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ABSTRACT 
Wettability, as indic.ated by contact angle with water, of phellogen and old phloem 

surfaces of loblolly pint: (Pinus taeda) rhytidome was determined after extraction, heating, 
and aging. These two tissnes are the predorilinant surfaces exposed after riiilling pine bark 
into srnall particles. 

Contact angles rileas~ired for bark surfaces were over 50% higher than those published 
for wood. Old phloen, gave an average angle of 118" while phellogen was significantly 
more wettable with an average contact angle of 106". Extraction of bark by diethyl ether 
and methanol increaser1 wettability. Furthermore, large contact angles were measured on 
glass plates covered with condensed bark extractives. Heat treatments at 105 C for 78 hr 
increased the contact angle, thus decreasing wettability. The influence of heating time on 
contact angle was desc,ribed by an exponential function whose coefficients were used for 
quantitative assessment of the treatment effects. Surface aging was shown to involve the 
samle general physico-ciiemical processes as heating. Effects of heating were shown to be 
related to ether ancl ll~ethanol soluble extractives in loblolly pine bark. 

Additional keytoo~tls: l'inrrc taeda, phellogen, phloenl, wettability, contact angle5, cxtractio~i, 
heating, aging. 

INTRODUCTION that wettability and strength of glue bonds 
formed by some adhesives on wood are 

The potential of tree Elark as a source of related. Therefore, the strength of bark 
raw material is currently under serious con- hoards formed with liquid synthetic resins 
sideration. Bark residws of various tree could also be affected by surface wettability 
species have been show11 to be effective in which, in turn, could be influenced by the 
removing oil contaminants from aquatic relative amount and location of the hydro- 
e11vin)nrnents (CVeldon 1971.1, b ) .  It  has phobic The role played lIy the 
11ee11 reportccl t h a t  barks  of several t r e e  hydrophobic nature of bark surfaces in such 
species contain various amounts of wax- processes as the selective adsorption of oils 
like extriictivo (Crist 197'1). Weldon (l97lb) alld the gluing of particles into board 
denionstrated that southern pine rhytido~ne prodrlcts provided the justification for a 
is naturally hydrophobic and, as such, is thorough study of the wettability bark 
well suited as an oil scavenger. Both Chow surfaces. 
(1972) and Weldon ( L971b) attribnted The degree to which a particular 
this resistance to wettin5 to some of the will wet (penetrate into, spread or ad- 
extractives and propose(\ that the hydro- here to) a solid dcpellds on the "surface 
phobic behavior can 1)e i:nh;mced by heat- free of the solid-vapor illterfnce 
ing. It h:is also been suggested that bark 

ys,, the liqllid-vapor interface yLr, and the 
may be u potential raw nlaterial for various solid-~iqllid iIlterface ysr,. These intedacial 
coinposition boards (Maloney 1973). Bodig energies are defined tllermodynamically by 
( 1962) and others ( Freernan 1959; Herczeg 
1965; Chcn 1970; Hse 1972) have shown Y = ( 2 ) ~ ~  V, n i  (1 1 

I (;raduatr Student, Professor, and Assistant Pro- where A = surface area 
fcssor, respectivc,ly. V = volume 

\\'0011 AN11 13113EI< 353 IVINTER 1974, V. S(4) 
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12i(.. 1. Scaiiniiig elrctro~r 1nici.ograpl1s of the I~ark smfaccs ~isetl  for contact anglc measurements. $1. 
l ~ l l o ! l ~ ~ ~ f ~ l l  1). Ol(1 ~ I l ~ l o ~ ~ l l l  

l r i  = nl111lIx.r of 111oles of compo- 
ncnt i 

F = U-TS = Ilc~l~lilloltz frcr clrcrgy 
LJ = internal energy 
T = ul)sol~~te te11rpc.ratr1rc 
S = ciltropy. 

\L7hen a licluid droplet is placed on n solid, 
t l ~ .  liquid comes to rest ill the form of a 
lens. This ccl~~ilil)riluii condition is genrrnlly 
c\i~xessecl \)y Y o ~ ~ n g ' ~ c ' c l ~ ~ a t i o ~ i  

constant temperature, volume, and mass is 

\Ieaslires of the three wetting processes, 
such as the coefficient of spreading K, the 
work of ;~dllesio~l \.\I, and the depth of pene- 
tration into a capillary L, have traditionally 
Iwcn expressed i l l  terms of the liquid sur- 
face fret energy yl.\. and the contact angle 
H I)y the following relationships: 

whcrc, 0 - contact angle formctl 1)). the 1c1i\ L = B y L V C O S O  
edrv. < ,  

whcrc R = rt/2p 
Tiler? is sollle conf~ision concvrning the and r = radius of curvature of the capil- 
thcorctical i~lterprctatio~l of this eclliation. lary 
Originally, it was descrilIed 11y Tllolnas t = time 
You~rg ( 1805) ill terms of "forces": 

p. = viscosity. 
'i'lr~. part (of tlw \vliolc- s11pc.i.ficial colresion of 
t l i c x  f l r~it l)  \vhich acts in th13 clirc~ction of the 
ul-fact, of thr  solitl is pl.opol.tiona1 to thc cosine 
of the. incliiiatiolr, ant1 this force, of tlic solid 
\ \ i l l  I)( ,  c ~ l t ~ a l  to tl~c. force. of tlic~ coniiiion ~111.- 
faux of t 1 1 ~ .  solitl ;cntl tllc~ fluitl. 

lIowc~\-r~r, a morc plausible interpretation 
1);1scd on  cllergy has I)ce~l g i l - e ~ ~  11y Jollnson 
( 1959), n.110 11;~s derived the relationsllip 1)y 
assn~ni~lg tot:~l free enc'rgy of the systcin at 

Thus for a given liquid, the coiltact angle 
/? is coilsidered an indicator of the three 
wetting processes on a solid sl~rface. 

The ol~jectives of this study were to char- 
acterize wettal~ility of two surfaces of lob- 
lolly pine rllytido~ne in terms of contact 
anglc ; u ~ d  to deterniiile the role of ether 
and methanol extractives in heat and aging 
seilsitivity of 1)ark wettal~ility. The specific 
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surfaces selected were those most frequently 
exposed when loblolly pine bark is milled 
into srnall particles. 

EXI'KHIMENTAL I'HOCEDURES 

Loblolly pine (Pinu.9 tueda L.) rhytidome 
was obtained from sever;il trees in a south- 
west Virginia grove and stored in plastic 
bags undcr refrigeration. The surfaces used 
for contact angle ~neasurc:meilts were ( 1 )  a 
surface consisting of phellogen cells ex- 
clusively and ( 2 ) ,  a suiface composed of 
old ~h loem.  These 1atl:er surfaces were 

A 

prepared from regions of rhytidome be- 
tween the thick-walled periderm layers by 
sanding off as much periderm tissue as 
possible with a rnediuin conln~ercial sand- 
paper in order to expose layers of included 
old phloem. This surface is called "old 
phloem" throughout this paper; however, 
it should be noted that expanded periderm 
cells were also present. This type of sur- 
face is often exposed vrhen pine bark is 
processed into particles. The phellogeil sur- 
faces were primarily those exposed as a 
result of natural breaks during removal of 
the bark from the stem. Small flat samples 
with phellogen surfaces were excised from 
larger rhytidome sections with a scalpel. 

Contact angle rru*asurements 

Contact angles were n~easured using the 
"drop buildup" method described by Collet 
( 1972). The apparatus t onsisted of a hori- 
zontal student microscope with a goni- 
ometer eyepiece and a mechanical stage. 
For purposes of specimeii moisture content 
control, a small glass co~~ditioning capsule 
was attached to a source of saturated air. 
The capsule had two optical flats through 
which contact angles could be measured. 
Microscope magnification was 2 0 ~  for all 
tests. The liquid droplets were introduced 
onto the solid surface i~sing a calibrated 
syringe capable of proclucing droplets of 
0.009 ml repeatedly. 

The specimells were idfixed to the me- 
chanical stage of the microscope with the 
tangential surface in the Ilorizontal position. 

FIG. 2. Relationship between heating time ( t )  
and contact angle ( 8 )  of water 1nea5ured on 
1ol)lolly plne phellogen ant1 old phloem surfaces. 

Droplets of 0.009 ml were added to the 
swface in succession. Two readings on 
each side of the progressively growing drop 
were taker1 at the five drop volumes be- 
tween 0.018 mid 0.054 ml. The contact 
angle was defined as the average of these 
ten readings. 

Thermal treatments 

Twenty specimens from each tissue, phel- 
logen and old phloem, were prepared as 
previously described. After conditioning 
the bark in the laboratory, contact angles 
of water were measured on both surfaces. 
The same 40 specimens were then heated 
for periods of 6,  30, and 78 hr in a con- 
vection oven at 105 C. After each heating 
period, the specimens were allowed to 
equilibrate to about 8% equilibrium mois- 
ture content, and the contact angles were 
nleasured again. This procedure was also 
followed for a set of previously extracted 
rhytidome surfaces using heat treatnlents 
up to 180 hr. Another set of specimens of 
each tissue was heated for 126 hr and ex- 
tracted as described above. These samples 
were reheated again for 6, 30, and 78 hr 
beforc testing. 
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I i ~ ~ u n g  
1 5.d. phellogen 

1 0 1 1 5.d. phellogen 

I ~ ~ ~ ~ ~ ~ ~ ~ I  
0 30 60 90 

time (h r )  

FIG. 3. Relationship between heating time ( t )  
and contact angle ( 0 )  of water on young and 
old phellogen surfaces of loblolly pin(,. 

Extractions 
Chen (1970) has shown that extraction 

of wood increases wettability. I t  was 
thought that extraction would influence 
wettability of pine rhytidome. To deter- 
mine this influence, contact angle mea- 
surements were made on extracted and 
mleutracted materials. 

Forty specimens, twenty each of phel- 
logen and old phloem, were air-dried in the 
laboratory. Contact angles were measured 
and the specimens were air-dried again. All 
specimens were extracted with diethyl ether 
in a Soxhlet apparatus for seven days and 
placed in a small desiccator under vacuum, 
over paraffin, for an additional seven-day 
period to remove the ether solvent from the 
surfaces of the bark samples. After desic- 
cation, the bark was equilil~rated in the 
laboratory and the contact angles were 
measured again with water. Finally, the 
same sptcimens were extracted for seven 
days with methanol, conditioned, and tested 
using the procedure outlined above. 

t ime (hr) 

FIG. 4. Relationship between heating time ( t )  
and contact angle ( 0 )  of water on loblolly pine 
phellogen and old phloem surfaces extracted with 
diethyl ether and nrethanol. 

on a glass substrate for contact angle mea- 
surements. In this experiment, air-dried 
bark was separated into old phloem and 
dense periderm tissues. Dense periderm 
was chosen instead of phellogen since the 
relative amount of phellogen in pine rhyti- 
dome is small. Separation of the two tissues 
was done manually with a scalpel, and 
therefore complete isolation was difficult. 
The mixing of small an~ounts of dense 
periderms with old phloem and phloem 
with periderm could not be entirely pre- 
vented. Once separated, the samples were 
milled to pass through a 40-mesh screen. 
Two-gram samples were extracted with 
diethyl ether in a Soxhlet apparatus for 
24 hr. The amount of extract removed from 
each tissue was determined gravimetrically 
after evaporation of the solvent. The same 
two-gram samples were then extracted with 
methanol for another 24-hr period and the 
amount of extract was again determined. 
The procedure followed was similar to that 
proposed by Browning ( 1967). 

Contact angle measurements with water 
were made on freshly cleaned glass and also 

Test of extracts on glass surfaces on extractive film covered glass suifaces. 

H~ dipping glass micn,scope slides into The films on the glass surfaces were heated 

a solvent-extract mixture of bark ~u\,- at 105 C for periods of 6, 24, and 48 hr. 

secluently evaporating the solvent, films of Between each heating period contact angles 
ether :und ~llethanol extracts could be fornled were again measured. The results were 
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then compared to the response of UIICX- 
trncted bark surfaces. 

I I I I ' ~ 7 1 r v  
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Specilnens with secondary phloem sur- 
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time (hr) 

0 30 60 90 
FK:. 5. Relationship between heating time ( t )  time (hr) 

and contact angle ( 8 )  of water on old phloem and 
phellogen surfaces after previous heating for 126 FIG. 6.  Relationship between heating time ( t )  
hr and subsequent extraction with &ethyl &her and contact angle ( 8 )  of water on glass surfaces 
ant1 tnethanol. covered with films of old phloem and dense 

peritlerm ether extracts of loblolly pine rhytidome. 

faces only were preparc:d by sanding ex- 
cised air-dried samples. ,is many specimens 
as could be processed within an hour were 
exposed to a laboratory environment of 23 C 
and 45% RH for a period of 1, 6, 12, 48, 
216, 452 and 848 hr. Contact angles were - 
measured after each time interval. I t  was 
hoped that the effects 01 these tests would 
be representative of the ;tging processes oc- 
curring in loblolly pine ])ark surfaces. 

RESULTS AND DLSCUSSION 

The results of the expc.rinients are shown 
in Figs. 2 through 7. Obviously, the con- 
tact angle is related to time of heating at 
105 C or to time of aging in laboratory con- 
ditions. The boxes or circles in the diagrams 
represent mean values cif ten observations 
of contact angle. The t.urves are best-fit, 
nonlinear regression eclu'itions of the form: 

This particular function was chosen not only 
on the basis of the form suggested by the 
data but also because the treatments them- 
selves may reflect reaction-rate type of pro- 
cesses. The mathematical model indicates 
that as time of heating or aging increases, 
the contact angle asymptotically approaches 
a constant value C + a. The value of C is 
the contact angle at  t = 0, which is the con- 
tact angle measured on untreated surfaces. 
The parameter a represents the magnitude 
of the increase in the contact angle due to 
the treatment and the parameter p is a 
measure of the rate of change in the con- 
tact angle that can be seen by differentiating 
equation 6: 

Thus, a large value of p indicates a rapid 
increase to the final value and a high level 
of sensitivity to the treatment. The three 
parameters are given in each figure and 
can be used for characterizing and com- 
paring the surfaces studied as well as their 
response to treatments. 

where 6 = contact angle (degrees) Surface texture 

t = time Although an attempt was made to manu- 
C ,  a, p = parameters. facture uniform bark surfaces, variations did 
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time (hr) 

1'1~:. 7. Effect of aging 011 contact anglc ( 8 )  of 
\vatcr o n  oltl  phloe~n sl~rfacrs of loblolly pine 
rl~ytidomc.. 

occur in the texture of the sl~rfaces gener- 
ated. In  other systems it has been found 
that surface roughness influences the con- 
tact angle. Since Young's equation is only 
valid for ideally smooth surfaces, Wenzel 
(1936) pi-oposed the following general- 
ization to account for surface texture: 

wIi(1re 8,  = true contact angle for an ideally 
smooth surface 

8, = apparent contact angle actually 
ineasui-ed on  a rough surface 

R = ratio of the true \m-face area to 
the area projected on a plane 
perpendicular to the normal 
of the overall surf ace ( R > 1 ) . 

It is noted that if B+ is less than 90°, the 
apparent contact 8;, decreases with increas- 
ing roughness R. Conversely, if Bt is greater 
than 90°, 8;, illcreases with 11. 

For some systems, a surface profile anal- 
ysis call l ~ e  used to estimate the surface 
roughness R. IIowever, according to Marian 
( 1963 ) , other factors, such as the height and 
slope of surface asperities or porous open- 
ings ill the solid, nlay also contribute to the 
tlrviation l~etween the apparent and the 
true contact angle. Cnssie and Baxter 
(1944), for csample, have proposed the 

following niodification of TVenzel's equ:ttioli 
for microscopically porous surfaces: 

cos 0, = R (f, cosot - f2) 

where f = fractional area of the, liquid- 
solid interface 

f 2  = fractional area of the liquid- 
air interface. 

For l~ark  surfaces, f, would correspond to 
the amount of lmnen area in the total cross 
section. Since Cassie and Baxter ( 1944), 
as well as Dettre and Johnson (1964), have 
deinonstrated that 4, illcreases wit11 f-, it 
might be expected that the apparent con- 
tact angle would increase with the size of 
lumen openings, provided the ceI1 wall 
thickness remained constant. 

Electron micrographs of typical phellogen 
and old phloem surfaces used in this study 
are shown in Fig. 1. Although a more 
quantitative examinatiol~ of the degree to 
which surface roughncss affects contact 
angle phenomena is currently being con- 
ducted, scanning electron micrographs were 
used during this study to qualitatively as- 
sess the contribution of surface roughness. 
Notice, for example, the difference in the 
lumen sizes of the cells of the two surfaces 
shown in Fig. 1. 

Characteri,r.tic contact angles of water on 
phellogen c~ncl olcl phloem 

Table 1 is a comparison of contact angle 
on the two characteristic surfaces of lol>lolly 
pine rhytidome. Included in the table are 
mean contact a i~~rles  measured after ether " 
and ether and alcohol extractions of phel- 
logen and old phloem surfaces. The rela- 
tively high values of contact angle shoulcl 
be noted. All but the double-extracted 
surfaces gave obtuse contact angles. Doug- 
las-fir earlywood and latewood surfaces 
have heen reported to give 74.0' and 77.2' 
angles with water, respectively (I-Ierczeg 
1965). A comparison of these values with 
the 118" and 106" angles for old phloern and 
phellogen, respectively, reveals that bark 
surfaces are markedly less wettable than 
wood. 

Another important result of this study is 



. . 
1.4151.1.: 1 .  nf('(111 c.ol~t(~ct n r l g ' ~ ~  (0) I C ~ L ~ C ' T  l l l ~ ( , l l ~ g ( ~ ~ ~  ( L ~ I ~ I  old l~h l ,~ (> t~ t  after ~ e ~ i ( ~ i ~  ( ~ U ! I S  o f  Soxlzlet cx- 

tractiotl.~ by c~tllc'r ail(/ r,rc,tl~c~tlol 

T i s s u e  

O l d  Phloem P h e l l  ogen 
t -va l ue 

Treatment  Between 
T i ssues  

o C o e f f i c i e n t  o f  o C o e f f i c i e n t  o f  
(De j r ees )  V a r i a t i o n  (%)  (Degrees) V a r i a t i o n  ( % )  

Un t rea ted  11 8 6.24 106 8.43 4.12** 

E t h e r  E x t r a c t e d  109 5.48 9 5 5.17 3.14** 

E t h e r  and Methanol 80 6.26 82 10.41 0 .23 

** S i g n i f i c a n t  a t  t h e  1% 1 w e 1  o f  p r o b a b i l i t y .  

the difference l~etjveen the contact angle 
measnred on old phloen and on phellogeu 
tissues. This difference remained significant 
even after a seven-da).-long Soxhlet es- 
traction by ether. Ho\vel-er, when the etlier- 
extracted samples wcre further extracted 
1)y methanol, wettability of the t\vo tissues 
l~ccame the same. Scanning electron micro- 
scope ol~servations, at  variol~s inagnifi- 
cations, indicated 110 d scernible physical 
changes of the bark surflces duc to extrac- 
tion with ether and then nethai~ol.  I t  seems 
unlikely that the extractions caused texture 
changes, t l~us  eclualizing the effect of sur- 
face roughness. The ~ntthanol,  if not ade- 
c l~ i a t e l~  removecl froin the slirfaces l~efore 
the contact angle ~neasurements were made, 
could have masked the surface with a con- 

taminating layer, thus cqnalizing the mea- 
sured contact angles. IIowever, we feel that 
the difference in \vettal)ilities of old phloem 
and pl~ellogen lies primarily in the chemical 
nature of thcse t\vo surfaces. Of secondary 
iinportance in this con~~ection nlay be the 
anatolnical structure of these tissues. 

Effect of therntal treatments on wettul)ilit!l 

The effect of heating bark at 105 C 011 

thc contact angle formed on old phloem and 
phellogen is shown in Fig. 2. The initial 
contact angles C for the two sl~rfaces are 
those given in Table 1 for the unextracted 
tissues. The final angles, C + a, after pro- 
longed Ileati~lg are 121" for pllellogeil and 
139" for old phloem. These are remarkably 
liigll values when compared with contact 

' I ' A H I . E  2. A ~ I u ~ ! I . F ~ v  of om~.i(li~(c of coiltact anglc of rccrtcr o t ~  ttco lohlollt~ !line hark sr~rfaces ext~.acted by 
t u ~ o  differct~t ~ o l ~ e ? l t . ~  

Source DF Sum o f  Squares Mean Squares F P r o b a b i l i t y  f o r  

F t a b l  e'F 

T i s s u e  ( T )  1 2,477 2,477 19.4** 0.0001 

E x t r a c t i o n  ( E )  2 15,931 7,965 62.5** 0.0001 

T x E  2 630 31 5 2.5 0.0869 

Res idual  155 14,656 127 

** S i g n i f i c a n t  a t  t h e  1% l 3 v e l  o f  p r o b a b i l i t y .  
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TAHLF, 3. A c.on~parison of contact angles hcforc and after heating 

C C + a  a 
( b e f o r e  hea t ing )  ( a f t e r  hea t ing )  ( d i f f e r e n c e )  

Subs t ra tes  
01 d  Dense 01 d  Dense 01 d  Dense 

Phloem Per iderm Phloem Per iderm Phloem Per iderm 

Unextracted 118 106 t  138 1 2 1 t  20 15-1 
M a t e r i a l  

E x t r a c t  F i l m  81 82 
Covered Glass 

?These c o n t a c t  angles were measured s p e c i f i c a l l y  
dense per iderm. 

angles obtainal~le for \vood si~rfaces (Gray 
1962; IIerczeg 1965). 

I t  should be noted in Fig. 2 that both 
tissues responded to heat treatment in the 
same general manner. Increasing time at 
105 C resulted in increasing hydrophobic be- 
havior. The difference between the two 
may be seen in the magnitude of the final 
angles and in the increase in p. 

The boxes and circles in Fig. 2 represent 
average values of ten illdependent contact 
angle determinations. The vertical bars - 
associated with the boxes represent stan- 
dard deviations around the mean values. I t  
is noted that the variability of data is ap- 
preciably greater for phellogen than for 
old phloem. An especially large variation 
in contact angle was measured on the initial, 
iintreated phellogen surfaces. This differ- 
ence in standard deviations prompted a 
closer examination and, consequently, a 
stratification of the phellogen tissues. 

During surface preparations, it was noted 
that some phellogen specilllens were darker 
in color than others. This color variation 
was found to be related to the re1 a t ' ive 
position of the phcllogeil surface in the 
rhytidome. In general, older phellogen tis- 
sues, further away from the cambium, 
tended to give the darker surfaces. In- 
tere\tingly, these darker specimens gave 
consistently higher contact angles with 
water tllan did the younger, light-colored 
ones. 011 the basis of this observation. a 
separate expel-inlent was conducted in 
which phellogen tissues from the same 

on t h e  phe l logen  l a y e r  o f  t h e  

bark pieces were separated into two groups: 
the older ones near the outside of the 
rhytidolne and the younger ones from the 
side near the living phloem tissue. Con- 
tact angles were determined for each group 
both in the original, untreated state as well 
as after heat treatments at 105 C. 

Results of contact angle measuremeilts 
are given in Fig. 3. There is a striking dif- 
ference between the wettabilities of old and 
receiltly produced phellogen surfaces. First, 
there is a very large difference between the 
C values, 93' for young and 118" for old 
phellogen. In fact, old phellogen had at1 
initial contact angle of the same magnitude 
as the old phloem. Upon heating, however, 
the relative increase of the angle was small, 
a = 5O, for the old phellogen with a very 
slow rate of increase, p = 0.050. Corre- 
sponding vallies for young phellogen were 
a = 26" and p = 0.254. The C + a value for 
old phellogen remained somewhat higher 
than for the younger tissue after prolonged 
heat treatments. 

influence of extructives on  contact angle 

Tablc 1 shows the effects of extractions 
on wettability of old phloem and phellogen 
tissues. The contact angle measured on both 
surfaces decreased markedly with each ex- 
traction. The reduction in contact angle 
is shown to be greater for the old phloem 
than for the phellogen resulting in an equal- 
ization between the two tissues. Analysis 
of variance of the results is given in Table 
2. I t  is apparent that the difference is 
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highly sig~lificant not only between the two 
tissues I ~ u t  also among surfaces extracted 
with the two solvents. The interaction is 
significant at only a low level of probability 
(8.69%) indicating that the two tissues 
responded somewhat differently, in terms 
of contact angle, to extr:,ction. 

The extracted surfaces were then exposed 
to heat at 105 C and the (:ontact angles were 
measl~red. Figure 4 shows the effects of 
heating to 180 hr on the wcttability of old 
phloem and phellogen. First, the values of 
C, as earlier shown in T;~ble 1, are appreci- 
ably lower than those f8)r thc unextracted 
~p~c imens .  The values of 80" and 82" for 
C are comparable to those reported for 
wood (Gray 1962; Heiczeg 1965). This 
rcsnlt shows indirectly that the basic dif- 
ference between wettabilities of bark and 
wood probably lies in the differences in 
extractive contents. Second, the final values 
of contact angle, C + a, achieved by heating 
at 105 C are vcry mucl~ lower than those 
of the uilextracted surf:lces: 97 for phel- 
logen and 103 for old phloem. Third, the 
values of p are also lowe: than those for the 
nnextracted barks. 

These results point quite conch~sively 
to the e~tractivcs as those components in 
bark nlost sensitive tc, heat treatments. 
These ether- and methan~~l-soluble materials 
uildcrgo either a chemical reaction, such as 
oxidation of unsaturated fatty acids and 
esters as proposcd by IIt.rnmingway ( 1969) 
that inakes them increasingly hydrophobic, 
or the conceiltration of these extractives in- 
creases at the surface d i ~ e  to thermally in- 
duced migration. 

It  is interestiilr to nc,te that the curves " 
representing phellogeil lad old phloem in 
Fig. 4 do not differ from each other as much 
as those for uilextractetl tissues in Fig. 2. 
This indicates amill that the differences in " 
wettabilitv between tllc two tissues are due 
at least in part to the differences in ex- 
tractive contents. Remt)val of ether- and 
methanol-soluble extractives from the sur- 
laces of the two tissues reduces tllc dif- 
ferences in contact angles 

The increase in conta(ct angle 011 the ex- 

the vallies of a in Fig. 4 may be interpreted 
as a result of nligration of small amou~lts of 
unremoved extractives to the surfaces. Such 
migration of extraileous materials has been 
reported to be responsible for producing 
refractory surfaces, often called "case hard- 
cned" surfaces, in veneer during high tem- 
perature drying ( Hailcock 1963). Vapor- 
phase transport has also been shown to 
occur with stearic acid in paper (Swanson 
and Cordingly 1959 ) . Although seven-day 
extractions were extensive, the relatively 
thick bark specimens and their very low 
permeability may very well inhibit removal 
of some of the extractives. I t  is also plausi- 
ble that other materials, even major com- 
ponents, of bark may undergo some type 
of oxidation reaction at high temperatures 
producing less wettable surfaces. 

In order to test the solubility of ether and 
mcthanol extractives after heating, speci- 
mens were heated at 105 C for 126 hr and 
then extracted the same way as the non- 
treated ones. These preheated and sub- 
sequently extracted phellogen and old 
phloem tissues were again heated and the 
change in contact angle was measured. 
Figure 5 shows the relationships of contact 
angle to time of heating for the two pre- 
heated and extracted surfaces. In Fig. 5, 
the initial angles C for both tissues are 
higher than those for the unheated and ex- 
tracted specimens; 88" for phellogen and 
94" for old phloein. In addition, the final 
angles, C + a, are virtually the same for the 
two surfaces but higher than those in Fig. 
4. These results indicate that preheating of 
bark resulted in a general increase in con- 
tact angle that could not be eliminated by 
simple extraction. Perhaps the ether- and 
methanol-soluble extractives underwent a 
polymerization reaction upon heating that 
rendered them insoluble in the solvents. 
Further heating after extraction could have 
res~~l ted  in pyrolysis, continued polymeri- 
zation and/or oxidation of these substances. 

Direct effects of ether extracts on 
contact angle 

Old ph loe~ l~  contained 6.33% ether ex- 
tracts calculated on the basis of the unex- 

- 
tracted surfaces upon ht,nting as shown hy 
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tracted oven-dry weight of the samples and 
the dense periderm contained 8.35%. This 
latter extract was tinted yellow in color, 
whereas that from the old phloem was 
virtually colorless. After ether extraction, 
the dense periderm tissues contained 10.16% 
~nethanol-soluble materials and the old 
phloem only 7.51%. Extraction of these 
residues with water demonstrated that the 
alcohol extract contained most of the water- 
soluble substances. The ether extract from 
either tissue was waxlike in texture and was 
easily deposited as a thin film on glass 
tnicroscope slides. This was not possible 
with the methanol extract because 11po11 
evaporation of the solvent, the extract be- 
came a powder and did not adhere to the 
glass. 

\?'hen the glass was coated with the ether 
extract froin old phloem, the average con- 
tact angle measured was 81"; and when it 
was coated with the dense periderm ex- 
tract, 82". Clean, uncoated glass exhibited 
an average contact angle of 24" with water. 
Obviously, the film determines the contact 
angle and the ether extracts are very hydro- 
phobic. 

After the coated glass was heated for 
periods of 6, 30, 78 and 94 hr, the contact 
angle measured on the cooled surfaces in- 
creased rapidly with heating time and 
tended to be constant after 30 hr. The 
observed data are shown in Fig, 6 along 
with the best-fit curves. These curves are 
remarkably similar to those obtained for 
the rhytidome surfaces themselves, except 
that they lie at a somewhat lower level. 
This decrease could be attributed to the 
smooth texture of the glass-coated surface 
and therefore is consistent with IVenzel's 
definition of surface roughness. I11 Table 3 
the average contact angles measured on 
unextracted phellogen, old phloem and ex- 
tracted coated glass, before and after heat- 
ing are compared. Despite the difference in 
texture between the bark surfaces and the 
coated glass surfaces, the values of a are 
similar for both bark components. There- 
fore, the response of both bark surfaces to 
heating appears to be due to the thermal 
response of the ether-soluble extracts. Crist 

( 1972) has shown that the concentration 
of extractives varies through the thickness 
of the dense periderm, thus a comparison 
of the a values for the unextracted material 
and the extractive film is not strictly valid. 
However, this appears to be of minor signif- 
icance in relation to the overall similarity 
of the a values. 

Effect of aging on old phloem surfaces 

It  has been noted that surface aging of 
wood adversely affects wettability and glue 
bond strength (Gray 1962; Hancock 1963; 
Herczeg 1965; Stumbo 1963). The effects 
are possibly due to chtsmical interactions 
of the substrate and air or to the deposition 
of air-suspended particles contan~iilatillg 
the solid surface. 

Figure 7 shows the result of the aging 
experiment. The contact angle measured 
on the old phloem surfaces of loblolly pine 
rhytidome increased rapidly with time of 
aging for the first 100 hr. The increase 
appears to be most significant up to 6 hr 
of exposure to air and virtually nonexistent 
after 200 hr. Herczeg (1965) demonstrated 
that the contact angle measured on Doug- 
las-fir latewood and earlywood increased 
from 40.8" to 74.8' and from 43.0" to 77.2", 
respectively, after 45-hr exposure. 111 a 
corresponding period of time the contact 
angle measured on old phloem increased 
by only 8" as shown in Fig. 7. 

Because the change in wettability occurs 
so rapidly, it is felt that the actual average 
contact angle C at time equal to zero is 
considerably less than the 107" measured 
(Fig. 7 ) .  The time between preparation 
and initial measurement at t = 0 was about 
one hour. Within this period of time the 
surface probably changed markedly. 

The general form of the function de- 
scribing variation in contact angle with 
respect to time of aging is very similar to 
those calculated for the effect of heating. 
This should indicate a close relationship 
between the processes of aging and heating. 
In fact, heating could be looked upon as 
accelerated aging as indicated by the dark- 
ening of the ether extracts after heating, the 
implication being that some portion of the 
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ether-solu1)le ~naterial changes in color and 
its wettability is decreased. This may be 
the reason for the darktbr color and lower 
\vettability of old phellogen as opposed to 
yo1111g phellogen surfacc.~ observed in this 
study. 

CONCLUSIONS 

From the results of t111s i~lvestigation, the 
following conclusions n lay I)e drawn : 

1) Extractives are r,:sponsible for the 
low wettal~ility of 1ol)lolly pine bark; their 
c h a n g c s ~ ~ p o n  heating ;Ire responsil~le for 
the increase of contact angle of water on 
the hark surfaces most Frequently exposed 
in mechanical processing. 

2 ) Phellogen surf aces arc) significantly 
more wettable than tissues containing old 
phloem. 

3 )  Heating increases the contact angle of 
water on both rhytidorne surfaces tested, 
apparently because of a thermal reaction of 
ether soluble extractives. 

4 )  Surface aging increases contact angle 
of water on bark. The effect of aging is 
similar to that of heat treatments. 

5) The relatively high contact angles 
measured on the bark surfaces are good 
indicator5 of the hydrophobic nature of- 
rhyticlome. Low w7ett:ibility of bark by 
water is the reason for the suitabilitv of 
this raw material for adsorption of oil from 
aqueous environments. 

6 )  Surfaces of lobloll) pine bark particles 
are appreciably less uettable than wood 
particle surfaces. This ]-nay adversely affect 
the strength of the bark-adhesive bond. 
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