis [NIC manual] and
NI-DAQmx, programmable Data Acquisition Unit, Model No. NI 9234
(4 differential analog input channels, 51.2 kS/s per channel sample rate, ±5 V
measurement range, 24-bit resolution) (National Instruments Corporation,
Austin, TX) [NIC 9234 manual]. The calibration standards and procedures
strictly followed as per the manufacturer’s guidelines. The NI Data Acquisition
Unit and PCB Piezotronics accelerometers have a calibration certificate. Routine
calibration of tri-axial accelerometers and associated instrumentation are done
on an annual basis. These acceleration values were displayed in LabVIEW
software (version 13, National Instruments Corporation, Austin, TX) at a chosen
sampling rate of 1024 samples per channel per second and equivalent vibrations
along x, y and z-direction were calculated.
For the most practical measurements, the accelerometers were firmly
mounted on the back of the dominant hand using double-sided tape. The
accelerometer for the hand positioned x-axis, i.e., the longitudinal axis of the
third metacarpal bone. It was oriented parallel to the sides of the digits. The
y-axis was set perpendicular to the x-axis, and parallel to an imaginary line
passing through the palm in the normal anatomical hand position. The z-axis was
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set perpendicular to the other two axes and directed parallel to the knuckles [ISO
2001] (fig. 3b).
Task assigned for experiment/
procedure for measurement
The procedure defined in IS/ISO 53491:2001 [ISO 2001] was followed to
measure the vibration levels and the
frequency spectra in all the three axes
simultaneously. Each of the subjects
was asked to carve the wooden
specimen using their typical working
posture as they would during normal
work (fig. 3a). The carving was done on
a cylindrically shaped sandalwood
block with diameter 3 cm and length
12 cm dimension (fig. 1b). Four
different types of cutters (fig. 2d) were
used to chipping off extra wood, and
fine details were worked out. Three
readings were taken for each tool, and
each reading was taken of at least 60 s.
The testing sequence for each
participant was randomized. The un-weighted vibration data were collected
for the last 10 s of each testing session.
For the most practical purpose, mean
daily usage for each cutter was taken as
120 minutes for calculating estimated
daily exposure, A(8) value. The daily
vibration exposure depends on the
magnitude of the combined values of
the frequency-weighted acceleration for
Fig. 3. (a) Typical working posture the three axes and the duration of the
during carving the wooden specimen; exposure.
Two tool handles (conventional and
(b) Orientation of accelerometer on
prototype) and four cutters were
workers hand
considered as independent variables for
conducting the experiments. Therefore, eight conditions were formed for each
participant. A total of 160 experimental (8 experiment × 20 subjects) runs were
performed for the response output (HAV), and the corresponding performance
data were collected.
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Crest factor and power in the band were calculated from the acquired
signals. The crest factor defines to the ratio between the crest value (maximum
peak value of the signal during the considered period) and RMS value of the
signal for that period [Dron and Bolaers 2004]. Higher crest factor indicates the
harmful content of vibration and represents high impulsive vibration [Morioka
and Maeda 1998]. Power in band measures the total power within any specified
frequency range or band. The range considered was 8 Hz to 12.5 kHz as the
lower and upper bound of the frequency band.
Usability scores
Modified product usability scale (SUS) [Bangor et al. 2008; Bangor et al. 2009]
was deployed to evaluate the usability of the prototype intervention. It is
a validation tool having a 5-point Likert scale that ranged from Strongly
Disagree to Agree Strongly. The mean SUS score having a scale of 0 to 100, if
tends to 100 implies higher perceived usability. Some researchers have found the
scoring of SUS complicated involving calculation on both positive and negative
statement among the ten questions [Sauro and Lewis 2011]. However, the
inventor himself [Brooke 2013] [46] provided sufficient evidence of its
simplicity and reliability (alpha = 0.91) when doing usability evaluations.
Noise exposure measurement
Wood carving work was performed in small workshops (area: < 300 ft2). The
noise exposure was monitored using a logging noise dosimeter (Noise Pro DLX1 ANSI S1.25-1991, Cole-Parmer Instrument Company, Vernon Hills, IL) with
A-frequency weighing, having an exchange rate of 5 dB (A), criterion level at
90 dB (A), criterion time of 8 h, threshold level at 80 dB (A), resolution of
0.1 dB, and with Fast response rate exponential averager. Calibration was
performed prior to and following each field study using Quest calibrator (3M
Quest QC-10) complying with ANSI S1.40-1984 and IEC 942:1988 Class 1
standards. The 3M Quest field calibrator device was also recalibrated annually
by manufacturer’s service engineer.
Each participant was monitored for 8 effective hours starting from 9 am to
5 pm as the measurement time for this study. In order to avoid the effect of the
variability of the noises that a carver can suffer, the data was recorded during the
work and rest time [Jackson-Oman et al. 1994]. No other tools were used in the
workshop other than carving cutters, and most of the work locations for wood
carving consists of 1-2 employees working at the same time. The microphone
was attached to the dominant hand collar of the monitored worker at a distance
10 and 15 cm from the ear. Indexes such as the equivalent sound pressure level
(Lex, 8 h) and peak sound pressure level (L peak) were measured and further
downloaded into the spreadsheets for further analysis.
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Statistical analysis
Tool handles (conventional and prototype) and cutters were taken as independent
variables, while vibration level, peak value, crest factor and power in band at the
dominant hand were considered the dependent variables. Student’s t-test was
conducted to evaluate the effectiveness of the intervention with the hypothesis
that significant difference in the vibration values, peak values, crest factor and
power in band values in dominant directions before and after the prototype
intervention. These data were analysed using SPSS version 22 for significance at
95 and 99% confidence intervals.

Results and discussion
Acceleration time-history and frequency spectra
This study presents the evidence that the vibration magnitudes may be
influenced by the ergonomic design of the hand tools, albeit to a moderate
degree. It seems higher frequencies (> 100 Hz) of vibration tend to be involved
during wood carving task. Studies reported that the vibration frequencies above
100 Hz are primarily absorbed in hand and wrist [Kihlberg and Hagberg 1997;
Singh et al. 2019]. Moreover, these ranges of frequencies can produce
physiological changes in the vascular system that may cause dysfunction of the
neurovascular system [Krajnak et al. 2010]. Even though, lower frequencies are
also undesirable and should not be discounted [Dale et al. 2011; Singh et al.
2018b]. The elbow, upper arm, and shoulder are prone to be affected by the use
of low-frequency impact tools [Kihlberg and Hagberg 1997].
Vibrations are transmitted to hand from the tool handle. Some of the
vibrations were absorbed by the foam rubber used in prototype handle for the
tool. The frequency profiles were investigated from the data obtained for both
the tool handles, and the peak frequency spectrum (from the FFT computations)
were examined graphically. The peak frequency values for all the cutters except
cutter 4 were dominant in z-direction and minimum in the x-direction in line
with the results obtained for vibration magnitudes. For cutters (1, 2 and 3), the
peak frequency values ranged 95 to 112 Hz in the y-direction, 103 to 125 Hz in
the z-direction and less than 25 Hz for all recordings in x-direction respectively.
For the cutter 4, the frequency ranged 108 to 220 Hz in the y-direction and 110
to 125 Hz in the z-direction. Although, the peak frequency seemed in the range
of 110 to 220 Hz for all recordings in x-direction respectively. The reason could
be due to the fact that cutter 4 was used to carve intricate designs on the
sculpture with different wrist positions.
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Descriptive statistics for vibration levels
Table 3 provides descriptive statistics for RMS frequency un-weighted and
weighted acceleration magnitudes for the back of the dominant hand in x, y and
z-axes corresponding to different combinations of cutters used. The peak and
crest value corresponding to un-weighted acceleration magnitudes were assessed
to document the effect of handle material on them. It was evident that the
magnitude of vibration for prototype handles was reduced and absorbed by the
material used in the prototype handles when compared with the bare handle. The
RMS frequency-weighted acceleration magnitudes recorded in the case of all the
cutters was dominant in the z-direction for both conventional, and prototype
handles. The results indicated that minimum vibrations were found in the
x-direction for the tool handles in each cutter (fig. 4).
A box plot plotted for the comparative study shows that the total value (ahv)
for cutters was found larger for the conventional handle as compared to new
prototype handle developed (fig. 5). The estimated daily exposure, A(8) value,
for the conventional handle was notably larger as compared to permissible limits
(table 4), and the workers were at significant risk of developing the HAVS.
Importantly, A(8) value, for prototypes handle in all cutter combination
(2.4 m/s2) were significantly reduced by 20% compared to conventional handle
(3.0 m/s2).

Fig. 4. The mean values of RMS vibrations (m/s 2) recorded for all cutters at both
conventional and prototype tool handles
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Fig. 5. Box Plot showing RMS value of hand vibration (m/s 2) for all cutters in
conventional and prototype tool handles
Note: The box represent inter-quartile range containing 50% of the total value of RMS
frequency-weighted vibration. The horizontal line inside the box represents the median
value of total value of RMS frequency-weighted vibration. The whiskers indicate the
smallest and largest data values.

Meanwhile, this study presents the evidence of the reduction in vibration
exposure values among the workers in wood carving industries proposing the
insight to develop a better design. This finding is in agreement with the past
studies indicating the effective ergonomic interventions to reduce the vibration
values to a significant level [Edwards and Holt 2006; Dale et al. 2011; Coenen et
al. 2014]. Ko et al. [2011] in their study evaluated the worker's perception in
terms of the exposure to the vibration for several designs of the tool handles.
According to Mallick [2008], a proper selection of the design parameters of the
handles can minimize the HAV. It is also advisable to introduced job rotation to
reduce the exposure time.
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Table 3. Descriptive statistics of vibration analysed data for all the cutters at the
three axes in conventional and prototype tool handles

Tool
handle

Cutter

Cutter
1

Cutter
2
Conventional
Cutter
3

Cutter
4

Cutter
1

Cutter
2
Prototype
Cutter
3

Cutter
4

Axis

RMS
unweighted
acceleration
ah (m/s2)

Peak value

Crest factor

RMS
frequency-weighted
acceleration
ahw (m/s2)

x

5.00 (1.86)

38.24 (14.55)

8.49 (4.18)

0.74 (.20)

y

9.77 (2.95)

77.84 (24.04)

8.18 (2.25)

1.38 (0.33)

z

11.57 (3.34)

107.51 (36.63)

9.54 (2.92)

1.79 (0.44)

x

6.15 (1.62)

46.26 (23.50)

7.48 (3.40)

0.87 (0.21)

y

12.48 (3.08)

92.33 (33.64)

7.37 (1.86)

1.61 (0.45)

z

15.63 (2.73)

94.59 (40.64)

5.97 (2.05)

2.34 (0.36)

x

4.92 (1.80)

40.62 (20.72)

7.82 (2.36)

0.67 (0.21)

y

9.55 (3.39)

78.94 (31.82)

8.32 (2.20)

1.22 (0.29)

z

11.87 (3.77)

101.94 (33.88)

8.78 (2.71)

1.76 (0.53)

x

12.76 (2.37)

124.75 (39.70)

9.95 (3.31)

1.15 (0.14)

y

23.10 (3.13)

205.05 (47.05)

8.89 (1.85)

2.10 (0.29)

z

26.77 (3.15)

205.55 (64.87)

7.64 (2.12)

3.37 (0.40)

x

4.79 (1.93)

33.80 (12.75)

8.32 (5.08)

0.65 (0.22)

y

7.65 (3.17)

62.74 (22.75)

8.83 (3.06)

1.03 (0.35)

z

10.13 (3.64)

89.62 (32.08)

9.22 (2.64)

1.34 (0.42)

x

5.70 (2.04)

40.72 (19.86)

7.71 (4.43)

0.71 (0.25)

y

10.45 (3.53)

65.55 (24.58)

6.43 (2.11)

1.26 (0.38)

z

13.84 (3.52)

79.28 (29.67)

5.92 (2.42)

1.95 (0.28)

x

4.43 (1.69)

33.35 (16.15)

7.33 (2.32)

0.62 (0.20)

y

8.39 (3.18)

63.63 (28.19)

7.63 (1.87)

0.93 (0.31)

z

10.28 (4.03)

91.56 (28.97)

9.39 (2.78)

1.24 (0.32)

x

10.83 (3.08)

104.51 (23.24)

10.08 (2.81)

0.99 (0.27)

y

19.03 (4.40)

158.47 (43.71)

8.62 (2.88)

1.48 (0.34)

z

22.13 (4.62)

174.08 (45.99)

8.14 (2.69)

2.67 (0.58)

Total
value
ahv
(m/s2)

2.38
(0.58)

2.98
(0.57)

2.25
(0.62)

4.13
(0.50)

1.82
(0.56)

2.44
(0.45)

1.68
(0.47)

3.22
(0.67)

Equivalent vibration levels, peak value, crest value and power in band at
hand in z and y-direction
As the acceleration magnitudes for the cutters was dominant in z-direction and
y-direction, the data for vibration transmitted, peak value, crest factor, and
power in band were tested for significance as per ISO 5349-1:2001 for hand-transmitted vibrations (table 5). It was observed that the vibration transmitted at
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the back of the hand was maximum in cutter 4 and minimum in cutter 3 for both
z and y-direction for both types of handles.
Table 4. Total vibration values of three component values for conventional and
prototype tool handles for all cutters and daily vibration exposure A(8)
Tool Handle

Cutter

Total vibration value
(m/s2)

Mean daily usage
(min)

Cutter 1

2.38

120

Cutter 2

2.98

120

Cutter 3

2.25

120

Cutter 4

4.13

120

Cutter 1

1.82

120

Cutter 2

2.44

120

Cutter 3

1.68

120

Cutter 4

3.22

120

Conventional

A(8)

3.0

Prototype

2.4

The result from the t-test indicates that there was a significant drop
(p < 0.01) in RMS frequency-weighted acceleration magnitudes and power in
band for both z and y-axes while using prototype handles. Interestingly, the peak
values for cutter 4 (significant, p < 0.05) and cutter 2 (marginal, p < 0.05) in
y-direction were reduced by applying the foam rubber coating to the bare handle.
However, surprisingly, no significant difference was found in peak values, and
crest factor in both z and y-direction in most of the cases for conventional and
prototype tool handles.
The material used for reducing the vibration, i.e., NPVC foam rubber
showed promising results in curtailing frequency-weighted acceleration in
dominant axes, but surprisingly, was deficient in reducing peak values incurred
during wood carving. Therefore, it is advisable to explore materials that may
bring down the peak values and in turn crest factor to reduce the harmful
impulsiveness. Nonetheless, on the basis of transmitted vibration from tool to
hand, it could be concluded that the coating certainly curtailed the vibration
magnitudes to an extent but fail to reduce the impact during the process. A low-cost solution was recommended in the present research.
In agreement with the vibration transmissibility, a positive effect of the foam
rubber coating on handles was also found on the usability rating. The mean SUS
score for the conventional and prototype handle were 52.50 (ranging from 38 to
60.5) and 77.25 (ranging from 61.5 to 90.5). Probably it is due to the reason that
the workers at the palm contact felt the lower magnitude of vibration.
Additionally, the diameter of the handle and softness along the handle provided
greater comfort. The finding suggests and has an interpretation that this

*(p < 0.05).
**(p < 0.01).

z

y

p value

crest factor

peak value

p value

Conventional Prototype

Conventional Prototype

p value
1.359223 0.002**
(0.438566)
1.598556 0.000**
(0.509515)
1.177133 0.000**
(0.442873)
2.642368 0.000**
(0.576326)
2.279290 0.002**
(0.881971)
3.184329 0.000**
(0.805726)
1.918146 0.000**
(0.676399)
6.020380 0.000**
(1.840483)

power in band

Conventional Prototype

Cutter 1 1.38 (0.33) 1.03 (0.35) 0.000** 77.84(24.04) 62.74 (22.75) 0.166 8.18 (2.25) 8.83 (3.06) 0.593 1.956072
(0.730379)
Cutter 2 1.61 (0.45) 1.26 (0.38) 0.002** 92.33(33.64) 65.55(24.58) 0.057 7.37 (1.86) 6.43 (2.11) 0.302 2.119281
(0.638541)
Cutter 3 1.22 (0.29) 0.93 (0.31) 0.000** 78.94(31.82) 63.63(28.19) 0.270 8.32 (2.20) 7.63 (1.87) 0.463 1.612495
(0.475075)
Cutter 4 2.10 (0.29) 1.48 (0.34) 0.000** 205.05(47.05)158.47 (43.71) 0.034* 8.89 (1.85) 8.62 (2.88) 0.809 3.667020
(0.806381)
Cutter 1 1.79 (0.44) 1.34 (0.42) 0.000** 107.51(36.63) 89.62(32.08) 0.261 9.54 (2.92) 9.22 (2.64) 0.799 3.406743
(1.404685)
Cutter 2 2.34 (0.36) 1.95 (0.28) 0.000** 94.59(40.64) 79.28(29.67) 0.349 5.97 (2.05) 5.92 (2.42) 0.960 4.880307
(1.106574)
Cutter 3 1.76 (0.53) 1.24 (0.32) 0.000** 101.94(33.88) 91.56(28.97) 0.471 8.78 (2.71) 9.39 (2.78) 0.622 3.006541
(1.204759)
Cutter 4 3.37 (0.40) 2.67 (0.58) 0.001** 205.55(64.87)174.08(45.99) 0.227 7.64 (2.12) 8.14 (2.69) 0.646 8.693340
(1.854312)

Tool Conventional Prototype
handle
Axis
cutter r.m.s. frequency-weightedp value
type acceleration, a hwy (m/s2)

Table 5. Vibration transmitted, peak value, crest factor and power density in the dominant directions
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prototype handle is easy to use and compatible to hand size since it provided
higher usability scores. The higher SUS score has an interpretation that the
usability of the product is generally acceptable [Bangor et al. 2008; Bangor et al.
2009]. Therefore, in terms of usability, the handles for the prototypes seem to be
better than the conventional tools with bare handles.
Equivalent sound pressure levels and dose assessment
The experimental workers were exposed to a high dose of noise level that
exceeds the permissible limits of daily equivalent A-weighted level for an 8-hour
period. Results of the noise measurements reveal that equivalent sound pressure
level (Lex, 8h), and peak sound pressure level (Lpeak) under study ranged from
89.6 dB(A) to 98.8 dB(A) (mean 93.17 dB(A)) and 98.2 dB(A) to 115.8 dB(A)
(mean 108.27 dB(A)). Evidence showed that the sound pressure level within the
work environment was quite high (exceeding the maximum exposure limit of
90dB (A)) [CPCB 1948] and potentially harmful to the health of the workers. All
the workers suffered noise exposure above NIOSH recommended limit of
85 dB(A). Two out of twenty workers were exposed to noise level exceeding
115 dB(A) Lpeak at any time, not complying with the current regulation.
Further longitudinal work is needed to explore the ergonomic designs of
carving hand tool interventions that are adjustable in terms of the anthropometric
dimensions, i.e., fit for 5th to 95th percentile of the workers. It is advisable to
carry out studies to unravel the specific materials for handles that may reduce the
vibration magnitudes, peak and crest level to a greater extent. Application of
wooden handles may further reduce vibration level at the surface of handle due
to damping properties of wood [Singh and Khan 2014; Singh et al. 2018b].
Solutions for curtailing sound pressure level within the acceptable limits should
be taken on an immediate basis. Perhaps, it leads to effective sustainability and
the improvement in the quality of work life among the workers.
This is the first empirical study of its kind to investigate the prevalence of
noise level among the group of wood carvers in India. The approach should be
considered in light of several limitations that should be acknowledged. Though,
sound pressure level was extensively high during the daily work. The Indian
industries should be encouraged to implement hearing conservation
programmes, and the workers should be motivated to use personal protective
equipment’s (PPE) [Singh et al. 2009; Singh et al. 2013; Singh 2018]. The shift
in hearing threshold was not considered in the present analysis. The loss in the
hearing abilities has been positively associated with the HAV and the intensity
and duration of noise exposure [Pyykkö et al. 1987; Pettersson et al. 2011;
Pettersson 2013]. Moreover, it must be borne in mind that small sample size,
control of grip and feed forces limits the ability to make statistical inferences and
generalizations about the results. However, this study reflects a drop in vibration
level for each cutter used in handle intervention. The repetition of hand
movements and postural positions for a prolonged period can be considerable
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factors in imposing discomfort. Postural assessment and estimation of permanent
threshold shift (PTS) in woodcraft workers is the future scope of the study.

Conclusions
Based on the results, it is evident that the workers are significantly influenced by
the use of improperly designed hand tools. Therefore, it is necessary for the
contractors in the informal sectors to take responsibility for occupational health
and safety of the craftsmen. The crux of the study indicates that conventional
work practices were promptly associated with hand-transmitted vibration. It is
preferable to use foam rubber coating on tool handles as a temporary low-cost
solution as it was damping vibrations effectively. The research also points
a higher propensity of noise exposure (as per IS 7194:1994 standards) among the
wood carvers.
This study demonstrates the potential risk factors and further research is
hence needed to explore the better ergonomic interventions to curtail the peak
values and harmful impulsiveness. It must be borne in mind that this study was
only conducted on a small exposed group of wood carvers. No generalized
conclusion could be drawn for using the prototype tools before further studies,
but a positive sign of the test response was directed towards the insight to
develop a better design. We have considered equal exposure time (120 min) for
each cutter, thereby limiting the A(8) value. The mean daily usage for each cutter
may vary as per the sculpture size and shape which is the limitation of this study.
It should be noted though; the daily exposure may increase or decrease with
relatively longer or shorter duration of individual cutters.
The research also points that further longitudinal work is needed to explore
shift in hearing threshold in the carving occupation. Future directions include
assessment of loss in hearing threshold due to the occupational use of carving
hand tools, implementation of hearing conservation programmes and practice of
personal protective equipment’s.
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WALNUT SHELLS AS A FILLER FOR POLYMERIC
MATERIALS

This work presents selected properties of polypropylene-based (PP) composites
modified with an organic filler, namely walnut shells (NUT). Two series of
composites were prepared via a twin-screw extrusion process, followed by
injection molding. The first series, named PP/NUT, contained 10, 20 and 40 wt%
of walnut shell powder, while the second, abbreviated PP/NUT/MAPP, apart from
nut filler included polypropylene-graft-maleic anhydride (MAPP), which was
intended to promote adhesion between the polymer and filler. The following
measuring techniques were applied: differential scanning calorimetry,
thermogravimetry, dynamic-mechanical thermal analysis, and scanning electron
microscopy. The measurements showed the filler to have a significant influence on
the properties of the PP/NUT composites in comparison with unmodified
polypropylene. It was also shown that the addition of polypropylene-graft-maleic
anhydride to the formulation enhanced interfacial bonding between the polymeric
matrix and filler. Moreover, the introduction of organic filler to the polymeric
matrix increased its stiffness without altering the crystallization kinetics of
polypropylene.
Keywords:

composite, walnut shells, polypropylene

Introduction
As environmental awareness increases, there is growing interest in developing
materials with natural fillers as desirable reinforcements for composites
[Wambua et al. 2003; Malkapuram et al. 2008; Paul et al. 2008; El Achaby et al.
2012; Essabir et al. 2013]. This interest is stimulated by a combination of several
benefits of these fillers, including low cost, light weight, non-toxicity, longer life
for tooling especially with high shearing stresses, limited abrasiveness during
processing, and improved possibilities of recycling when compared with
conventionally used inorganic fillers [Essabir et al. 2013; El-Sabbagh 2014; Bula
and Knitter 2016; Salasinska et al. 2016]. Despite their many advantages, natural
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reinforced materials still suffer from numerous issues that slow down their
implementation on the market. The most common of these are limited
processing temperature range [Błędzki et al. 2002; Bogoeva-Gaceva et al. 2007],
hydrophilicity of natural fillers [Saheb and Jog 1999; Van de Velde and Kiekens
2002; Panthapulakkal and Sain 2007], bacterial degradation [Dixita 2014],
dimensional instabilities due to water absorption [Espert et al. 2004; Taha and
Ziegmann 2006] and processing difficulties [Moran et al. 2007]. However, the
greatest challenge is the different natures of the hydrophobic matrix and
hydrophilic filler. To overcome this issue, various methods of compatibilization
are applied. In the case of PP-based composites, the most frequently used
method is the addition of maleic anhydride grafted polypropylene (MAPP) [Lu
et al. 2000; Beckermann and Pickering 2008]. MAPP consists of long polymer
chains with maleic anhydride functional groups attached. It links the non-polar
polypropylene matrix and the polar lignocellulosic filler through interaction with
the organic hydrogen groups available on the surface, which then adhere to the
matrix by linking molecular chains.
Solid lignocellulosic residues of plants, such as walnut shells (Juglans
regia L.), fulfil the conditions to serve as sustainable reinforcements for
polymeric composites [Pirayesh et al. 2012; Dobrzyńska-Mizera and Barczewski
2014]. Their chemical composition includes hemicellulose (holocellulose),
 cellulose and lignin. As evidenced in the literature [Nemli et al. 2009; Pirayesh
et al. 2012] each ingredient plays an important role in the properties of the final
polymeric product. High lignin content increases the brittleness of the material,
while cellulose causes a lowering of that parameter. Moreover, cellulose and
hemicellulose contain a large number of polar hydroxyl groups, which are able
to initiate interaction between the filler and polymeric matrix [Ayrilmis et al.
2009; Pirayesh, and Khazaeian 2012]. These functional groups are also
responsible for water uptake, as they bond water molecules, and determine
surface wettability and absorption of the resin on the lignocellulosic surface
[Gwon et al. 2010; Nourbakhsh et al. 2011]. Besides these main components,
walnut shells also contain extractives such as tannins, pectins, fats, waxes, gums,
essential oils, volatile materials and ash [Pirayesh et al. 2012]. The high content
of extractives, combined with the poor wettability of walnut shells, may result in
the weakening of bonding between particles and low internal bonding strength in
the final product [Li et al. 2010]. Therefore, the introduction of a compatibilizer
is often necessary to improve interfacial adhesion between the components.
The aim of this study is to investigate the influence of a walnut shell filler
and MAPP coupling agent on the crystallization behavior, thermal stability and
thermomechanical properties of polypropylene-based composites.
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Materials and methods
Materials
A commercial isotactic polypropylene (PP), Moplen HP500N (BasellOrlen
Polyolefin, Poland), with a density of 0.90 g/cm3 and melt flow rate of
12 g/10 min (230°C/2.16 kg) was used as the polymeric matrix. The filler was
ground walnut shells (NUT), illustrated in figure 1, obtained from crops grown
in 2013 in the Wielkopolska region of Poland. Their particle size was less than
1 mm, and the fraction below 630 µm was 82%. The chemical coupling agent
was Polybond PB3200, with MFR = 115 g/10 min (230°C/2.16 kg), and 1 wt%
of maleic anhydride (MAPP) from Chemtura (UK) was used as a compatibilizer.
a)

b)

Fig. 1. The walnut shells before (a) and after fragmentation (b)

Sample preparation
The polymer was mixed with ground walnut shells for the reference samples,
and additionally with MAPP in the case of compatibilized series, in a Retsch
GM 200 rotary mixer for 3 min at a rotation speed of 3000 rpm. Fragmentation
of walnut shells was performed using a Retsch ZM200 knife grinder. Then the
filler was sieved in a Fritsch Analysette 3 PRO vibratory sieve shaker, with
a 1 mm mesh sieve, to obtain an appropriate particle size. The compositions
containing organic filler were dried at 80 ±2°C for 24 hours prior to melt
processing. The homogenization of the premixed blends with different filler
contents (10-40 wt%) and a fixed MAPP concentration of 3 wt% was achieved
by molten state extrusion with a Zamak co-rotating twin screw extruder
operating at 190C and 70 rpm. The extrudates were ground using a Shini SG-1411 low-speed granulator. Tensile test specimens were produced according to
the ISO 527-2:2012 standard using an Engel ES 80/20HLS injection molding
machine at 200°C and an injection speed of 90 mm/s, as shown in figure 2.
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PP/NUT and PP/NUT/MAPP blends with various compositions were prepared,
as summarized in table 1.
a)

b)

c)

Fig. 2. Selected tensile test specimens of pure PP (a), PP/10NUT (b),
PP/10NUT/MAPP (c)
Table 1. PP/NUT and PP/NUT/MAPP blends with various compositions
Reference series

NUT
PP
content [wt%]

Compatibilized series

NUT

PP

MAPP

content [wt%]

PP

–

100

PP/10NUT

10

90

PP/10NUT/MAPP

10

87

3

PP/20NUT

20

80

PP/20NUT/MAPP

20

77

3

PP/40NUT

40

60

PP/40NUT/MAPP

40

57

3

Methodology
Scanning Electron Microscopy (SEM). Morphological analysis of cryogenically
fractured PP-based composites was performed using a Jeol 7001TTLS scanning
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electron microscope (SEM) (Boston, USA) in low vacuum mode, with an
accelerating voltage of 10-20 kV. Before analysis, the samples were sputter-coated with Au alloy and mounted on aluminum stubs.
Differential Scanning Calorimetry (DSC). The thermal properties of PP and its
composites were investigated using a Netzsch DSC 214 Polyma calorimeter,
equipped with an intracooler for fast cooling. The calorimeter was calibrated for
temperature and energy using indium. Dry nitrogen was used as a purge gas at
a rate of 30 ml/min. To set the structure for the analysis of crystallization
kinetics, each sample was heated from 30C to 250C at a rate of 10C min-1,
melted at 250C for 5 min to erase previous thermal history, and then cooled at
a rate of 10C min-1.
Crystallization is an exothermic process, and the heat evolved during the
phase transition may cause some thermal gradients within the sample. As
a consequence, transitions can occur at temperatures that do not correspond to
those detected by the instrumentation [Di Lorenzo et al. 2001; Vyazovkin et al.
2014]. The thicker the sample, the more critical this problem becomes. To
minimize this issue, the sample mass was limited to 4.0 ±0.5 mg.
Thermogravimetric analysis (TGA). The progress of thermal degradation of
PP/NUT composites was determined by thermogravimetric analyses at
temperatures between 30C and 600C, at a heating rate of 10C min-1 under
nitrogen atmosphere using a Netzsch TG 209 F1 apparatus. Samples weighing
approximately 10 mg were placed in ceramic pans. The decomposition onset
temperature To was determined at the point of intersection of tangents to two
branches of the thermogravimetric curve. The first derivatives of the TG curves
(DTG), indicating the maximum intensity of thermal degradation, were also
calculated.
Moisture content (M). The moisture content of the materials was determined
using an AXIS ATS 60 moisture analyzer. The measurement was carried out at
105°C for a time of 10 min. Each measurement was repeated three times to
verify its reproducibility. Moisture content was calculated using equation (1):
M=

m1 −m
⋅100 [ ]
m

(1)

where: m1 is the initial mass [g];
m is the final mass [g].
Ash content determination. Ash content was analyzed according to PN-EN ISO
3451-1:2010 (direct calcination method). Samples of 30 ±5 mg were prepared
and burnt in air at 850°C for 3.5 h until complete calcination. Ash content after
burning, expressed as a percentage, was calculated using equation (2):
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A=

ma
⋅100[ ]
ms

(2)

where: ma is the ash content [g];
ms is the initial sample mass [g].
Dynamic mechanical thermal analysis (DMTA). These tests were performed
using an Anton Paar MCR 301 rheometer equipped with a torsion measuring
tool. Non-isothermal investigations were carried out at a constant frequency of
1 Hz and a strain of 0.01%. All samples were cooled to –50°C followed by
heating up to 110°C, with a temperature ramp of 2°C/min.

Results and discussion
To gain information about the phase structure and morphology of the PP
composites containing organic filler and compatibilizer, SEM analyses were
performed. The results are presented in figure 3. Figure 3(a) illustrates the
cryogenically fractured surface of injection-molded plain PP, which appears
quite smooth as expected. The structure of the PP composite containing 40 wt%
of organic filler is shown in figure 3(b). The fractured surface morphology
reflects a polymeric matrix with particles adhering to the PP, revealing the
presence of walnut shells in the structure. The pure surface of the filler particle,
without traces of polymer, proves the poor bonding between the matrix and
filler. The structure changes significantly upon the addition of compatibilizer to
the composition, as illustrated in figure 3(c), which shows the scanning electron
micrograph of the PP/40NUT/MAPP sample. The filler particle, visible in the
middle part of the micrograph, differs significantly from that shown in
figure 3(b), as polymeric matrix residue may be observed on its surface. This is
probably because the presence of the compatibilizer improves interfacial
adhesion between the matrix and filler.

Fig. 3. SEM micrographs for PP (a), PP/40NUT (b), PP/40NUT/MAPP (c)

Non-isothermal crystallization was investigated by differential scanning
calorimetry to provide information on the crystallization process of PP- -based
composites. The crystallization and melting curves and selected numerical data,
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obtained from DSC measurements, are presented in figure 4-5 and table 2. The
pure PP sample melts at 161C and crystallizes at 117C, as determined by the
melting and crystallization peaks in figure 4. Upon the addition of the organic
filler, irrespective of the amount added to the polymeric matrix, negligible
changes were observed in the crystallization and melting temperatures of PP.
Addition of the binder to the system caused a slight increase in crystallization
temperature and did not affect the melting process, as shown in figure 5 and
table 2. Hence, the addition of natural particles did not cause significant changes
in the crystallization process of PP blends. However, upon the addition of
compatibilizer, a slight nucleating effect was observed.
a)

b)

Fig. 4. DSC crystallization (a) and melting (b) curves for reference series of PP-based composites
a)

b)

Fig. 5. DSC crystallization (a) and melting (b) curves for compatibilized series of
PP-based composites

The crystal fraction developed upon cooling at 10C/min, equal to
Xcr = 54 ±3% independently of composite composition, is reported in table 2.
The degree of crystallinity was calculated from the data obtained from the DSC
plots using equation (3):
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X cr =

Δ HM
⋅100[ ]
(1−ϕ ) Δ H 0

(3)

where HM is the experimental heat of fusion, H0 is the enthalpy of fusion of
the fully crystalline polymer, equal to 207.1 Jg -1 [Monasse and Haudin 1985],
and  is the weight fraction of the modifiers. The addition of walnut shells alone
or together with 3 wt% of compatibilizer does not influence the final crystalline
content of polypropylene under the chosen experimental conditions. It affects
only the crystallization efficiency of PP in case of the addition of MAPP, as the
onset and peak points are shifted to higher temperatures due to the enhanced
nucleation of PP spherulites.
Table 2. Crystallization and melting temperatures and degrees of crystallization for
all samples
Material

Tm
[C]

Tcr
[C]

H
[J/g]

Xcr
[%]

PP

161

117

110.2

53

PP/10NUT
PP/20NUT
PP/40NUT

160
162
159

117
117
117

100.2
84.0
72.2

54
51
58

PP/10NUT/MAPP
PP/20NUT/MAPP
PP/40NUT/MAPP

161
161
160

119
120
121

96.6
89.9
70.2

52
54
57

The influence of the organic filler and compatibilizer on the degradation
process of PP-based composites was investigated by thermogravimetric analysis.
The results are presented in figure 6 and table 3. Figure 6 shows TG and DTG
curves for the reference composites. Pure PP undergoes a single-step degradation
process with onset at 422C. As shown by the first derivative thermogravimetric
(DTG) curve, the fastest degradation occurs at 449C, with a decay rate of
27%/min. Upon the addition of organic filler, the degradation process
significantly changes in character, from single-step to two-step. According to the
literature [Bodîrlâu et al. 2007; Jeskea et al. 2012] the degradation of walnut
shells occurs in two steps: hemicellulose and cellulose degrade in the
temperature range 200-350C, while lignin breaks up between 250C and 500C.
Hence, the first step shown in figure 6(a), between 250C and 380C, occurs due
to the presence of cellulosics in the filler. Lignin degradation overlaps with
polypropylene decay, as is shown by the slight shift of the second degradation
step towards higher temperatures in comparison with pure PP. Figure 6(b) shows
the first derivative thermogravimetric (DTG) curves of PP-based composites,
which exhibit double peaks (TP1 and TP2) in the case of the composites
containing the highest quantities (20 and 40 wt%) of the organic filler. The two
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peaks reflect the two-step degradation process of cellulosics (hemicellulose and
 cellulose) and of lignin and PP, occurring at about 330C and 455C
respectively. In the case of the composite PP/10NUT, the first peak (TP1) is not
observed on the DTG curve due to the insufficient quantity of walnut shells in
the polymeric matrix.
a)

b)

Fig. 6. TG (a) and DTG (b) curves for reference series of PP-based composites

TG and first derivative thermogravimetric (DTG) data for the compatibilized
PP blends are given in table 3. The two-step decomposition proceeds by the loss
of cellulosics (hemicellulose and  cellulose) followed by lignin and
polypropylene [Jeskea et al. 2012; El-Sabbagh 2014]. This matches the
degradation process of the non-compatibilized series described above; hence it
was concluded that the addition of the coupling agent has a negligible effect on
the thermal stability of the composites.
Table 3. TG and DTG data obtained for PP/NUT and PP/NUT/MAPP blends with
various compositions
Material

TG
T0
[C]

TP1
[C; %/min]

DTG
TP2
[C; %/min]

PP
PP/10NUT
PP/20NUT
PP/40NUT

422
436
437
430

–
–
334; 1
332; 1

449; 27
455; 30
455; 27
457; 25

PP/10NUT/MAPP
PP/20NUT/MAPP
PP/40NUT/MAPP

441
435
442

–
335; 1
331; 2

455; 28
456; 25
455; 20

Moisture content is crucial from the point of view of applications and
processing in the case of composites containing natural fibers, where water
absorption on the product surface is most probable. A high water content may
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increase the mass of the product, reduce its strength, cause swelling, warping or
buckling, enhance microbial inhibition, and contribute to mechanical destruction
due to continuous changes in the physical state of the water [Hassan et al. 2013;
Salasinska et al. 2016].

Fig. 7. Moisture content in pure PP and its composites

Figure 7 presents moisture content in pure polypropylene and its composites.
The lowest value was recorded for the hydrophobic polypropylene matrix, as
expected. Composites containing an organic filler only or coupled with
compatibilizer have increased values of this parameter. The increased moisture
content in all studied composites results from the introduction of a highly
hydrophilic filler to the polymeric structure. Walnut shells are rich in cellulose,
hemicellulose, lignin and pectin, which in turn are built from hydroxyl groups.
The presence of these functionalities causes an increase in the hydrophilicity of
the filler [Shalwan and Yousif 2013]. Therefore, it is important to ensure
sufficient drying prior to formation of the final product. The use of adequate preprocess parameters results in a moisture content of 1%, which is satisfactory
from the point of view of applications.
Ash content in polypropylene and its composites was determined after
complete calcination. Results are presented in figure 8. No residue was recorded
for the reference sample, as expected [Barczewski et al. 2014]. Ash content in
PP-based composites varies between 0.5% and 2% depending on the
composition. The residue is formed due to the presence of the filler, which does

Walnut shells as a filler for polymeric materials

163

not fully degrade even at 850C. The addition of binder to the formulation
caused a slight increase in ash content after calcination.

Fig. 8. Ash content after calcination in pure PP and its composites

In the design of new materials, consideration should be given to the issue of
waste management after the completed product lifecycle. Currently the
European Union recommends energy recycling. In this context, the proposed
composites exhibit favorable properties, as they do not lead to the production of
excessive amounts of residue upon burning.
To assess the effect of the addition of filler and binder on the mechanical
properties of the polymeric matrix, dynamic mechanical-thermal analyses were
performed. The results for samples with and without compatibilizer are
presented in figure 9. Two DMTA parameters – storage modulus (G’) and loss
factor (tanδ) – were analyzed as functions of temperature (T). Selected additional
data are summarized in table 4.
The incorporation of walnut shells into the polymeric matrix resulted in a
significant decrease in storage modulus in comparison with pure polypropylene.
The higher the content of the filler in the composite, the greater the decrease in
value. Only for the sample containing 10 wt% of organic filler was a slight
increase in the G’ value range observed. Hence, the introduction of walnut shell
particles into the polymer creates structural discontinuities (confirmed by the
SEM microphotographs in figure 1), which are not able to transfer stresses under
mechanical loads. The addition of MAPP to the system results in significant
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Fig. 9. Storage modulus and loss factor vs. temperature DMTA plots for reference
(a, b) and compatibilized (c, d) series of polypropylene-based composites
Table 4. Selected DMTA data obtained for PP and PP composites
Tg
[°C]

tanδ (at Tg)
[–]

Material

G’-40

G’0

G’40
[GPa]

G’80

PP

1.97

1.45

0.69

0.29

15.5

0.0741

PP/10NUT
PP/20NUT
PP/40NUT

2.17
1.59
1.01

1.59
1.1
0.64

0.8
0.59
0.43

0.35
0.28
0.25

12.6
5.58
-2.72

0.0682
0.0649
0.0552

PP/10NUT/MAPP
PP/20NUT/MAPP
PP/40NUT/MAPP

2.34
2.41
1.80

1.67
1.67
1.25

0.87
0.93
0.78

0.39
0.45
0.41

11.6
10.7
3.94

0.0684
0.0640
0.0521

changes in thermomechanical behavior in comparison with the samples without
binder. In the case of the compatibilized polypropylene samples, G’ values are
higher for the composites containing 10 and 20 wt% filler over the entire
analyzed temperature range. The PP/40NUT/MAPP sample exhibits similar
stiffness to PP at lower temperatures, but higher above 20°C, as seen in
figure 9(c). Hence, at room temperature, the PP/40NUT/MAPP sample has
similar thermodynamic behavior to the remaining composites with the coupling
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agent. In general, the PP/NUT/MAPP samples demonstrate significant
improvement upon the addition of compatibilizer, resulting in similar
thermomechanical behavior to that of pure polypropylene. As previously
described in the literature [Beckermann and Pickering 2008; Zahedi et al. 2013;
Dobrzyńska-Mizera et al. 2015] the addition of MAPP influences adhesion
between the matrix and filler through interaction with the organic –OH groups
available on the surface, which adhere to the matrix by linking molecular chains,
and enhances interfacial adhesion between the matrix and filler.
The loss factor (tanδ) determines the glass transition temperature (Tg)
measured at a maximum near polypropylene β-relaxation, i.e. between –20°C
and 20°C. It was found that an increasing amount of the filler caused a gradual
decrease in Tg, along with the corresponding tanδ value, for both the reference
and compatibilized series. This may be attributed to the previously described
poor adhesion between the polymer and filler [Liu et al. 2005]. However, it
cannot be also excluded that decrease of Tg and composite samples stiffness,
especially at lowered temperature range, is simultaneously connected to amount
of incorporated to polypropylene matrix lignin, which is part of the filler and
partial migration of crude oil residues from ground natural filler which may
cause plasticizing effect. Higher glass transition temperatures were observed for
the PP/NUT/MAPP series; this effect is attributed exclusively to enhanced
interfacial adhesion.
In principle, the addition of a particle-shaped natural filler to a polymer
matrix decreases the composite’s capacity for mechanical energy dissipation.
Therefore, less energy will be used to overcome frictional forces between
molecular chains [Eng et al. 2014].

Conclusions
This study has provided detailed knowledge of the properties of PP composites
filled with ground walnut shells. Introduction of the organic filler into the
polymeric matrix increases the thermal stability of the composites. Moreover,
higher moisture and ash contents were observed, depending on the composition.
As evidenced by DMTA analysis, the glass transition temperature shifts towards
lower values as the filler content increases. The presence of the filler does not
influence the crystallization kinetics or melting behavior of the studied samples,
irrespective of the amount added. Moreover, the incorporation of polypropylene-graft-maleic anhydride into the formulation enhances interfacial adhesion
between the polymeric matrix and the filler, as evidenced by scanning electron
microscope photographs. This in turn results in improved stiffness of the
samples.
The research has confirmed that polypropylene-based composites filled with
lignocellulosic modifiers may be used as an alternative to the traditional highly
filled resins, and may be designed according to users’ needs. Their main
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applications include the production of low-demanding elements for civil
engineering such as masking panels, fiberboards and plywood. Another
important advantage, in comparison with inorganic materials, is their low
density, which combined with sustainability is a reason for their more frequent
use also in the automotive industry, especially for the production of interior
elements such as parcel shelves, trunk covers and internal panels.
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WATERLOGGED ARCHAEOLOGICAL WOOD
SILANIZATION WITH MTMOS

A wooden object that has survived in a wet environment is characterised by water
saturation and is called waterlogged wood. The subject of the study was elm piles,
dating back to the 10th and11th century, excavated from Lednica lake archaeological
site. Wooden piles showed a high degree of degradation. This was evidenced by their
spongy and fragile structure. As a result of the biotic and abiotic degradation of the
wood cell wall, a significant change in its chemical composition was observed. The
weakening of the wood structure and its increase in porosity were as a result of
cellulose degradation. The archaeological wood conservation method used until now
is polyethylene glycol (PEG). However, this method has some drawbacks such as highdensity wood after treatment, the colour of the wood and it is a long-term process. It
has already been found that alkoxysilanes are potential alternatives to the commonly
used PEG. The purpose of the study was to determine the optimum concentration of
methyltrimethoxysilane (MTMOS) for the medieval elm wood conservation. The
general aim of the study was to develop an effective waterlogged wood dimensional
stabilization through its silanization with MTMOS. After long-term dehydration
(replacement of water for ethanol, during an ethanol bath) wood samples were
saturated with MTMOS solutions of various concentrations. Wood samples were
treated through the oscillating vacuum-pressure method. Dimensional stabilization of
the sililated wood was estimated through the anti-shrink efficiency (ASE) calculation.
The ASE value for PEG and MTMOS treated wood samples was 88.6% and 96.8%
respectively. It was found that an ethanol solution of 20% MTMOS is the optimum
concentration for waterlogged elm wood dimensional stabilization treatment (ASE =
94.1 %). The other advantage of this method includes a short impregnation time and
low density of the preserved wood.

Keywords: methyltrimethoxysilane, silanization, waterlogged archaeological
wood

Introduction
Wood saturated with water which has remained under high humidity for a long
period is called "waterlogged wood" [Grattan 1987; Zborowska et al. 2004].
Despite the fact that it survived, it had been exposed to destructive factors for
a long time. Water soluble substances such as simple sugars, mineral salts and
Joanna SIUDA (joanna.siuda@up.poznan.pl), Bartłomiej MAZELA (bartlomiej.mazela@up.
poznan.pl), Waldemar PERDOCH (waldemar.perdoch@up.poznan.pl), Poznań University of
Life Sciences, Faculty of Wood Technology, Poznań, Poland
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tannins are washed out of the wood. Waterlogged wood under anaerobic
conditions could be degraded by microorganisms such as erosive bacteria. Those
microorganisms are able to survive and develop under anaerobic conditions
which leads to wood degradation [Nilsson and Björdal 2002]. Due to biotic and
abiotic factors, damage to the cell wall in wood tissue can be observed, as well
as changes in the chemical composition of the wood object. Wood
decomposition is a complex process, depending on the factors that cause it.
Based on a number of studies, a decomposition scheme has been established:
polysaccharides are decomposed first, but lignin is more resistant to degrading
agents and it remains undisturbed for a long time [Ważny 1976; Hoffmann 1981;
Hedges 1990; Sakai 2001]. As a consequence of this, waterlogged
archaeological wood is often characterized by a significant reduction in physical
and mechanical properties [Unger et al. 2001].
Waterlogged archaeological wood requires special conservation processes, as
being left unprotected it dries quickly leading to irreversible shrinkage of the
wood tissue and then it cracks. The drying process can even cause its complete
destruction. In most cases, carbohydrates (i.e. cellulose) are degraded and the
remaining lignin creates a “skeleton” [Nilsson and Björdal 2002].
Nowadays, the most popular method of preserving archaeological wood is
impregnation using a polyethylene glycol (PEG) [Stamm 1956; Stamm 1959;
Cook and Grattan 1985; Ambrose 1990; Jensen and Schnell 2005; Babiński
2012]. The idea of using PEG is to fill the gaps in the degraded wood in order to
prevent a collapse. The most commonly used impregnation process consists of
two steps. The process begins with impregnation with a lower molecular weight
compound (e.g. PEG 200, PEG 400) in an increasing concentration gradient. The
next step is impregnation with a high molecular weight PEG (e.g. PEG 4000)
[Babiński and Poskrobko 2005; Babiński 2012]. The low molecular weight
compound is readily penetrated by both strongly degraded outer layers and
a well-preserved inner part. In order to ensure good stability of the most
degraded wood parts, either PEG 3000 or PEG 4000 is used. However, this
method has significant drawbacks. Polyethylene glycol, which is highly
hygroscopic, is able to absorb water from the environment [Olek et al. 2016].
Moreover, wood after PEG impregnation is heavy and it’s colour changes.
[Unger et al. 2001].
Because of the disadvantages of PEG application, this research aims to
explore new impregnation methods. A potential alternative could be
organosilicon compounds, such as silanes [Smith and Hamilton 2001]. In view
of their chemical structure and properties, silanes have mainly been used to
hydrophobize surfaces e.g. of glass or contemporary wood surfaces [Tshabalala
and Gangstad 2003; Hill et al. 2004]. From the chemical point of view, wood is
made of biopolymers. These biopolymers have hydroxyl groups which are
reactive for different compounds e.g. alkoxysilanes. Organosilicon compounds
are characterized by the ability to form Si-O-C and Si-O-Si bonds with wood
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surfaces [Sebe and Brook 2001]. This reactivity allows for the chemical bonding
of silanes with wood, which prevents them from leaching, therefore, the
protection of archaeological wood against breakage, shrinkage and decay can be
sustainable and effective [Smith and Hamilton 2001]. MTMOS was used in the
re-conservation process of the wood samples from the Vasa ship and the results
were promising. During the re-conservation process, the dimensional
stabilization of the wood was retained [Tejedor 2010]. Broda and Mazela [2017]
and elm wood samples were treated with a 50% MTMOS solution. Depending
on the layer of wood (from the outer to the inner part) ASE was comprised of
between 69.5% and 94.6%.
The purpose of the study was to determine the optimum concentration of
methyltrimethoxysilane (MTMOS) for elm wood conservation. The general aim
of the study was to achieve an effective waterlogged wood dimensional
stabilization through its silanization with MTMOS.

Materials and methods
Object
The subject of the study was waterlogged archaeological elm wood from the
waters of Lednica Lake. Elm piles were cut into smaller samples with diameters
of 20 × 20 × 10 mm (tangential x radial x longitudinal directions).
Evaluation of waterlogged wood degradation
In order to evaluate the state of degradation of the waterlogged elm wood,
chemical and physical analysis were done. The percentage content of the main
wood components (cellulose [C], holocellulose [H], lignin [L], extractives and
inorganic deposits [Koch et al. 2018] [Ex]) was determined by chemical
analysis. Cellulose content was measured according to the Seifert procedure.
Holocellulose content was determined according to the procedure described by
Browning [1967], lignin and extractives content was measured according to the
TAPPI 2006 and TAPPI 2007a standard, respectively. Maximum moisture
content (MCmax) was determined for wood samples saturated with water under
reduced pressure and then oven-dried at 105°C for 24h, compared to dry mass
(m0). MCmax was calculated according to Equation 1:
MC max =

mmax −m0
×100 
m0

(1)

Conventional density (ρ) was calculated according to Equation 2 as the ratio
of the mass of absolutely dry wood samples (m0) and sample volumes of watersaturated wood maximum (Vmax):
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ρ=

m0
V max

(2)

PEG treatment
For the traditional method of impregnation PEG 400 and PEG 4000 was used.
First, samples were saturated with PEG 400 solution in a gradient of
concentrations (10%, 20%, 30%, 40%, each concentration for one week). After
that, the wood was placed in 40% PEG 4000 solution for one week. Samples
were dried under laboratory conditions and ASE was calculated. The number of
repetitions was 5.
MTMOS treatment
MTMOS treatment was carried out in two steps. First, samples were dehydrated
through their long-term immersion in ethanol (4 weeks). Next, they were
subjected to the oscillating vacuum-pressure treatment with MTMOS ethanol
solution at the following concentrations: 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100%. The treatment consisted of 6 cycles: (at a pressure reduced by 0.1 MPa
for 0.5 h and 1 MPa for 6 h)/cycle. After the treatment, the samples were cured
at ambient pressure and room temperature for 1 week. The number of repetitions
was 5.
Control samples
Control samples (untreated) were cured at ambient pressure and room
temperature for 1 week. The number of repetitions was 5.
Anti-shrink efficiency calculation
The degree of shrinkage of the wood was determined in tangential, radial and
longitudinal directions, using Equation 3:
l 0 −l 1
(3)
β=
l0
where: β – degree of shrinkage in a linear direction, %; l0 – initial dimension of
wood, mm; l1 – final dimension of wood (obtained after drying), mm.
The degree of shrinkage of the cross-section of wood (βCS) was calculated
based on the average degree of shrinkage of wood in tangential and radial
directions, according to Equation 4:
βT βR
(4)
βCS = βT + β R −
100
where: βCS degree of shrinkage of the wood in the – tangential (βT) and radial
(βR) direction.
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The effectiveness of the conservation treatment was assessed on the basis of
the ASE, calculated according to Equation 5:
β 0− β 1
(5)
ASE=
×100 
β0
where β0 – degree of shrinkage of the cross-section direction of untreated wood
and β1 – treated wood.
Absorption (Am) of MTMOS or PEG
Am was calculated according to Equation 6:
Am =

m mod−m unmod
×100 
m unmod

(6)

where mmod is the mass of the treated wood sample and munmod is the mass of the
untreated sample.
Retention (R) of MTMOS or PEG
R was calculated according to Equation 7:
mm−mum
(7)
R=
×1000
V
where R is the retention of the protecting agent (kg/m3), mm is the mass of the
dry treated wood sample (g), mum is the mass of dry the untreated sample (g) and
V is the volume of the sample (cm3).

Results and discussion
The aim of this study was to predict the optimal concentration of
methyltrimethoxysilane solution (MTMOS) for dimensional stabilization of
waterlogged archaeological wood. The determination of the wood stabilization
coefficient (ASE) for the ethanol MTMOS solution was an additional aim.
The first step of the research was to determine the degree of wood
degradation. Depending on the result, the physical characteristics were estimated
[Jensen and Gregory 2006] and the chemical analysis was done. The results of
this analysis are shown in table 1.
The conventional density of waterlogged archaeological elm wood
(165 kg · m−3) was appreciably lower than contemporary elm wood
(390 kg · m−3), which provided evidence of significant wood tissue degradation.
MCmax was approximately 425% which confirmed a high degree of tissue
degradation. The results clearly showed that elm wood required protection and
conservation. The chemical analysis of the basic wood components was a useful
tool for the evaluation of the degree of wood degradation.
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Table 1. Selected physical and chemical characteristics of waterlogged elm wood

Sample

Mcmax
[%]

ρ
[kg/m3]

C
[%]

H
[%]

L
[%]

H/L
[%]

Ex
[%]

425

165

14

10.1

72.4

0.14

1.8

C- cellulose; H- holocellulose; L-Lignin.

In the case of the waterlogged elm samples, cellulose content was
significantly reduced in comparison with contemporary wood. According to
Unger et al. [2001], the content of cellulose for contemporary wood is 50%
whereas in waterlogged elm wood it was 14%, which confirmed the extensive
decay of the basic wood component. H/L ratio is the coefficient of wood
degradation [Pizzo et al. 2010] and the lower the value, the more degraded the
wood tissue is. The elm wood was highly degraded (H/L = 0.14) where for the
elm, the wood ratio was 3.3 [Unger et al. 2001].
The degree of shrinkage in a cross-section was calculated according to
formula 4. As expected, the highest shrinkage (72.5%) was observed for
archaeological samples (control). Depending on the concentration of MTMOS
solution βCS varied between 32.3% and 2.3%. The lowest shrinkage was
observed at the concentration of 50% MTMOS and it was 2.3%. While the
reference samples shrank at 8.2%. MTMOS and PEG treatment resulted in a
significant increase in the wood’s dimensional stability, with a particularly
spectacular stabilizing effect observed for samples treated with 50% MTMOS.

Fig. 1. Shrinkage in cross-section (β CS) for wood treated with different
concentrations of MTMOS

The highly degraded waterlogged elm wood required impregnation with a proper
concentration of stabilizing agent. Figure 2 shows the relation between the
concentration of the working solution and the ASE of the treated wood. It
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appears that 20% is an optimum concentration for an effective dimensional
stabilization, where ASE was equal to 94.1%. However, the highest value of
ASE was obtained for wood treated with MTMOS solution at a concentration of
50% (ASE = 96.1%).

Fig. 2. ASE of wood treated with MTMOS

The research clearly shows that oscillating vacuum-pressure treatment with
MTMOS provides a high dimensional stability of the treated wood. As a result
of the conventional method application (i.e. soaking with PEG 400 and PEG
4000 consecutively), an average ASE for wood samples was equal to 88.6%
(RSD = 5.9). It is also evident that for highly degraded elm wood, the MTMOS
treatment proved to be a much more efficient method than the PEG treatment
(fig. 3).
A

B

C

Fig. 3. Waterlogged elm wood treated samples: 20% MTMOS (A), PEG 400 and
PEG 4000 (B), untreated samples (C)
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Fig. 4. A direct relation between Am and solutions of MTMOS

The absorption of MTMOS was directly related to the concentration of
MTMOS, where the correlation coefficient was equal to 0.9875. The absorption
of MTMOS at the optimum concentration was much lower than for PEG
treatment (9.6 ± 0.6%). This phenomenon directly influences the wood density
reduction, which is the main advantage in comparison to the PEG treatment
(fig. 4). The retention for MTMOS treatment was 67.9 kg/m3 (RSD = 1.6%) and
140.7 kg/m3 (RSD = 12.4%) for 20 and 50% concentration solution respectively.
The retention of PEG (R = 419.0, RSD = 4.0%) was obviously much higher than
MTMOS (acc. to equation 7).

Conclusions
The main purpose of waterlogged wooden object conservation process is to
prevent shrinkage during drying and to limit eventual dimensional changes
during exposing. Wood treatment with MTMOS seems to be a useful method for
wood conservation. The main advantage of this method is the relatively high
dimensional stabilization of wood. The oscillating vacuum–pressure method
with the use of MTMOS at different concentrations of working solution was
proved to be effective. Within the wide range of concentration solutions
(5-100%), the optimal concentration was estimated at 20%. There are the other
subsequent advantages resulting from this fact: high wood penetrability, short
duration of the treatment process, easy drying process after wood treatment
(doesn’t require freeze-drying), low cost of the whole conservation process.
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