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Abstract: Recycled polystyrene in combination with parafﬁn wax, alkyd resin,
and gum rosin were used as components in formulations to investigate their water
repellency when applied to cellulosic ﬁlter paper substrates. Polystyrene was used
in concentration of 5, 10, 15 and 20%, alkyd resin and gum rosin of 5% each and
parafﬁn wax of 0.5%. Totally, twenty four water repellent solutions were prepared. Water repellency was evaluated in terms of water absorption of the cellulosic ﬁbrous mats. The relations between retention of solid substances of the
formulations and grammage and water absorption of ﬁlter paper samples were
also determined. The results showed that all the water repellent formulations
exhibited a degree of water repellency. Water absorption decreased by increasing
the polystyrene concentration in the solution and polystyrene retention by the
impregnated ﬁlter paper samples. The incorporation of 0.5% parafﬁn wax
improved the hydrophobicity of treated samples. The best of the three water repellent formulations including parafﬁn wax was found to be the “polystyrene + gum
rosin + parafﬁn wax” solution followed by the “polystyrene + alkyd resin + parafﬁn wax” and “polystyrene + parafﬁn wax” solution. The inclusion of 5% gum
rosin in polystyrene solutions compared to that of 0.5% parafﬁn wax was found
more effective in almost all cases.
Keywords: Water repellents; polystyrene; gum rosin; alkyd resin; parafﬁn wax;
water absorption

1 Introduction
Commercial water repellents are penetrating wood ﬁnishes that are used extensively for water uptake
protection of timber constructions exposed to outdoor conditions [1,2]. The main solid substances of
water repellents diluted in organic solvents or water include a water-repelling substance (e.g., wax) and a
synthetic resin (e.g., alkyd resin) to act as a binder of the water repellent to the wood [3]. Water repellent
preservatives contain, also, a small amount of fungicides and insecticides to enhance further the
effectiveness of the ﬁnishes against biological attack [4–7]. The water repellent solutions are applied on
millwork and joinery (e.g., window frames, doors, fences) by dipping or brushing. After solvent
evaporation, a continuous thin solid ﬁlm is deposited ﬁrmly on the external and internal surface of wood
This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.
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[8]. The closed capillaries and the properties of this ﬁlm are adequate to repel liquid water from the wood
surfaces while wood can dry faster after rain, and thus a reduction in moisture content slows down the
rate of fungal attack [9]. In addition, the slower water uptake and the decreased dimensional changes of
wood lead to less cracking and warping [10]. However, the properties of the cell walls are not changed
permanently by water repellent treatments as in the case of wood modiﬁcation [11–13], and with time,
the exposed wood will swell to the same extent as non-treated wood.
Most of the materials used in water repellents are petroleum based products, such as organic solvents,
oils, waxes and synthetic resins, with relatively high cost, and therefore, it is desirable to develop low cost as
well as effective and more sustainable substitutes [14,15]. Already during the 1980s, concerns about solvent
evaporation in urban areas and air quality have triggered changes in the water repellent formulations [1,16].
Today, stingiest environmental regulations, and associated environmental and health and safety issues favor
the use of low or no emission volatile organic compounds (VOC) as solvents and co-solvents in both solventand waterborne ﬁnishes [17,18]. Although there have been considerable research efforts on the use of
environmentally compatible compounds in wood protection formulations, industrial uptake is still limited.
Oleoresin (pine gum), the naturally occurring exudates, collected by tapping from pine trees, is an
important renewable forest product. Rosin, the solid component of natural resin, is produced by various
technologies, i.e., gum rosin by distillation of oleoresin, wood resin by extraction of resinous wood, tall
oil rosin as byproduct in the sulfate pulping process of pine wood [19,20]. Gum rosin, the major solid
component from distillation of oleoresin, is a mixture of resin acids (abietic, levopimaric, palustric,
neoabietic, isopimaric, etc.) in various proportions depended on Pinus species [21,22]. Gum rosin and the
derivatives are used in the plastic industry during vulcanization process of rubber vehicle tires and for
manufacturing of varnishes lacquers, printing inks and adhesives [22–24].
Polystyrene is a synthetic, aromatic, thermoplastic polymer made from the monomer styrene. It is
soluble in organic solvents, clear, hard and rather brittle, poor barrier to oxygen and water vapor and with
relatively high melting point 212°C. It is an inexpensive synthetic resin and one of the most widely used
plastics. Polystyrene in rigid form is mainly used for production of low cost rigid plastics like CD cases,
model assembly kits, food and beverage containers (cups, plates, egg cartons) as well as for production of
other disposable plastics such as laboratory petri dishes and containers [25]. Polystyrene in foamed form
(expanded polystyrene-EPS) is used for packaging and as thermal and insulating barrier in building
construction [26]. Polystyrene is resistant to biodegradation, so that it is increasingly abundant scrap
material in the outdoor environment especially in its foam form [27]. In industry, reclaimed polystyrene
can be added in proportion up to 20% with virgin polystyrene [28,29].
In literature, the information on the use of oleoresin, gum rosin and reclaimed polystyrene as basic
constituents in water repellent formulations for wood protection are limited. Water repellent formulations
based on oleoresin and gum rosin from Aleppo pine trees provided signiﬁcant protection of oak, poplar,
beech, ﬁr and pine sapwood specimens against liquid water uptake [30,31]. Gum rosin in experimental
particleboards was found to be at least equally effective to commercial parafﬁn wax concerning
hydrophobicity and internal bond [32,33]. Comparison between polystyrene based treatments and
commercial water repellent treatments showed that the former were comparable to the latter in the initial
protection of small Scotch pine and beech sapwood specimens [34]. Reclaimed polystyrene organic
solutions have been investigated for improving particleboard properties [35], conservation of old wood
[36] and improving the bonding strength in glued wood products [37]. Reclaimed polysterene has
recently been used as a bonding material for wood composites [38,39].
The aim of the present work was to investigate the hydrophobic properties of recycled polystyrene
diluted in organic solvents when applied alone or in combination with gum rosin, alkyd resin and parafﬁn
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wax on cellulosic ﬁlter paper substrates. The inclusion of polystyrene in water repellent formulations is
expected to perform both as water repellent and binding substance.
2 Materials and Methods
The composition of experimental water repellent solutions was based on recycled polystyrene
(styrofoam), alkyd resin (alkydal FSOW/63% in butyl glycol; Bayer, Germany), parafﬁn wax (with
melting point 55°C) and gum rosin (quality ww) after distillation of Aleppo pine (Pinus halepensis Mill.)
oleoresin diluted in proper proportions of commercial Nitro and toluene solvents (Pansil Industry of
Chemical Products, Attica, Greece). Totally, 24 water repellent formulations were prepared (Tab. 1).
Table 1: Water-repellent formulations based on polystyrene, alkyd resin, gum rosin and parafﬁn in organic
solvents
No. Treatment
solution*
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

A5
A10
A15
A20
B5p
B10p
B15p
B20p
C5a
C10a
C15a
C20a
D5ap
D10ap
D15ap
D20ap
E5r
E10r
E15r
E20r
F5rp
F10rp
F15rp
F20rp

Solid content, g

Concentration, Solvent**
% (g:ml)
Nitro/toluene,
Polysty-rene Alkyd resin Gum rosin Parafﬁn wax
ml:ml
5
5
6:1
10
10
2.5:1
15
15
1.3:1
20
20
1.3:1
5
0.5
5.5
6:1
10
0.5
10.5
2.5:1
15
0.5
15.5
1.3:1
20
0.5
20.5
1.3:1
5
5
10
6:1
10
5
15
2.5:1
15
5
20
1.3:1
20
5
25
1.3:1
5
5
0.5
10.5
6:1
10
5
0.5
15.5
2.5:1
15
5
0.5
20.5
1.3:1
20
5
0.5
25.5
1.3:1
5
5
10
6:1
10
5
15
2.5:1
15
5
20
1.3:1
20
5
25
1.3:1
5
5
0.5
10.5
6:1
10
5
0.5
15.5
2.5:1
15
5
0.5
20.5
1.3:1
20
5
0.5
25.5
1.3:1

Notes: *The arithmetic indicators 5, 10, 15, 20 denote the concentration of polystyrene in water repellent solutions. Parafﬁn wax (p), Alkyd resin (a),
Gum rosin (r).
**Commercial solvents: Nitro: mixture of xylene, methyl alcohol and other hydrocarbons.
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The experimental formulations were applied on cellulose laboratory crepe ﬁlter paper of grammage
62 g/m2 (Coleman, Bristol, UK). Filter paper is a high hydrophilic and porous material used for ﬁltering
liquids and, hence, it is suitable as a substrate for fast screening tests concerning to the initial water
uptake effectiveness [40].
Filter paper square samples, 12 × 12 cm2 in dimensions, were impregnated by simple immersion for
3 min in the pre-mentioned water repellent formulations. After the immersion, the ﬁlter samples were airdried for evaporation of solvents in a horizontal position. Ten samples were impregnated for each treatment.
After air-drying and conditioning at 23 ± 1°C and 50 ± 2% RH [41], the impregnated ﬁlter paper samples
were used for determination of grammage and water uptake after immersion in water. The determined
properties, the number and dimensions of ﬁlter paper samples for each test and the corresponding standards
used are shown in Tab. 2. A schematic illustration for the preparation of the water repellents, the
impregnation and testing of cellulose ﬁlter papers, and associated analysis of results is shown in Fig. 1.
Table 2: Dimensions, number of specimens and standards applied for determination of grammage and water
absorption
Property

Dimensions of
specimens, cm

Replications ×
treatments**

Standard

Grammage*, g/m2

12 × 12

10 × 25

T 410 om-88 Grammage of paper and paperboard,
weight per unit area [42]

Water absorption

d = 2.0

10 × 25

T 491 om-89 Water immersion test of paperboard [43]

Notes: *Grammage was determined on square experimental specimens measuring 12 × 12 cm2 (surface area = 144 cm2).
**24 treatments + controls.

Figure 1: Schematic illustration of the experimental set up for preparing water-repellent formulations and
testing of impregnated cellulose ﬁlter papers. RP: recycled polystyrene; PW: parafﬁn wax; AR: Alkyd
resin; GR: gum rosin (all expressed as solids, g)
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The grammage of non-impregnated and impregnated samples with the 24 water repellent formulations
was determined by formula (1) (g/m2):
Grammage ¼

W1 or W2
S

(1)

where, W1 is the weight before impregnation (g);
W2 is the weight after impregnation (g);
S is the surface area of samples (144 cm2).
The weights W1 and W2 were determined after conditioning of the samples at 23 ± 1°C and 50 ± 2% RH.
The retention of solid substances of the formulations by the ﬁlter paper samples was calculated with
formula (2) (%):
Retention ¼ 100 

W2  W1
W1

(2)

For determination of water absorption, no standard exists for ﬁlter paper samples. The methodology
used in this work is the modiﬁed standard method TAPPI T 491 OM-80 [43] as has been used also by
others [40]. According to this standard, samples of dimensions 15 × 15 cm2, are fully immersed in water
at depth of 7.5 cm for 10 min and the excess of water is suggested to be removed by applying rolling
weight of 13 kg. Speciﬁcally in this study, round samples of diameter 2 cm were cut with a proper knife
(10 samples for each treatment) from ﬁlter paper square samples and weighted after conditioning at 23 ±
1°C and 50 ± 2% RH until they reached a constant weight (W3). After this stage, the samples were fully
immersed in water at a horizontal position and at depth of 2 cm for 15 min and then they were reweighted (W4). For control samples, 3 min and 30 min immersion times were used in order to determine
the time needed to reach the maximum water absorption by the ﬁlter paper (see Tab. 4). Before reweighting, the excess of water was removed by placing the wet samples between two ﬁlter papers and
applying a pressure of 200 g for 30 sec.
The water absorption by the ﬁlter paper samples was determined by formula (3) (%):
Water absorption ¼ 100 

W4  W3
W3

(3)

The statistical differences between the mean water absorption values were assessed by ANOVA and one
sample t-test using a p-value of under 0.05 as the threshold of statistical difference.
3 Results and Discussion
The concentration of solid substances of the water repellent formulations, the retention by the ﬁlter paper
samples and the grammage of impregnated samples are shown in Tab. 3.
The relation between the concentration of formulations and the retention of their solid substances by the ﬁlter
paper samples is presented in Fig. 2a and Tab. 4 while the relation between the retention and grammage in Fig. 2b
and Tab. 5. As shown in Fig. 2a, the retention increased with increasing the concentration for all experimental
solutions. As a result of this increased retention, the grammage of impregnated ﬁlter paper samples was found
to increase (see Fig. 2b). As Tab. 3 and Fig. 2a show, retention is related to concentration but in different way
in various formulations (see Fig. 2a). These differences may be due to different viscosities of the formulations
tested. The relation between retention and grammage is linear for all formulations (see Fig. 2b) since
grammage depends on retention. Exponential and linear correlations between concentration-retention and
grammage-retention respectively, were found to be high, as shown in Tabs. 4 and 5.
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Table 3: Retention of solid substances of water repellent formulations and grammage of impregnated ﬁlter
paper samples*
Treatment solutions1

Concentration, %

Retention, %

Grammage, g/m2

Control
A5
A10
A15
A20
B5p
B10p
B15p
B20p
C5a
C10a
C15a
C20a
D5ap
D10ap
D15ap
D20ap
E5r
E10r
E15r
E20r
F5rp
F10rp
F15rp
F20rp

0
5
10
15
20
5.5
10.5
15.5
20.5
10
15
20
25
10.5
15.5
20.5
25.5
10
15
20
25
10.5
15.5
20.5
25.5

0
16.28
41.63
79.19
171.42
18.31
44.70
88.68
167.00
58.36
73.05
137.13
235.04
66.23
92.57
141.66
195.99
33.39
69.23
124.45
234.21
34.31
76.04
132.62
225.22

62
72
88
111
168
74
90
118
168
100
109
150
208
104
121
151
186
83
106
141
209
85
111
146
206

Notes: *mean values of ten samples.
1
For treatment solutions see Tab. 1.

Water absorption by the impregnated ﬁlter paper samples after 15 minutes immersion in water
is presented in Tab. 6 for all the formulations tested. In control samples a small difference of water
absorption between the 3 min and 30 min immersion time has been observed. Due to high absortptivity
of ﬁlter paper samples, the maximum water absorption was almost achieved after 3 min immersion
in water (Tab. 6).
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Figure 2: (a) Relation between concentration of water repellent formulations and their retention by the ﬁlter
paper samples, (b) Relation between retention of solid substances of water repellent formulations and
grammage of ﬁlter paper samples. The abbreviations A, B, C, D, E and F correspond to 24 formulations
as explained thoroughly in Tab. 1
Table 4: Relationships between the concentration of formulations tested and the retention of their solid
substances by the ﬁlter table samples
y = ae b*x (y = retention, x = concentration)

Water repellent formutations (WRFs)*
A5, A10, A15, A20
B5p, B10p, B15p, B20p
C5a, C10a, C15a, C20a
D5ap, D10ap, D15ap, D20ap
E5r, E10r, E15r, E20r
F5rp, F10rp, F15rp, F20rp
Note: *see Tab. 1.

A

B

R2

8416.5
8803.0
19955.0
30154.0
9521.7
10078.0

0.1511
0.1462
0.0965
0.0738
0.1287
0.1240

0.988
0.987
0.954
0.966
0.994
0.986
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Table 5: Relationships between the grammage of impregnated ﬁlter paper samples and the retention of solid
substances of WRFs by the samples
Water repellent formutations (WRFs)*
A5, A10, A15, A20
B5p, B10p, B15p, B20p
C5a, C10a, C15a, C20a
D5ap, D10ap, D15ap, D20ap
E5r, E10r, E15r, E20r
F5rp, F10rp, F15rp, F20rp

y = a*x þ b (y = grammage, x = retention)
a

B

R2

0.0006
0.0006
0.0006
0.0006
0.0006
0.0006

62.288
62.108
64.930
62.692
62.614
62.907

0.996
0.999
0.999
0.995
0.999
0.999

Note: *see Tab. 1.

Table 6: Water absorption by the impregnated ﬁlter paper samples
Controls*

WRs treatment solutions/Water absorption**, %

3 min 30 min PS concentration, % PS

PS + PW

PS + GR

PS + GR + PW PS + AR

PS + AR + PW

97.9

109.5

5

55.59a ± 7.81 44.79 ± 7.27 35.20a,c ± 2.89 37.14 ± 4.05

60.65b,c ± 10.23 36.56b ± 4.75

97.9

109.5

10

35.56 ± 7.72 32.76 ± 3.88 26.76d ± 4.65

22.20 ± 5.50

41.38d ± 7.75

29.71 ± 7.17

97.9

109.5

15

20.31 ± 5.87 18.05 ± 0.39 15.91 ± 1.95

12.23 ± 1.79

17.00 ± 7.24

15.12 ± 1.49

97.9

109.5

20

8.87 ± 3.94

6.12 ± 2.59

7.62 ± 1.61

11.89 ± 3.14

7.76 ± 2.37

7.58 ± 1.39

Note: *Immersion time in water: 3 min and 30 min for controls and 15 min for impregnated ﬁlter paper samples. Mean values and standard deviations
of water absorption of ten (10) replicates. (PS; Polystyrene, PW; Parafﬁn wax, GR; Gum rosin, AR; Alkyd resin).
**Mean values of different treatments in the same line followed by the same superscript letters (a, b, c, d) are signiﬁcantly different (ANOVA and twosample t-test, p < 0.05).

The addition of 0.5% parafﬁn wax in polystyrene, “polystyrene + gum rosin” and “polystyrene + alkyd
resin” water repellent formulations improved the hydrophobicity in all cases except in the solutions “5%
polystyrene + 5% gum rosin” and “20% polystyrene + 5% alkyd resin”. Amongst the three water
repellent formulations including parafﬁn wax, the best formulation from the point of hydrophobicity was
the “polystyrene + gum rosin + parafﬁn wax” solution followed by “polystyrene + alkyd resin + parafﬁn
wax” and “polystyrene + parafﬁn wax” (see Tab. 6). Comparing the ﬁrst two formulations, it seems that
gum rosin increases the water repellency better than alkyd resin due probably to the double role of gum
rosin as repelling and binding agent. The third formulation “polystyrene + parafﬁn wax” does not include
alkyd resin or gum rosin to act as binding substance, thus resulting to lower effectiveness.
All experimental water repellent formulations exhibited a good degree of hydrophobicity reducing the
water absorption compared to untreated control specimens (see Tab. 6). Statistically signiﬁcant differences in
water absorption were observed in a few cases and only in low PS concentrations 5% and 10%. More
speciﬁcally these differences occurred between the treatments “5% polystyrene” and “5% polystyrene +
5% gum rosin”, “5% polystyrene + 5% gum rosin” and “5% polystyrene + 5% alkyd resin” and “5%
polystyrene + 5% alkyd resin” and “5% polystyrene + 5% alkyd resin + 0.5% parafﬁn wax” as well as
between “10% polystyrene + 5% gum rosin” and “10% polystyrene + 5% alkyd resin”. Between the
treatments “5–20% polystyrene + 0.5% parafﬁn wax” (PS + PW) and “5–20% polystyrene + 5% gum
rosin” (PS + GR) it was observed that the “polystyrene + gum rosin” treatment was more effective than
“polystyrene + parafﬁn wax”, although the parafﬁn wax is more hydrophobic. This is probably due that the
ﬁlm created by the “polystyrene + gum resin” treatment in the capillaries of ﬁlter papers were more
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continuous and resistant to water penetration. Moreover, the incorporation of 0.5% parafﬁn wax to “polystyrene
+ gum rosin” treatments improved a little the effectiveness in formulations where polystyrene concentration
was 10%, 15% and 20% but no imrovement of effectiveness was observed in the case of 5% polystyrene
concentration. The incorporation of 0.5% parafﬁn wax to “polystyrene + alkyd resin” treatments led to an
improvement of effectiveness in formulations where polystyrene concentration was 5%, 10% and 15% but
it was decreasing with increased concentration. That trend resulted to the decrease of effectiveness in “20%
polystyrene + alkyd resin + parafﬁn wax” formulation. The explanation for the above mentioned reversal
behaviour of the two formulations “5% polystyrene + gum rosin + parafﬁn wax” and “20% polystyrene +
alkyd resin + parafﬁn wax” may be associated with solubility and compatibility of the type of resin with
polystyrene that may affect the quality of the ﬁlm created (see Tab. 6).
The increase in retention, especially up to 125%, due to PS increased concentration, led to a decrease of
water absorption by the impregnated ﬁlter paper samples (Fig. 3). Correlations between retention and the
exponential water absorption were found to be high (Tab. 7).

Figure 3: Relation between retention of water repellent formulations and water absorption by the ﬁlter paper
samples. The abbreviations A, B, C, D, E and F correspond to 24 formulations as explained thoroughly in Tab. 1
Table 7: Relationships between retention and water absorption by the impregnated ﬁlter paper samples
Water repellent formutations (WRFs)*
A5, A10, A15, A20
B5p, B10p, B15p, B20p
C5a, C10a, C15a, C20a
D5ap, D10ap, D15ap, D20ap
E5r, E10r, E15r, E20r
F5rp, F10rp, F15rp, F20rp

y = a*x þ b (y = water absorption, x = retention)
a

B

R2

59.44
54.737
97.691
64.972
44.566
48.028

−0.012
−0.012
−0.011
−0.009
−0.008
−0.010

0.858
0.946
0.877
0.833
0.944
0.855

Note: *see Tab. 1.

Previous work investigated oleoresin, gum rosin and recycled polystyrene separately for their water
repellency in sapwood specimens of various woods [30,31,34] and particleboards [32,33,35]. In all cases,
the above materials exhibited a comparable water repellent effectiveness when compared to commercial
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water repellents. Literature on investigation of formulations including recycled polystyrene as basic water
repellent material combined with the pre-mentioned materials such as gum rosin, synthetic resin and
parafﬁn wax, as used in the present work, are not available. Such formulations compine hydrophobation
and blocking mechanisms against water entry and as such can be more effective and sustainable solutions
in the protection of ﬁber based materials from liquid water penetration. Gum rosin, alkyd resin, parafﬁn
as well as the organic solvents used in this study are commonly used in water repellent and paint industry
without any special restrictions. Polystyrene is, also, an inert material as the above mentioned water
repellents and no chemical reactions were reported when they diluted in organic solvents. In addition,
polystyrene is widely used in food packaging industry [44].
4 Conclusions
The conclusions of the present work are summarized as follows:
1. All water repellent formulations based on recycled polystyrene, gum rosin, alkyd resin and parafﬁn
wax applied to ﬁlter papers exhibited more or less a degree of water repellency.
2. Water repellent formulations with polystyrene concentration in the range between 5%–20% resulted
gradually to increased retention ranging from 16.28% up to 235.04%.
3. Increased retention led to increased grammage and to considerable reduction of absorption ranging
between 60.65% and 6.12%.
4. The incorporation of 0.5% parafﬁn wax improved the hydrophobicity of water repellent formulations
tested except two cases (“5% polystyrene + 5% gum rosin + 0.5% parafﬁn wax” and “20%
polystyrene + 5% alkyd resin + 0.5% parafﬁn wax”).
5. The inclusion of 5% gum rosin in polystyrene solutions compared to that of 0.5% parafﬁn wax
was found to be more effective in all cases, especially in treatments based on 5% and 10%
polystyrene concentration.
6. The addition of 0.5% parafﬁn wax to “polystyrene + gum rosin” and to “polystyrene + alkyd resin”
generally improved only to a small degree the effectiveness except in two cases (“5% polystyrene +
5% gum rosin” and “20% polystyrene + 5% alkyd resin”.
7. The best of the three water repellent formulations including parafﬁn wax was found to be the
“polystyrene + gum rosin + parafﬁn wax” solution followed by the “polystyrene + alkyd resin +
parafﬁn wax” and “polystyrene + parafﬁn wax”.
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