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ABSTRACT 

The wetting properties of untreated, water-extracted and chromated copper arsenate (CCA)-treated 
red maple were characterized by contact angle measurements. Conventional experimental and math- 
ematical modeling were employed to evaluate the wetting parameters. Zisman's critical surface ten- 
sions, and both acid-base (yABs) and acid (yiS) components of surface tension for CCA-treated wood 
do not differ much from those of untreated wood. After CCA-treatment, the dispersion (yds) and 
Lifshitz-van der Waal (yLWs) components of the surface tension increase while the polar (yp,) and base 
( y  ,) components decrease. The high contact angles resulting from the water and CCA treatment of 
wood compared to untreated wood suggest poor wettability. CCA-treated wood wetted with phenol- 
formaldehyde (PF) adhesive gave contact angles greater than 90°, i.e., very poor wettability and the 
time to reach an equilibrium contact angle was three times longer than that for untreated wood. 

Keywords: Hardwood, Acer rubrum L., red maple, chromated copper arsenate (CCA), adhesion, 
wettability, phenol-formaldehyde adheaive, contact angle, critical surface tension, surface free energy, 
dispersion component, polar componen~t, acid-base component, Lifshitz-van der Waal component. 

INTRODUCTION of adhesion between wood and adhesive may 

The manufacture of exterior-grade wood 
products from preservative-treated wood has 
been investigated by many researchers (Barnes 
et al. 1996; Boggio and Gertjejansen 1982; 
Vick et al. 1996). Preservative-treated wood 
either does not adhere properly to convention- 
al thermosetting wood adhesives, or the glue 
line fails. To develop good adhesion between 
adhesive and CCA-treated wood, a basic un- 
derstanding of the interface between CCA- 
treated wood surface and adhesive is essential. 
However, an important condition for good ad- 
hesion between two materials appears to be 
compatibility between their surface {energies 
(Marian and Stumbo 1962; Hse 1972; Gray 
1962; Gardner et al. 1996). 

Pizzi (1994) reported that the performance 

be due to: 1) adsorption, 2) mechanical entan- 
glement/interlocking, 3) electrostatic interac- 
tions, and 4) covalent bonding. Vick and Kus- 
ter (1992) showed by scanning electron mi- 
croscopy (SEM) that the surfaces of CCA- 
treated wood cell walls were covered with 
mixtures of chromium, copper and arsenic, 
which block adhesion to CCA-treated wood. 

Regardless of the interacting mechanism, 
interfacial wetting is essential for maximum 
adhesion. The quality of the interface can be 
described by using a thermodynamic approach 
that evaluates the surface energy by measuring 
the contact angle between solid substrate and 
liquid adhesive. The laminating industry has 
long recognized the poor wettability of CCA- 
treated lumber surface, and researchers have 
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responded by suggesting planing of CCA- 
treated surfaces before bonding and using ad- 
hesives formulated for CCA-treated wood. 
Due to health and safety concerns, the surfac- 
ing and sanding of preservative-treated wood 
are not well accepted techniques. Moreover, it 
is quite difficult to surface (23-27)/1,000-inch 
thick CCA-treated wafers or 1160-116 inch- 
thick CCA-treated veneers. This study dem- 
onstrates and measures the poor wettability of 
CCA-treated wood that has not been cleaned 
by knife-cutting or planing. 

The objective of this study is to monitor the 
modification of the wood surface treated with 
water and chromated copper arsenate (CCA) 
by means of contact angle measurement. To 
achieve this objective, the dispersion and polar 
components of surface tension were calculated 
from contact angles using mathematical mod- 
eling. This useful information may be used to 
tailor an adhesive formulation that is compat- 
ible with CCA-treated wood surface. 

THEORY 

Spreading of a liquid on a solid depends on 
the relative magnitudes of the inter- and intra- 
molecular forces of attraction of the liquid and 
the solid substrate at the interface (Zisman 
1962). Young's equation establishes the rela- 
tion between the surface tension of solid, air 
and liquid as follows (Harvey 1962): 

case = (ys - ys,)ly,. (1) 
where ys is the surface tension of solid, y, 

the surface tension of liquid, y,, the surface 
tension of solid-liquid interface, and the con- 
tact angle (0) between a solid (IS) and a liquid 
(L). Sumner (1937) derived a relationship sim- 
ilar to Eq. (1) using thermodynamic concept 
of free energy. To evaluate the wetting prop- 
erties of a solid, Zisman (1962) proposed an 
empirical parameter, the critical surface ten- 
sion of wetting, y,, which is defined by the 
intercept of the straight line plot of Cos0 vs. 
y, for different liquids with Cos0 = 1. The 
validity of Young's Eq. (1) is limited to an 
ideal homogeneous plane and undeformed sur- 
face (Adamson 1967). Later, Liptdcova and 

Kudela (1994) proposed that the contact angle 
corresponding to an ideally smooth surface 
(0,) is a function of the contact angle (0,) at 
the beginning of the wetting process and equi- 
librium contact angle (0,) at a time (h) of a.n 
inhomogeneous surface. 

By measuring the contact angles between a 
solid and a few reference liquids of known 
values of surface tension (y,) and their re- 
spective dispersion (ydL), polar (yPL), Lifshitz- 
van der Waal (yLWL), acid (y+,), and base (y-,) 
components, the surface tension components 
of the solid can be computed using: 

1) Young-Good-Girifalco-Fowkes geomet- 
ric-mean equation (Girifalco and Good 195'7; 
Fowkes 1972; Nguyen and Johns 1978): 

2) Harmonic-mean model (Wu 1971): 

3) Acid-base model (Van Oss et al. 1988): 

MATERIALS AND METHODS 

Wood samples 

Red maple (Acer rubrum L.) blocks 137 X 
18 X 5 rnrn (5.4 in X 0.7 in X .2 in) were 
conditioned at 20°C (68°F) and 70% relative 
humidity to an average equilibrium moisture 
content (EMC) of 1022%. The wood blocks 
were pressure-treated with 2% total oxides of 
chromated copper arsenate (CCA) type C so- 
lution, to a retention of 0.8 lb/ft3 (12.8 kg/m3). 
The wood blocks were also pressure-treated 
with only water. The treatment schedule con- 
sisted of an initial vacuum of 20 kPa (24-in. 
Hg) absolute pressure for 10 min followed by 
a pressure of 1.03 kPa (150 psi) for 15 min, 
and a final vacuum of 15 min. The pressure- 
treated blocks were stored for a week before 
oven-drying at 50°C for 24 h, then recondi- 
tioned to average EMCs of 1022%. 
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TABLE 1. Ingredients in phenol-formaldehyde adhesive 
mixture. 

Component We~ght 90 

Water 9.06 
GLU-X (wheat flour) 4.70 
Lignoflex (pecan shell flour) 5.50 
NaOH (50 wt.%) 3.00 
Soda ash 1 .00 
Liquid PF (GPR 6777) 76.74 
Total 100.00 

Chemicals 

Phenol formaldehyde (PF) (GPR 6777) was 
obtained from Georgia-Pacific Resin, Inc. The 
ingredients in the PF adhesive mixture are list- 
ed in Table 1. A 50%-concentrate stock solu- 
tion of chromated copper arsenate (CCA-C) 
was obtained from Hickson Corporation, Con- 
ley, Georgia. All other chemicals, except dis- 
tilled water, were of analytical grade and were 
purchased from Aldrich Chemical company. 

Contact angle measurement 

Contact angles on tangential surfaces of 
both untreated and treated samples were mea- 
sured with Rame-Hart, Inc.'s Goniometer, 
model 100-00- 1 15. The goniometer-micro- 
scope tube was set horizontally. The wood 
specimen rested on a bracket attached to the 
stage, and a small droplet (0.05 ml) of liquid 
was placed on the specimen with a micro-pi- 
pette. Table 2 lists the liquids and their surface 
tension components used for contact angle 
measurement. The contact angle was mea- 
sured by rotating the microscope eyepiece so 
that the hairline passed through the point of 
contact between droplet and wood surface, 

and tangent to the droplet at that point. De- 
creasing time-dependent contact angles for 10 
droplets on each wood sample per liquid were 
measured at relative humidity of 50% and a 
temperature of 23°C (74°F). The contact an- 
gles were recorded at 15, 30, 60, 120, and 300 
s, then at 5-min intervals up to 30 min total 
contact time. 

RESULTS AND DISCUSSION 

Critical su$ace tension, y, 

The critical surface tension values y, were 
determined by plotting the cosine of contact 
angle vs. the surface tension of a series of liq- 
uids (Table 2). The intercept of the rectilinear 
line and the horizontal line, Cos 0 = 1 for zero 
contact angle is the critical surface tension, y,. 
y, calculated for untreated red maple is 46.8 
d m 2 ,  47.8 d m 2  for water-treated, and 47.4 
mJ/m2 for CCA-treated red maple. y, values 
indicate that the critical surface tension dif- 
fered only slightly after water or CCA treat- 
ment. The critical surface tension for untreated 
red maple calculated in this paper is compa- 
rable to y, values (472 1 d m 2 )  of untreated 
hard maple, cherry, red oak (Gardner 1996), 
and Douglas-fir (Herczeg 1965) available in 
the literature. 

Time-dependent contact angle 

The equilibrium angle, 0, at time t, to reach 
the plateau was measured, and by extrapola- 
tion 0, at the beginning of the wetting process 
was determined. The Ow, corresponding to an 
ideally smooth surface, was calculated based 
on the empirical relations proposed by Lipth- 
kov6 and Kfidela (1994). The 0,, 0, and 0, 

TABLE 2. Su$ace tension components (n l /m2)  of liquids used for contact angle measurements. 

Liquids YL y d ~  Y ~ L  Y L W ~  Y A B ~  Y-L 7-L References 

Ethylene glycol 48.0 29.0 19.0 29.0 19.0 1.92 47.0 Kaelble 1971; Wu et al. 1995 
n-butanol: water (2:98) 49.0 - - - - - - Swanson and Becher 1966 
Diiodo-methane 50.8 - - 50.8 0 0 0 Wu et al. 1995 
n-butanol: water ( 1  :99) 55.0 - - - - - - Swanson and Becher 1966 
Glycerol 64.0 34.0 30.0 34.0 30.0 3.92 57.4 Kaelble1971;Wuetal.1995 
Water 72.8 21.8 51.0 21.8 51.0 25.5 25.5 Kaelble 1971; Wu et al. 1995 
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TABLE 3. Contact ungles eO, OU, OW, (degree) and time to (second) for drfferent red maple samples and liquids. 

Wood *ampler Llquld @o @u t ~ '  

Untreated 
2% CCA-treated 
Untreated 
Water-extracted 
2% CCA-treated 
Untreated 
Water-extracted 
2% CCA-treated 

Water 
Water 
Glycerol 
Glycerol 
Glycerol 
PF 
PF 
PF 

values for wood surfaces, using water, glyc- 
erol, and PF adhesive, are presented in Table 
3. Contact angles vary with the liquid and 
treatment of the wood. For the PF adhesive, 
0, for CCA-treated wood was 270 seconds 
compared to 90 seconds for untreated wood, 
and 143 seconds for water-treated wood. The 
wetting of CCA-treated wood with PF adhe- 
sive was 3 times slower than with untreated 
wood. The similar trend was noticed with wa- 
ter and glycerol as well. 

When the contact angle, 0, is less than 90°, 
the interfacial energy y,, should be lower than 
the surface tension of solid y,, indicating good 
wettability (Harvey 1962). This is true for 
wetting of untreated wood surface by PF ad- 
hesive. But, for both water-treated and CCA- 
treated wood, 0 was more than 90°, i.e., y,, 
was higher than y,, indicating poor wetting of 
both water-treated and CCA-treated wood sur- 
face by PF adhesive. This may be explained 
by the rough surface created by the raised 
grain of wood orland extractive migration on 

surface after water or CCA treatment (Maldas 
and Kamdem 1998). 

Dispersion (yD,J and polar (yP,) sur$acc' 
tension components 

With known values of y,, yd, and yP, for 
water, ethylene glycol and glycerol (Table 2) 
and the corresponding contact angles y,, yds 
and yP, for wood surfaces were calculated. 
Surface tension components for wood samples 
based on two pairs of liquids (i.e., water-eth- 
ylene glycol, water-glycerol) using geometric- 
mean Eq. (2) arid harmonic-mean Eq. (3) are 
presented in Table 4 along with the reported 
values for different woods species from the 
literature. It is evident from Table 4 that the 
water-ethylene glycol combination gave very 
good agreement between y, values calculated 
by using geometric- and harmonic-mean mod- 
els. On the other hand, the water-glycerol re- 
sults are difficult to interpret, in most cases. 
Even though dispersion and polar components 

TABLE 4. Dispersion and polur sutface tension components (ml/m2) of maple wood calculated from geometric-mean 
und harmonic-mean models. 

Geometric-mean Harmonic-mean 
- 

Woc~d sample\ Llquld par  Ys 7% Yps Y s  Y*S Yps 

Untreateda Water-Ethylene glycol 76.6 3.9 72.7 68.7 14.9 53.8 
Water-extracteda Water-Ethylene glycol 69.5 5.8 63.7 64.7 15.7 49.0 
2% CCA-treateda Water-Ethylene glycol 46.9 19.0 27.'9 49.1 19.5 29.68 
Untreateda Water-glycerol 93.3 0.1 93.2 77.1 7.6 69.5 
2% CCA-treateda Water-glycerol 69.5 0.1 69:4 58.9 2.5 56.4 
Untreatedb Water-Ethylene glycol 64.9 8.8 56.1 61.0 20.1 40.9 
Untreatedb Water-glycerol 66.2 4.7 61.5 59.5 15.9 43.68 

- 
W e a r ~  contact angle\ measured at 15. 30 and 60 \econds for red maple. 
Ward maple (Gardner 1996) 
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TABLE 5. Cqmpurison of acid-base", dispersionb und polaP sufluce tension components ( d / m 2 )  of red maple. 

Acid-base Geometric-mean Harmonic-mean 

Wood siimpk y7 s y iWs  yARs Y+s Y - s  Y' s Yds Yps yTs Yds Y P s  

Untreated 47.65 45.51 2.14 0.02 57.01 76.6 3.9 72.7 68.7 14.9 53.8 
CCA-treated 52.96 50.8 2.16 0.05 23.38 46.9 19.0 27.9 49.1 19.5 29.6 

,' For water-ethy/lenr glycol-d~todomethanc. 
For water-ethdlene glycol 

vary for water-ethylene glycol, they follow a 
consistent and similar trend for untreated and 
treated woods. Both geometric-mean (GM)- 
and harmdnic-mean (HM) models show that 
both wateq and CCA treatments reduce the y, 
and yP, of the wood, while the reverse is true 
for yd,. The value of y, reported in the liter- 
ature for untreated maple using GM model is 
64.9 m~/rr$ for water-ethylene glycol (WEG) 
and 66.2 mJ/m2 from water-glycerol (WG) 
(Gardner 11996). With the HM model, 6 1.0 mJ/ 
m2 was obtained for WEG and 59.5 mJ/m2 
with WG. For untreated red maple using GM 
model, y, is 76.6 for WEG and 93.3 mJ/m2 for 
WG. Withthe HM model, y, decreases to 68.7 
mJ/m2 for WEG and to 77.1 mJ/m2 for WG 
(Table 4). t h e  variability of y, with the liquid 
used and l/he models GM vs. HM is difficult 
to explain.However, Wu (1982) suggested that 
the harmohic-mean equation is preferred be- 
tween lowtenergy materials (e.g., wood, poly- 
mers, orgqnic liquids and water), whereas the 
geometric-lmean equation is preferred between 
low- and Tgh-energy materials (e.g., mercury, 
silica and @eta1 oxides). Still to date, there are 
no indepe$dent methods for evaluating abso- 
lute valud of surface tension components. 
Thus, no independent check is possible 
(Nguyen dnd Johns 1978). 

Lifshitz-v4n der Waul (ylW,),  acid (y',), and 
base (y-,) su$ace tension components 

Table 5 contains the total surface energy 
yT,, the Ljfshitz-van der Waal yLW,, the acid- 

calculated using Eqs. (28~3) for GM or HM 
models are also listed in Table 5. 

yTs and the Lifshitz-van der Waal (yLW,) 
components of surface tension of red maple 
wood increase due to CCA-treatment. The 
acid-base (yAB,) and acid (y',) components of 
surface tension after CCA treatment was not 
different from those of untreated wood. The 
base component y-, after CCA treatment de- 
creases from 57.01 mJ/m2 to 23.38 d m 2 .  
From the acid-base standpoint, CCA treatment 
on red maple results in an increase of the Lif- 
shitz van der Waals or apolar contribution 
from 45.51 to 50.8 and a decrease in base or 
electron donating surface property. Zhang et 
al. (1997) also reported a decrease in y-, and 
increase in yLW, after CCA treatment of south- 
em pine. 

The polar (yP,) components of surface ten- 
sion also decreases from 72.7 to 27.9 for GM 
model and from 53.8 to 29.6 for HM as well 
as the dispersion component. The total surface 
tension yT, obtained by GM and HM were re- 
duced after CCA treatment while the acid-base 
method yield higher yT, for CCA-treated red 
maple wood. It is difficult to judge which of 
the three methods gives good prediction of 
surface tension. As the acid-base property of 
wood surface is often considered as an impor- 
tant characteristic in predicting adhesion per- 
formance, Lifshitz-van der WaaVacid-base ap- 
proach may be a preferred choice for compar- 
ing the surface tensions between treated and 
untreated red maple. 

base yABs,l and the acid or electron accepting 
y',, and the base or electron donating y-, CONCLUSIONS 

componen~s computed using Eq. (4). For com- Higher contact angle and longer time to 
parison, the total solid surface energy yT,, the reach equilibrium angle for PF adhesive on the 
dispersion yd,, and the polar yP, conlponents CCA-treated wood compared to those of un- 
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treated wood indicated poor wettability of the 
wood surface. The wood surfaces became hy- 
drophobic after CCA and water treatment. The 
surface tension components of untreated- and 
CCA-treated wood were in excellent agree- 
ment with the published results of other wood 
species. The critical surface tensions of un- 
treated and treated wood samples did not dif- 
fer much. Total surface tension (yTs) obtained 
by both geometric- and harmonic mean meth- 
ods for CCA-treated wood is lower compared 
to untreated wood. But, total surface tension 
(yTs) obtained by acid-base method for CCA- 
treated wood is higher compared to untreated 
wood. 
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