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HYGROEXPANSIVE AND SORPTIVE BEHAVIOR OF WOOD 
MODIFIED W I T H  PROPYLENE OXIDE AND OLIGOMERIC DIISOCYANATE 

Ruben Guevara and A. A. Moslemi 

Forest Products Department 
University of Idaho 
MOSCOW, Idaho 83843 

ABSTRACT 

Small wood wafers were treated chemically to reduce their 
hygroexpansive and sorptive behavior. Wood specimens were either 
ovendried or conditioned to a nominal moisture content of 
12 percent, and then treated with several propylene oxide- 
oligomeric diisocyanate mixtures using a fixed vacuum-pressure 
schedule. Results indicate that all treatments used reduced the 
hygroexpansive and sorptive behavior of wood. Resultant anti- 
swelling efficiency, moisture excluding coefficients, time to half 
swelling, and ratios of sorption were superior when treatments were 
applied to ovendry in contrast to wood with an initial moisture 
content of 12 percent. The best treatment found in the study was a 
mixture o f  9: l  parts of propylene oxide, and oligomeric 
diisocyanate. 

INTRODUCTION 
Use o f  propylene oxide as a wood dimensional stabilizer dates 

back to the 1960's. Liu and McMillin patented a wood gas treatment 
using propylene oxide, and ethylene oxide as dimensional 
stabilizers. Their results claim anti-shrink efficiencies of up to 
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80 percent at a 10 percent chemical loading with ethylene oxide but 
failed to disclose any findings pertaining to propylene oxide. 
More recently, Rowell and c o - ~ o r k e r s ~ ’ ~ ’ ~  have studied the 
reactivity and effectiveness of propylene oxide as a dimensional 
stabilizer of wood. Rowell and Gutzmer claimed that the reaction 
between ovendry wood and propylene oxide is fast, involving 
formation of strong ether bonds with no by-products. Furthermore, 
Rowell et al.4 reported wood swelling variations in a seven-day 
watersoak test at several chemical loadings using propylene oxide 
catalyzed with 5 percent of triethylamine. They found that anti- 
swelling efficiency (ASE) increases with chemical addition up to a 
point where additional chemical begins disrupting the wood cell 
wall thereby causing a deleterious response. Best ASE values 
between 61 to 68 percent were achieved at chemical loadings o f  25 to 
28 percent. 

Studies using oligomeric diisocyanates (MDI) as a wood 
dimensional stabilizer were not found in the literature. However, 
a few reports mostly in the late 60’s and 70‘s reported dimensional 
stability results with various kinds o f  isocyanates. Baird’ 
reacted white pine and Engelmann spruce cross sections pre-soaked 
in dimethyl formamide (DMF), with ethyl, allyl. butyl, t-butyl, and 
phenyl isocyanate. Best results were obtained by vapor phase 
reactions of butyl isocyanate in DMF. ASEs of 47 percent at 
14 percent chemical loading, and 67 percent at 31 percent chemical 
loading were found. 

In a report by Rowell and Ellis6 results from a study using 
2, 4- tolylene diisocyanate7 with pyridine were discussed. ASE of 
50 percent were obtained with 21 percent chemical loadings. They 
also discussed results from their study using methyl isocyanate. 
They concluded that reaction of methyl isocyanate and southern pine 
wood was fast, did not require a catalyst, and formed a urethane 
that was stable to leaching. At chemical loadings of 16 to 
28 percent, ASEs o f  60 to 70 percent were obtained. 

Results from recent studies by the authorsgy9 utilizing 
propylene oxide, and MDI as wood dimensional stabilizers, showed 
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HYGROEXPANSIVE AND SORPTIVE BEHAVIOR 97 

that these treatments produce complementary responses. On the one 
hand, propylene oxide enhanced with 5 percent by weight of the 
cross1 inking agent trimethylol propane trimethacrylate (TMPTM) 
produced excellent efficiency in controlling swelling and water 
adsorption in water vapor tests. On the other hand, wood of various 
moisture contents treated with around 12 Percent MDI produced 
excellent liquid water repellency and swelling control. 

The main objective of this study was to build on these 
findings, and combine the effect of both propylene oxide and MDI to 
reduce wood dimensional stability and water absorption. The 

complementary effect of both propylene oxide and MDI was expected 
to provide good control of water vapor and liquid water absorption 
and thus a reduction in swelling. 

Swelling and Moisture Relationships 
Various expressions have been used t o  define changes in 

dimension with a given moisture content, including hygroexpansion 
coefficient ,lo coefficient of swell ing lo’ l1 different i a 1 
swel lings1* ratio of swelling,13 dimensional change coefficient , 14 

and moisture expansion coefficient. l5 In this paper the term 
hygroexpansion coefficient will be used. This coefficient was 
defined by Noack et a1.l3 as follows: 

i = l  

where: 

HEC = hygroexpansion coefficient 

change in swelling or shrinkage occurred with a 
change in the equilibrium moisture content aM 

M i  = a given moisture content below the fsp, percent 
average moisture content over n given Mi 

S i  = swelling obtained at a given moisture content (Mi), 
percent 

3 = average swelling, percent 

as - =  

= 
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98 m A R A  AND MOSLEMI 

Hygroexpansion c o e f f i c i e n t s  dep ic t  r e l a t i v e  change i n  swe l l i ng  

o r  shrinkage caused by a 1 percent change i n  moisture content. The 

r e l a t i o n s h i p  i s  l i n e a r  over most of the  hygroscopic range o f  

The r e l a t i o n s h i p  between e q u i l i b r i u m  moisture content (EMC) 

and r e l a t i v e  humidi ty i s  a t y p i c a l  c h a r a c t e r i s t i c  o f  the  

hygroscop ic i ty  o f  wood. The r e l a t i o n s h i p  shows d i f f e ren t  responses 

depending i f  the  EMC are reached i n  adsorption o r  desorption, and 
t h e  combination forms a closed loop known as so rp t i on  hysteresis.  

Mathematical desc r ip t i on  o f  so rp t i on  hys teres is  i s  complex," and 

most ly represented i n  graphical  form. A simple q u a n t i f i c a t i o n  such 
as the  one suggested by Noack13 i s  r e l i a b l e  and r e l a t i v e l y  fas t .  

moisture contents below the  f i b e r  sa tu ra t i on  po in t  ( f sp ) .  12 

n 
C ( R H i  - m ) ( M i  - . .  

aM i = l  ROS = m = n 
C (RHi - m)' 

i = l  

. .  
aM i = l  ROS = m = n 

C (RHi - m)' 
i = l  

where: 

ROS = r a t i o  o f  so rp t i on  

aM - -  aRH - change i n  the  equ i l i b r i um moisture content occurred 
w i t h  a change i n  r e l a t i v e  humid i ty  

i = a given moisture (M) or r e l a t i v e  humidi ty (RH) 

n = t o t a l  number o f  po in ts  considered i n  the  analysis 

This r e l a t i o n s h i p  holds t r u e  a t  constant temperatures and 
between about 35 t o  85 percent r e l a t i v e  humidi ty.  

I n  a s i m i l a r  manner t o  the  r a t i o  of sorpt ion,  changes i n  
dimension f o r  a p a r t i c u l a r  wood species o r  wood are co r re la ted  w i t h  

va r ia t i ons  o f  r e l a t i v e  humidi ty.  Character izat ion o f  changes i n  
dimension caused by changes i n  1 percent i n  r e l a t i v e  humidi ty w i l l  
be c a l l e d  the  humidi ty expansion coe f f i c i en t  (CHE). Noack e t  a l .  13 
c a l l e d  t h i s  the  r a t i o  o f  swel l ing.  
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( 3 )  

i = l  

where: 

as = change i n  swe l l i ng  o r  shrinkage occurred w i t h  a 
change i n  r e l a t i v e  humidi ty 

Both the  ROS and CHE show d i f f e r e n t  values f o r  adsorpt ion and 

desorption. However, wood i n  use i s  usua l l y  going from adsorpt ion 
t o  desorpt ion and v ice  versa q u i t e  rap id l y ,  which causes a 
phenomenon known as o s c i l l a t i n g  desorption. The average ROS o r  CHE 

values f o r  adsorption, and desorpt ion i n  experimental mu l t i - s tep  
hys teres is  would be a c lose  approximation t o  expected o s c i l l a t i n g  
desorpt ion (wood i n  use). 

RESULTS AND DISCUSSION 

Chemical loadings achieved dur ing  treatment are shown i n  
Table 1. Loadings o f  ovendried specimens were about tw ice  those o f  

specimens w i t h  a 12 percent i n i t i a l  moisture content.  Also, the  
amount o f  chemical absorbed and reacted i n  ovendry specimens tended 
t o  increase w i t h  inc reas ing  amounts o f  M D I  i n  the t r e a t i n g  
so lu t i on .  This may i n d i c a t e  t h a t  t he  chemical accounted fo r  i n  the  

chemical loadings was main ly  M O I .  This conjecture i s  supported by 
chemical loadings achieved i n  previous studies using i d e n t i c a l  

t r e a t i n g  condi t ions,  w i t h  propylene oxide o r  M D I  I n  

those studies,  maximum chemical loading achieved w i t h  propylene 
oxide was 4 percent wh i l e  w i t h  M D I  the average chemical load ing  
was around 12 percent. 

Tangential Swe l l i ng  
The e f f e c t  o f  the  chemical treatments i n  c o n t r o l l i n g  

tangent ia l  swe l l i ng  was measured by an t i swe l l i ng  e f f i c i e n c y ,  
chemical e f f i c i e n c y  r a t i o ,  t ime necessary t o  achieve h a l f  o f  t o t a l  

swe l l i ng  ( t - h a l f ) ,  and HEC and CHE values. Results f o r  ASE t o  water 
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100 m A R A  AND MOSLEM1 

TABLE 1 

Chemical Loadings and Chemical Efficiency Ratios (CER) Achieved 
by Propylene Oxide-MDI Treatments on Wood Tangential Swelling 

Chemical Efficiency 
Ratios for ,, 

Chemical Tangential Swelling 
Chemical Loading Pater Water- 
Treatment ($1 Vapor soak 

12.8 3.40 2.17 

P090-MDI10-0 14.6 2.68 2.51 

P095-MDI 15-0 15.3 2.56 1.83 

P095-MDI 5-12 8.2 3.22 3.03 

POW-MDI10-12 6.1 5.19 2.28 

a A mixture of 95 percent propylene oxide, and 5 percent MDI 
applied to ovendry wood 

antiswelling efficiencr 
chemical loading CER = 

vapor, and watersoak exposures are given in Figure 1. Generally, 
ASE values were superior i n  water vapor compared with watersoak 
tests, and for ovendry over semi-moist specimens. Previous studies 
with propylene oxide,8 and MDI used separately, show that the 
alkylene oxide produced better results against water vapor 
adsorption and swelling control as compared to watersoak, while MDI 
produced similar results in controlling tangential swelling in both 
exposures, with the exception of treatments done on wood with a 
20 percent initial moisture content. 

Results shown in Figure 1 depict that best ASE were those 
achieved with a solution o f  90 percent propylene oxide-10 percent 
MDI applied to ovendry wood. ASE results for this treatment are 
especially superior to other treatments in the exposures. 
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HYCROEXPANSIVE AND SORPTIVE BEHAVIOR 101 

F i g u r e  1. Water vapor, and watersoak a n t i s w e l l i n g  e f f i c i e n c y  
(ASE , ASEQ), and mois tu re  excluding c o e f f i c i e n t  (MEC , 
MEC y f o r  wood t rea ted  w i t h  so lu t i ons  o f  propylexe 
oxi%e and MDI. 

Chemical e f f i c i e n c i e s  o f  each treatment i n  c o n t r o l l i n g  

swe l l i ng  are shown i n  Table 1. Resul ts i n  t h i s  case ind i ca te  t h a t  

t reatments app l ied  t o  semi-moist wood were more e f f i c i e n t  than 

those app l ied  t o  ovendry wood. These r e s u l t s  are opposite t o  those 
expressed by absolute ASE values. However, e f f i c i e n c y  must a lso  
take i n t o  account values f o r  moisture content, which w i l l  be 
discussed l a t e r .  

Analyses o f  CHE, HEC, and ROS r e s u l t s  found i n  t h i s  study were 
13 done based on the ca tegor iza t ion  developed by Noack e t  al., 

presented i n  Table 2. Adsorption, desorption, and average CHE, 
HEC, and ROS values are given i n  Table 3. Discussions o f  t he  f i r s t  
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102 GUEVARA AND MOSLEMI 

TABLE 2 

Categorization of Hygroexpansive and Sorptive Behaviorl3 
of Treated and Untreated Wood According to Noack et al. 

Categorization C H E ~ ~  H E C ~ ~  ROSc 

Unfavorable > 0.08 > 0.40 > 0.22 

Normal 0.06-0.08 0.30-0.40 0.18-0.22 
(untreated wood) 

Favorable 0.03-0.06 < 0.30 0.16-0.18 

Very Favorable < 0.03 -- < 0.16 

a Tangential humidity expansion coefficient 
Tangential hygroexpansion coefficient 
Ratio of sorption 

two, which represent hygroexpansive behavior o f  treated wood will 
follow. ROS results will be analyzed later under sorption 
hysteresis. 

Most CHE and HEC values fell i n  the "normal" category, with the 
exception o f  the 90 percent propylene-10 percent MDI solution 
applied to semi-moist wood which fell in the "favorable" category. 
Overall, CHE and HEC values for ovendry wood were slightly larger 
than for semi-moist wood, and CNE values i n  adsorption were 
generally greater than values for desorption. However, net 
differences i n  CHE and HEC values were small and of no major 
importance for wood in use. 

Values for t-half in swelling achieved from the ovendried to 
equilibrium conditions in a 90 percent relative humidity chamber 
varied from 1.6 hours for the control to 18.2 hours for the 
90 percent propylene-10 percent MDI solution applied to ovendry 
wood (Figure 2). Lowest t-half, 10.3 hours, was obtained with the 
same solution applied to wood with a 12 percent initial moisture 
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104 GUEVARA AND MOSLEMI 

t-half 

R2 = 0.998 

sb = 41 sc = 313 

= 33.62 - 679.3 (1s) + 3903 
swx = 0.2756 - 

\ - 
\ 
\ * - 

\ - \ 
I - \ 

\ 
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\ 
- \ 

\ 
\ 

- \ 

I I 1 I 
.. 

I . 

20 

- 18 
a e 16 

L. 

2 10 
a, 
E 
i = 8  

6 

4 
0.0 0.015 0.030 0.045 0.060 0.075 0.090 0.105 

initial Swelling slope (35) 
a t  

Figure 2. Relationship between the initial rate of swelling and 
time required to achieve half of total swelling for 
propylene oxide-MDI treated, and untreated wood. 
Dots - treated wood; circle - untreated wood. 

content. Even the lowest t-half value is considerably higher than 
the one obtained for the control, which indicates a substantial 
reduction in the rate of swelling of treated vs. untreated wood. 

The relationship between the initial swelling slope and t-half 
is shown in Figure 2. This relationship is well represented by the 
second degree polynomial shown. The authors found a similar 
relationship for a mixture of  treatments using MDI, styrene, and 
divinylbenzene.’ In another study, however, the relationship 
between initial swelling slope and t-half for chemical treatments 
with alkylene oxides, furan resin, and vinylpyrrolidinone was 

Reasons why these differences occurred were not linear. 
apparent. 
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HYGROEXPANSIVE AND SORPTIVE BEHAVIOR 105 

Equ i l i b r i um Moisture Content 
Equi 1 i b r i um m i s t u r e  content obtained du r ing  water vapor and 

watersoak t e s t s  i s  expressed as the average moisture excluding 

c o e f f i c i e n t  f o r  vapor (MEC,) and l i q u i d  water (MECI1). The 
mathematical approach and reasoning fo r  us ing  MEC instead o f  EMC t o  

8 evaluate mois tu re  gain have been discussed i n  an e a r l i e r  paper. 
MEC values are a r e l a t i v e  measure of mo is tu re  ga in  o f  t rea ted  v s .  
untreated specimens i n  cont ras t  t o  EMC, which i s  an absolute value. 

MEC r e s u l t s  fo r  treatments app l ied  t o  ovendry wood were 
greater than those appl ied t o  wood w i t h  a 12 percent i n i t i a l  
moisture content, as shown i n  F igure  1. Best MEC, and MECQ were 

obtained by the  90 percent propylene oxide-10 percent M D I  treatment 
app l ied  t o  ovendry wood. In cont ras t ,  lowest MECs were obtained 

w i th  the  same treatment appl ied t o  wood a t  a 12 percent i n i t i a l  
moisture content. These r e s u l t s  fo l low the  same pa t te rn  as those 

exh ib i t ed  by ASE discussed e a r l i e r .  These f i nd ings  i nd i ca te  t h a t  
t he  t reatments are very sens i t i ve  t o  the  i n i t i a l  moisture content 
of wood. A v a i l a b i l i t y  o f  f r e e  r e a c t i v e  s i t e s  i n  wood w i t h  a 
r e l a t i v e l y  h igh  i n i t i a l  moisture content, i.e., 12 percent, would 

be t h e o r e t i c a l l y  zero. This would cause most of the  propylene oxide 
and MDI t o  r e a c t  w i t h  water molecules thus reducing t h e i r  
e f fec t i veness  i n  c o n t r o l l i n g  swe l l i ng  and moisture gain. 

Furthermore, fo rmat ion  o f  1 inks connecting propylene oxide and MDI  
would a lso  be l ess  l i k e l y  under a semi-moist wood cond i t ion  because 

of the  higher a f f i n i t y  between M D I  and water. 
S i m i l a r l y  t o  ASE values, MEC r e s u l t s  would show how e f f e c t i v e  

a p a r t i c u l a r  chemical treatment was. For t h i s  reason, the chemical 
e f f i c i ency  o f  each treatment i n  c o n t r o l l i n g  water vapor and l i q u i d  
water gained was computed. Results are shown i n  Table 4.  Best CER 

r e s u l t s  were obtained by treatment w i t h  a s o l u t i o n  o f  90 percent 

propylene oxide-10 percent M D I  app l ied  t o  ovendry wood. Comparing 
CER values from t h i s  study and those p rev ious l y  obtained w i t h  MD19 

o r  propylene oxide8 alone ind i ca te  t h a t  app l i ca t i on  o f  both 
chemicals mixed i n  a so lu t i on  i s  not r e a l l y  e f f i c i e n t .  MDI  showed 
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106 GUEVARA AND MOSLEM1 

TABLE 4 

Chemical E f f i c i ency  Rat ios  (CER) i n  C o n t r o l l i n g  Moisture Gain 
by Wood Treatments w i t h  Solut ions of Propylene Oxide and MDI 

Chemical E f f i c i e n c y  Rat ios 

Chemical 
f o r  Mo is tu re  6ain" 

Water Water- 
Treatments Vapor Soak 

PO95-MDI 5-Oa 2.48 2.14 

P090-MDI 10-0 2.21 2.61 

P085-MDI 15-0 1.98 2.11 

P095-MDI 5-12 2.09 1.41 

P090-MDI 10-12 3.11 -0.12 

a A m ix tu re  o f  95 percent propylene ox ide  and 5 percent M D I  
app l ied  t o  ovendry wood 

moisture exc lud ing  c o e f f i c i e n t  
chemical loading CER = 

CERs o f  over 4.0 f o r  l i q u i d  water exposures, and propylene oxide 
produced CERs o f  3.6 and above f o r  water vapor exposures. The on ly  
advantage o f  mix ing  these two chemicals i s  i n  producing an even 
e f f e c t  i n  c o n t r o l l i n g  swe l l i ng  and moisture gain i n  both water 

vapor and watersoak tes ts .  MDI or  propylene oxide were e f f e c t i v e  i n  
e i t h e r  one or the  o ther  t e s t  s i t ua t i on .  

Water vapor d i f f u s i o n  i n  wood specimens can be ca lcu la ted  
from adsorpt ion o r  desorpt ion data.'* An approximation t o  the  
i n t e g r a l  d i f f u s i o n  c o e f f i c i e n t  could be determined from the  i n i t i a l  

adsorpt ion o r  desorpt ion stages by the f o l l o w i n g  formula: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



HYGROEXPANSXVE AND SORPTIVE BEHAVIOR 107 

where: 

E = fractional moisture content 
Mt = amount of moisture adsorbed or desorbed at time, t, 

Ma = total moisture adsorbed or desorbed at equilibrium 
L = thickness (mm)  
t = time (sec) 
D = diffusion coefficient (m sec'l) 

seconds 

2 

This approximation to diffusion through wood is subject to 
certain boundary conditions as follows: (1) Moisture is initially 
uniformly distributed through specimen; (2) Surface of specimen 
imnediately reaches the equilibrium concentration at t > 0; 
(3) Concentration at center of specimen does not change 
appr ec i ab 1 y . 

Plots of E vs. ff or E vs. t are comnonly used to compute 
adsorption or desorption diffusion coefficients. Figure 3 shows 
the relationship of E vs. fl for treated and untreated specimens 
exposed to water vapor from the ovendry to equilibrium in a 
90 percent relative humidity chamber. The average diffusion 
coefficient can be computed from this figure by using a 
modification of equation (6) as follows: 

2 

D=(A)* (L) 5 -093 

where: 
2 adsorption diffusion coefficient (inn 

slope of E vs. 4-f for any E < 0.6 E 
r€ 
- I  

L2 = specimen thickness, (mn) 

Calculation of exact diffusion coefficients from the data 
shown in Figure 3 would not be possible because the specimens were 
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Figure  3. Re la t ionsh ip  between f r a c t i o n a l  moisture content E and 
square r o o t  of t ime f o r  propylene oxide-MDI t rea ted ,  
and un t rea ted  wood. 

not edge-sealed hence making impossible the  use of specimen 
thickness as a va r iab le  i n  equation ( 7 ) .  However, the r e l a t i v e  

values o f  t he  s lope o f  E vs. n, i n  seconds, i s  a good i n d i c a t o r  o f  

d i f f u s i o n  i n t o  t rea ted  and un t rea ted  wood. Slopes o f  E vs. Jf 
where t i s  expressed i n  seconds were computed and r e s u l t s  are shown 

i n  F igure  3. These values show t h a t  a 90 percent propylene oxide- 

10 percent MDI treatment t o  ovendry wood produced the  lowest 
r e s u l t s .  Also, a comparison of these slopes w i th  t - h a l f  values 
discussed e a r l i e r  would show a close c o r r e l a t i o n  between t - h a l f  and 

Values o f  t - h a l f  are good ind i ca to rs  o f  d i f f us ion  c o e f f i c i e n t s  as 

expressed i n  equations ( 5 )  and (6). 

E vs. ff slopes. This i s  not su rp r i s ing  as explained e a r l i e r .  9 
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HYGROEXPANSIVE AND SORPTIVE BEHAVIOR 109 

Sorpt ion Hysteresis 
Sorpt ion hys teres is  curves fo r  t rea ted  and untreated wood 

i n i t i a l l y  ovendried or a t  12 percent moisture content are shown i n  
Figures 4a and 4b, respec t ive ly .  A l l  t reatments appl ied t o  ovendry 

wood produced a subs tan t i a l  s h i f t  of adsorpt ion and desorpt ion 
po in ts .  H i s t o r i c a l l y ,  wood treatments have tended t o  produce a 
s h i f t  i n  t he  so rp t i on  isotherms of wood. One such example i s  

reduct ions i n  EMC i n  adsorpt ion and desorpt ion caused by heat 

 treatment^,'^ causing a s h i f t  i n  the  sorp t ion  hys teres is  loop. 

Chemical mod i f i ca t i on  o f  wood such as a f fec ted  by propylene oxide 
o r  MDI  reac t ions  are also expected t o  produce a s h i f t  i n  so rp t i on  
hysteresis.  This was the case i n  the  present study. 

Slope o f  so rp t i on  curves was expressed as the  ROS shown i n  
Table 3. Adsorption ROS were cons is ten t l y  smaller than desorpt ion 
ROS, which i nd i ca tes  t h a t  changes i n  EMC produced by every 
1 percent increase i n  r e l a t i v e  humid i ty  are smaller than changes i n  

EMC caused by 1 percent r e l a t i v e  humidi ty decrease. Most average 

ROS f e l l  i n  the " favorable" ca tegor iza t ion  shown in Table 2 .  

Separation or  r e l a t i v e  distance o f  the adsorption from t h e  
desorpt ion semi-loops o f  hys teres is  curves were measured by the 
adsorpt ion over desorpt ion EMC genera l l y  known as the  A/D r a t i o s .  
Table 5 shows A I D  r a t i o s  f o r  t rea ted  and untreated wood. Values 
ranged from 0.769 t o  0.843, and were cons is ten t l y  smal ler  a t  50 than 
a t  76 percent r e l a t i v e  humidi ty.  Comparing these values w i t h  those 
obtained by Spalt2O f o r  e igh t  hardwoods and e i g h t  softwoods over 
the e n t i r e  hygroscopic range, i nd i ca te  t h a t  even though responses 

t o  the  treatments produced both lower and higher r a t i o s  than t h e  

con t ro l ,  a l l  values f e l l  w i t h i n  the  margins expected f o r  most wood 
species . 

EXPERIMENTAL METHODS 
Wood wafers (30 m x 30 mn x 3 m i n  the tangen t ia l ,  

l o n g i t u d i n a l ,  and r a d i a l  d i r e c t i o n s )  were prepared from the  sapwood 
of a f r e s h l y  f e l l e d  b i r c h  log. Specimen prepara t ion  fo l l owed  a 
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W85 MDI 15% .4 - PO90 MDI10% - 2 16 - PO95 MDI 5% 
C 

0 e 

8 
f 12 

s 
.- 5 
.- 2 8  

r .- 

- .- 
a 
0 w 

a 

0 
0 

20 

b --- Control 

.4‘ ...... PO90 MDI 10% - PO95 MDI 5% 0 -  
0. ! - 16 ap 

3 

- - 
C 
C 

5 
’?! 12 

P 

- 
3 ” .- 

E 
.? 8 
P 

- 
3 
0 w 

- .- 

0 10 20 30 40 50 60 70 80 90 100 
Relative Humidity ( %  ) 

Figure 4. Sorption hysteresis for propylene oxide-MDI treated and 
untreated wood. a. Treatment applied to ovendry wood. 
b. Treatment applied to wood with a 12 percent initial 
moisture content. 
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TABLE 5 

A I D  Ratios o f  Treated and Untreated Wood Exposed t o  
Re la t i ve  Humidi t ies o f  50 and 76 percent 

Chemical Adsorption-Desorption Rat io 
Treatment 76% Average 

P095-MDI 5-Oa O.aOgb 0.877 0.843 

P090-MDI 10-0 0.742 0.838 0.790 

P085-MDI15-0 0.714 0.823 0.769 

P095-MDI 5- 12 0.803 0.813 0.808 

PO 90-MDI 10- 12 0.821 0.837 0.829 

Control 0.763 0.817 0.790 

a So lu t ion  o f  95 percent propylene oxide and 5 percent MDI 
appl ied t o  ovendry wood 
EMC i n  adsorption d i v ided  by EMC i n  desorpt ion a t  a given RH 

technique s i m i l a r  t o  t h a t  used by Bramhall and McLaoghlin,16 and 
described i n  d e t a i l  by the authors i n  a p r i o r  paper. 

Ha l f  o f  the  wood wafers were placed i n  an oven f o r  ovendrying 
and h a l f  i n  a 65 percent r e l a t i v e  humidi ty cond i t ion ing  chamber f o r  
cond i t ion ing  t o  zero and 12  percent nominal equ i l i b r i um moisture 

contents respec t ive ly .  Treatment of specimens was done i n  a 
t r e a t i n g  chamber using a vacuum-pressure schedule described 
ear l ie r . '  The t r e a t i n g  s o l u t i o n  consisted o f  propylene oxide 
enhanced w i t h  5 percent by weight of t r ime thy lo l  propane 

t r imethacry la te  (MPTM), and 5 percent by weight of the c a t a l y s t  
t r ie thy lamine,  p lus  MDI. Once t rea ted  w i t h  t h i s  solut ion,  t he  

specimens were wiped, wrapped i n  aluminum f o i l ,  and placed 
(sandwiched) i n  a 90°C hotpress f o r  reac t i on  and polymerization. 

A f t e r  90 minutes i n  the  hotpress, t he  wafers were t rans fe r red  t o  a 
c i r c u l a t i n g  oven a t  103Y f o r  f u r t h e r  reac t ion ,  and dehydration. 
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112 G W A R A  AND MOSLEMI 

After 24 hours, the specimens were unwrapped and left in the oven 
four more hours. They were then weighed, measured, and transferred 
to conditioning chambers for the hysteresis and swelling tests, or 
to a large glass container for a 24-hour watersoak test. The multi- 
step schedule followed to compute swelling and moisture content in 
hysteresis is shown in Figure 5. Rate of change during original 
adsorption was recorded for both tangential swelling and moisture 
content (Figure 5). A detailed description of experimental methods 

8 can be found in an earlier study. 

CONCLUSIONS 
The combination of propylene oxide and MDI in a solution 

successfully reduced the hygroexpansive and sorptive behavior o f  

wood to liquid and water vapor. This was particularly the case when 

RH 
,- ,- 90% 

- 4 Wafers 

Wafer 

..,.I 

/ 
/ , 

Y 
20 
54 

No. of 
Specimens 
A D  
4 4  
- -  

a 8  

\ 

\ 
\ 

\ 
\ 

20% 
78 12 12 
90 16 - 

4 warers 

T- 
. . . . . - , . . - - . -, 

Figure 5. Schedule used to obtain equilibrium moisture content in 
treated and untreated wood sorption hysteresis. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1
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t h e  treatments were app l ied  t o  ovendry wood. Resul tant ASE, MEC, 

t - h a l f ,  and ROS i nd i ca te  the s u p e r i o r i t y  of treatments app l ied  t o  
ovendry wood, w i t h  spec ia l  reference t o  a s o l u t i o n  o f  90 percent 
propylene oxide-10 percent M D I .  Chemical e f f i c i ency  as measured by 
CERs suggested t h a t  the  propylene oxide-MDI s o l u t i o n  was no t  as 

e f f e c t i v e  as app l i ca t i on  o f  s i n g l e  chemicals i n  previous 
studies8”. Possible reason might  be t h a t  t h e  two chemicals began 

reac t i ng  w i t h  each other p r i o r  t o  t h e i r  app l i ca t i on  t o  wood, 
reducing the  p o s s i b i l i t i e s  o f  chemical r e a c t i o n  and c ross l i nk ing  

w i t h  wood, and the d i f f e r e n t  chemical loadings achieved i n  each 
case. Nevertheless, CER values are h igh  enough t o  i nd i ca te  t h a t  a 
l i m i t e d  amount o f  chemical reac t i on  took place. This perhaps 
provides a reason f o r  the  e f fec t i veness  of the  treatment i n  

reducing swe l l ing  and moisture adsorpt ion i n  water vapor exposure 
tes ts .  

Use o f  HEC and CHE as quan t i f i e rs  of hygroexpansive behavior 
o f  t rea ted  wood d i d  not provide enough s e n s i t i v i t y  t o  de tec t  
downward s h i f t s  i n  the  responses. If the slope of t he  re la t i onsh ips  
i s  the main a f fec ted  f a c t o r  r e s u l t i n g  from wood chemical 

treatments, such as the  case o f  bu l k ing  agents o r  water repe l len ts ,  
then Noack’s13 ca tegor iza t ion  i s  use fu l  i n  c l a s s i f y i n g  the  e f f e c t  

o f  these kinds o f  treatments. Further s tud ies  are necessary t o  

explore the  i n t e r a c t i o n  o f  propylene oxide and MDI, and means t o  

increase t h e i r  r e a c t i v i t y  w i t h  wood. 
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