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Madison, Wisconsin 53705 

Anne-Marie Tillman and Rune Simonson 
Department of Engineer ing Chemistry 

Chalmers U n i v e r s i t y  o f  Technology 
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ABSTRACT 

Southern p i n e ,  Douglas- f i r ,  and aspen wood f l a k e s  were 
a c e t y l a t e d  wi th  a c e t i c  anhydride vapor  and compared with f l a k e s  
a c e t y l a t e d  w i t h  l i q u i d  a c e t i c  anhydride d i l u t e d  w i t h  xylene.  The 
r a t e  of a c e t y l a t i o n  was much lower f o r  t h e  vapor  than  f o r  t h e  
l i q u i d  phase r e a c t i o n .  Acety la t ion  weight p e r c e n t  ga ins  above 20 
were achieved by both  methods. Flakeboards made from both types  
of f l a k e s  absorbed much less water ,  bo th  i n  water  soaking t e s t s  
and when s u b j e c t e d  t o  humid a i r ,  and swel led  a t  a lower r a t e  and 
t o  a lower e x t e n t  than d i d  c o n t r o l  boards .  A t  low weight g a i n s  of 
vapor  phase a c e t y l a t i o n ,  t h e  r a t e  and e x t e n t  of s w e l l i n g  were 
h i g h e r  than  those  found f o r  t h e  c o n t r o l s .  

Hygroscopici ty  of t h e  r e s u l t i n g  f lakeboards  decreased with 
i n c r e a s e d  l e v e l  o f  wood a c e t y l a t i o n .  The e q u i l i b r i u m  moisture  
c o n t e n t  f o r  f lakeboards  made from l i q u i d  phase a c e t y l a t e d  f l a k e s  
was t h e  lowest  a t  each r e l a t i v e  humidi ty  t e s t e d  a s  compared t o  
c o n t r o l  boards ,  and boards made from vapor  a c e t y l a t e d  f l a k e s  a t  
t h e  same weight  ga in .  

- INTRODUCTION 

Wood i s  a hygroscopic m a t e r i a l  which s o r b s  and desorbs water  

a s  t h e  r e l a t i v e  humidi ty  t h a t  t h e  wood i s  exposed t o  i n c r e a s e s  
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294 ROVELL, TILLMAN, AND SIMONSON 

and decreases. The carbohydrate constituents in wood are mainly 

responsible for moisture uptake since they are more hygroscopic 
than lignin. It has been shown, however, that lignin also con- 
tributes to the absorption of moiature.3 

The lack of dimensional stability of wood has restricted 
its use in some products and is a continuing problem for other 
products in use. Dimensional instability, especially in the thick- 
ness direction, is an even greater problem in reconstituted wood 
products. In these products, not only normal swelling occurs 
(reversible swelling) but also swelling due to the release of 

residual compressive stresses imparted to the board during the 

pressing process (irreversible swelling). 
Chemical modification o f  wood has been shown to be effective 

in reducing swelling in water due to a cell wall bulking 
mechanism. Epoxides, isocyanates, anhydrides, and other chemi- 
cals have been reacted with cell wall polymer hydroxyl groups to 
give solid wood products which are 70 to 80% dimensionally 
stabilized. 

The research reported here was conducted at Chalmers 
University of Technology in Gb'teborg, Sweden, and is part o f  

a continuing large-scale research program being conducted in col- 
laboration with several wood research laboratories throughout the 
world. The first part of this program established the basic 
chemistry for reacting hardwood and softwood flakes with epoxides 
and anhydrides. Liquid butylene oxide catalyzed with triethylamine 
and liquid acetic anhydride diluted with xylene, respectively, were 

reacted with wood flakes, and the flakes were used to produce 
flakeboards. 

of moisture uptake and reduced thickness swell dramatically. The 
flakeboards made from acetylated flakes, however, were found to be 

more effective in reducing swelling than those made from butylene 
oxide reacted flakes. Various acetylation procedures have been 
developed and were reviewed in an earlier publication. 

These,chemical treatments reduced the rate and extent 

Next, research on a liquid acetic anhydride/xylene acetyla- 
tion procedure to produce dimensionally stable flakeboards was 
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VAPOR PHASE ACETYLATION 295 

completed. Following t h i s ,  a vapor-phase a c e t i c  anhydr ide /xylene  

a c e t y l a t i o n  procedure was s t u d i e d .  ’ 
procedure uses  no added c a t a l y s t  which s i m p l i f i e d  a l l  prev ious  

procedures  i n  t h i s  r e g a r d .  

The a c e t i c  anhydride/xylene 

The r e s e a r c h  r e p o r t e d  h e r e  r e p r e s e n t s  a c o n t i n u a t i o n  of p a s t  

work and i s  aimed a t  developing a p i l o t - s c a l e  technique  f o r  ace ty-  

l a t i n g  wood f l a k e s .  I n  t h i s  s t u d y ,  w e  i n v e s t i g a t e d  unca ta lyzed  

a c e t i c  anhydride vapor  a l o n e  f o r  a c e t y l a t i n g  d i s k - c u t  f l a k e s  from 

t h r e e  s p e c i e s .  T h i s  system e l i m i n a t e d  t h e  cosolvent  used i n  t h e  

l i q u i d  xylene system and g r e a t l y  s i m p l i f i e d  t h e  recovery  of 

chemicals  a f t e r  t h e  r e a c t i o n .  Flakeboards made from vapor  phase 

a c e t y l a t e d  f l a k e s  were compared t o  t h o s e  made from l i q u i d  phase 

a c e t y l a t e d  f l a k e s  f o r  t h e  e x t e n t  of water  s o r p t i o n  and f o r  t h e  

r a t e  and e x t e n t  of t h i c k n e s s  s w e l l i n g  when exposed t o  l i q u i d  water  

as w e l l  a s  t o  a i r  a t  v a r i o u s  r e l a t i v e  humidity l e v e l s .  

EXPERIMENTAL 

Wood Flakes __- 

Southern p i n e ,  (mixture  of Pinus p a l u s t r i s ,  p. e c h i n a t a ,  

- -  P. taeda and p. e l l i o t t i i )  D o u g l a s - f i r ,  and aspen (Populus 

g r a n d i d e n t a t a )  f l a k e s  were used i n  t h i s  s tudy .  

ques were used f o r  g e n e r a t i n g  f l a k e s  f o r  t h i s  s tudy;  however, t h e r e  

should be no d i f f e r e n c e  between t h e  r i n g -  and d i s k - c u t  f l a k e s  from 

a chemical r e a c t i v i t y  s t a n d p o i n t .  A l l  f l a k e s  were r e t a i n e d  on a 

l / l r - inch s c r e e n ,  and were ovendried 24 h a t  1 0 5 O C  b e f o r e  u s e .  

D i f f e r e n t  t e c h n i -  

S i z e  of  f l a k e s  ( t h i c k n e s s  x l e n g t h  x width (cm)): 

Southern p ine :  

Douglas-f i r  : 0.05 x 5 x random. 

Aspen : 0.06 x 3 . 8  x random. 

0.05 x 6 . 4  x random. 

React ion of F lakes  w i t h  A c e t i c  Anhydride 

The t h r e e  s p e c i e s  of  f l a k e s  (200 g, 0 . d . )  were s e p a r a t e l y  

placed i n  a s t a i n l e s s  s t e e l  r e a c t o r  i n  a s t a i n l e s s  s t e e l  mesh 
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296 ROUELL, TILLMAN, AND SIMONSON 

c o n t a i n e r .  

vacuum) 120 m l  of a c e t i c  anhydr ide  was i n t r o d u c e d  a t  t h e  bottom of 

t h e  r e a c t o r .  Ni t rogen  gas  was i n t r o d u c e d  t o  b r i n g  t h e  r e a c t o r  

t o  a tmospheric  p r e s s u r e .  

main ta ined  f o r  4 t o  48 h. A f t e r  t h e  r e a c t i o n ,  t h e  e x c e s s  a c e t i c  

a n h y d r i d e ,  t o g e t h e r  w i t h  t h e  byproduct  a c e t i c  a c i d ,  was dra ined  

from t h e  r e a c t o r  and reduced p r e s s u r e  a p p l i e d  f o r  1 h a t  105OC. 

The f l a k e s  were removed from t h e  r e a c t o r  and ovendr ied  f o r  24 h a t  

1C5OC. The weight  p e r c e n t  g a i n  (WG) was c a l c u l a t e d  based on t h e  

o r i g i n a l  f l a k e  ovendr ied  ( 0 . d . )  weight  b e f o r e  r e a c t i o n .  

A vacuum was a p p l i e d  f o r  1 h a t  105OC, t h e n  (under  

The tempera ture  was r a i s e d  t o  120°C and 

For comparison,  0 . d .  f l a k e s  of a l l  t h r e e  s p e c i e s  were a l s o  

r e a c t e d  a t  a tmospher ic  p r e s s u r e  w i t h  r e f l u x i n g  a c e t i c  anhydr ide /  

x y l e n e  ( l / l ,  v / v )  i n  a g l a s s  r e a c t o r  equipped w i t h  a condenser .  

A f t e r  a r e a c t i o n  time of 0 . 5  t o  48 h ,  t h e  e x c e s s  chemicals  were 

d r a i n e d  from t h e  r e a c t o r  and reduced p r e s s u r e  a p p l i e d  f o r  1 h a t  

105OC. 

Ovendry s o u t h e r n  p i n e  f l a k e s  were a l s o  r e a c t e d  w i t h  a c e t i c  

anhydr ide /xylene  ( l / l ,  v / v )  a t  12OoC f o r  1 t o  24 h i n  a s t a i n l e s s  

s t e e l  r e a c t o r  p r e s s u r i z e d  t o  150 p s i  w i t h  n i t r o g e n .  Removal o f  

e x c e s s  chemicals  and ovendrying were done a s  g i v e n  above. 

P e r c e n t  a c e t y l  c o n t e n t  was determined a s  a c e t i c  a c i d  by gas  

chromatography a f t e r  d e a c e t y l a t i o n  w i t h  b a s e  of  ground and mixed 

samples .  

Flakeboard P r e p a r a t i o n  

A c e t y l a t e d  and c o n t r o l  f l a k e s  (180 g ,  0 . d . )  were p r e s s e d  i n t o  

boards approximate ly  1.25 by 15 by 15 cm i n  s i z e .  Each board was 

made t o  a d e n s i t y  of approximate ly  700 kg/m w i t h  a r e s i n  s o l i d s  

c o n t e n t  of 6% (based on 0 . d .  t r e a t e d  f l a k e s ) .  The a d h e s i v e  used 

was a 43.5% aqueous s o l u t i o n  of a phenol / formaldehyde r e s i n .  NO 
c a t a l y s t  o r  wax was added. The mat m o i s t u r e  c o n t e n t  was 12 t o  13%. 

P r e s s i n g  l a s t e d  f o r  10 min a t  177OC. 

3 .  

Each f l a k e b o a r d  was l i g h t l y  sanded ,  c u t  i n t o  f o u r  p i e c e s  

(5 x 5 cm), o v e n d r i e d ,  and weighed. The t h i c k n e s s  was measured 
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VAPOR PHASE ACETYLATION 297 

a t  t h e  c e n t e r  p o i n t  of  e a c h  spec imen ,  w i t h  s u b s e q u e n t  measurements 

t a k e n  a t  t h e  same p o i n t .  

W a t e r  S w e l l i n g  Ra te  Tests 

Each t e s t  specimen was p l a c e d  i n  a 10- by 10-cm c o n t a i n e r ,  

5 cm deep which was on a f l a t b e d  mic romete r  f o r  t h e  t h i c k n e s s  

measurements .  Water was added t o  t h e  c o n t a i n e r  and t h e  specimen 

t h i c k n e s s  r e c o r d e d  a s  a f u n c t i o n  o f  t ime.  Measurements were t a k e n  

e v e r y  5 min f o r  t h e  f i r s t  h o u r ,  e v e r y  hour  f o r  t h e  f i r s t  6 h ,  t h e n  

once a day f o r  5 d a y s .  

d u p l i c a t e .  

A l l  water and humid i ty  t e s t s  were done i n  

Water Soak ing  Tests - 

C y c l i c  w a t e r  s o a k i n g  t e s t s  were run  a s  p r e v i o u s l y  d e s c r i b e d . ”  

Each o f  s i x  c y c l e s  c o n s i s t e d  of  w a t e r  s o a k i n g  f o r  5 days  fo l lowed  

by ovendry ing  a t  105OC f o r  2 d a y s .  Th ickness  s w e l l i n g  was c a l c u -  

l a t e d  as  a p e r c e n t a g e  o f  t h e  o r i g i n a l  t h i c k n e s s  ( 0 . d .  b o a r d ) .  

A f t e r  e a c h  c y c l e ,  t h e  specimens were r ewe ighed .  Weight l o s s e s  a r e  

r e p o r t e d  r e l a t i v e  t o  t h e  we igh t  o f  t h e  0 .d .  b o a r d  i n  t h e  p r e c e d i n g  

c y c l e  a s  well a s  o v e r a l l  we igh t  l o s s  d e t e r m i n e d  by t h e  o r i g i n a l  

and f i n a l  0 . d .  w e i g h t s .  

de t e rmined  a f t e r  e a c h  s o a k i n g .  The specimens were removed from 

t h e  w a t e r ,  wiped of  e x c e s s  w a t e r ,  and weighed.  The p e r c e n t  w a t e r  

a b s o r p t i o n  was based  on t h e  o r i g i n a l  w e i g h t  o f  t h e  0 . d .  b o a r d .  

Weight g a i n  due  t o  water a b s o r p t i o n  was 

Humidi ty  Tests 
Ovendried specimens were p l a c e d  i n  c o n s t a n t  humid i ty  rooms 

a t  30, 65, and 90% r e l a t i v e  h u m i d i t y  (RH) and 2 7 O C .  A f t e r  21 days  

t h e  specimens were weighed,  and t h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  

(EMC) was de t e rmined .  P r e v i o u s  work showed t h a t  EMC f o r  c o n t r o l  

and a c e t y l a t e d  b o a r d s  was r eached  a t  1 4  d a y s . 5  

S e p a r a t e  specimens were p l a c e d  i n  a h u m i d i t y  room a t  90% RH 

and 2 7 O C .  

The specimens were t h e n  p l a c e d  i n  a humid i ty  room a t  30% RH and 

Th ickness  and w e i g h t  were d e t e r m i n e d  a f t e r  21 d a y s .  
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298 RQWELL, TILLMN, AND SIMONSON 

2 7 O C  f o r  a n o t h e r  21 days ,  whereaf te r  t h i c k n e s s  and weight  were 

determined.  This  procedure was repea ted  f o r  a t o t a l  of s i x  c y c l e s  

of  90% t o  30% RH. The specimens were then  ovendried and t h i c k n e s s  

and weight determined.  

a percentage  of t h e  o r i g i n a l  t h i c k n e s s  ( o . d .  b o a r d ) ,  and t h e  

weights  were used t o  determine t h e  EMC a f t e r  each c y c l e .  

Changes i n  t h i c k n e s s  were c a l c u l a t e d  a s  

RESULTS AND DISCUSSION 

Because of t h e  l i m i t e d  number of specimens p e r  i n d i v i d u a l  

t e s t  o r  t rea tment  l e v e l ,  no s t a t i s t i c a l  a n a l y s i s  o f  t h e  d a t a  was 

p o s s i b l e .  The r e s u l t s  p r e s e n t e d  here  should be  cons idered  a s  

i n d i c a t i v e  of t r e n d s  and a l a r g e r ,  s t a t i s t i c a l l y  v a l i d  experiment 

must be done t o  confirm them. 

R e a c t i v i t y  

WPG a s  a f u n c t i o n  of time f o r  t h e  a c e t y l a t i o n  of  f l a k e s  with 

vapor  and r e f l u x i n g  l i q u i d  a c e t i c  anhydr ide ,  r e s p e c t i v e l y ,  i s  

shown i n  Table  1. For southern  p i n e ,  v e r y  l i t t l e  a d d i t i o n a l  WPG 

was found i n  t h e  r e f l u x i n g  l i q u i d  a f t e r  5 h .  The vapor  r e a c t i o n  

was much s lower ,  and a WPG of over  17 was not  achieved u n t i l  a f t e r  

24 h.  The i n c r e a s e  i n  a c e t y l  c o n t e n t  was about  t h e  same a s  t h e  

WPG,  wi th  t h e  except ion  of h igh  l e v e l s  of  a c e t y l a t i o n  i n  t h e  
vapor  phase. P r e s s u r i z i n g  t h e  l i q u i d  system d i d  n o t  r e s u l t  i n  

i n c r e a s e d  r a t e  of a c e t y l a t i o n ,  which means t h a t  t h e  f l a k e s  were 

t h i n  enough t o  a l low p e n e t r a t i o n  of  r e a c t i n g  chemical  wi thout  

an increased  p r e s s u r e  g r a d i e n t .  The lower r e a c t i o n  r a t e  i n  t h e  

vapor  phase t rea tment  was probably due t o  low c o n c e n t r a t i o n  of 

a c e t i c  anhydride i n s i d e  t h e  f l a k e s .  Data f o r  D o u g l a s - f i r  a r e  not 
given  i n  Table  1 a s  t h e y  were s i m i l a r  t o  t h a t  of  s o u t h e r n  p i n e ,  

e x c e p t  t h e  r e a c t i o n  i n  r e f l u x i n g  l i q u i d  was somewhat s lower .  

For aspen t h e  i n i t i a l  r e a c t i o n  r a t e  i n  both  vapor  and 

r e f l u x i n g  l i q u i d  was somewhat h i g h e r  t h a n  f o r  s o u t h e r n  p ine  

(Table  1) and Douglas- f i r ,  b u t  t h e  maximum WPG was lower.  A WPG 
of  about  15 was obta ined  i n  t h e  l i q u i d  phase r e a c t i o n  i n  4 h and 
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VAPOR PHASE ACETYLATION 299 

TABLE 1 
Weight Gain Due to Acetylation and Acetyl Content for 

Southern Pine and Aspen Flakes as a Function of 
Reaction Time 

Liquid phase Vapor phase 
acetylation acetylation 

WG’ Acetyl content WPG Acetyl content 
Time 

!! 

0 
0 .5  
1 
2 
3 
4 
5 
6 
7 
8 

10 
12 
20 
24 
48 

0 
0.5 
1 
2 
3 
4 
5 
6 
7 
8 

10 
12 
20 
24 
48 

0 
5 . 1  
9 .8 

11.9 
15.8 
18.2 
19.0 
20.0 

20.7 
22.9 
21.0 

23.0 
24.5 

-- 

-- 

0 
9 .3  

11.9 
12.9 
14.7 
13.0 

13.7 
14.0 
13.8 
15.4 

14.5 
17.5 

-- 

-- 

--  

3 
SOUTHERN PINE 

1 .4  0 
8 . 3  -- 

1 1 . 7  -- 
12.3 -- 
1 7 . 1  -- 
19.2 -- 
20 .1  5.2 
20.3 --  

7 . 1  
21.8 -- 
22.0 -- 
22.7 9 . 4  

11.1 
24.5 1 7 . 7  
25.3 23.2 

-- 

-- 

ASPEN 
4 . 1  0 

14.8 -- 
17.0 -- 
17.9 7 . 1  
19.4 -- 
19.5 7.7 

20.6 -- 
20.7 9 .7  
21.0 -- 

12.8 21.5 

21.6 15.7 
24.0 20.0 

-- -- 

-- -- 

-- -- 

‘Weight percent gain. 
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300 ROWELL, TILLMAN, AND SIMONSON 

i n  24 h i n  t h e  vapor phase r e a c t i o n .  In t h e  l i q u i d  phase r e a c t i o n  

t h e  i n c r e a s e  i n  a c e t y l  c o n t e n t  was h i g h e r  t h a n  t h e  WPG and t h e  

a c e t y l  c o n t e n t  cont inued t o  i n c r e a s e  even when WPG s tayed  c o n s t a n t .  

Obviously some wood components were d i s s o l v e d  i n  t h e  mixture  of 

a c e t i c  anhydr ide ,  a c e t i c  a c i d ,  and xylene .  In t h e  vapor phase 

r e a c t i o n  t h e  WPG was h igher  than  t h e  a c e t y l  c o n t e n t ,  which i n d i -  

c a t e s  t h a t  l e a c h a b l e ,  h ighly  a c e t y l a t e d  components were removed 

dur ing  t h e  vacuum p e r i o d .  

Liquid  Water T e s t s  

Water leaching  of a c e t y l a t e d  f l a k e s  f o r  14 days r e s u l t e d  i n  a 

v e r y  low weight  l o s s  [Table 2 ) .  The a c e t y l  c o n t e n t  of t h e  f l a k e s  

a t  t h e  h i g h e s t  WPG l e v e l s  increased  s l i g h t l y  dur ing  t h e  leaching  

f o r  a l l  t h r e e  s p e c i e s .  The a c e t y l  c o n t e n t  of t h e  f l a k e s  a t  t h e  

lower WPG l e v e l s  decreased s l i g h t l y  d u r i n g  t h e  l e a c h i n g .  This  

shows t h a t  a t  lower WPG's s o l u b l e  a c e t y l a t e d  components were 

leached .  A t  h igher  WPG l e v e l s  t h e  l e a c h a b l e  components had 

a lower a c e t y l  conten t  than t h e  remaining wood. 

Swel l ing  of southern  p ine  f lakeboards  i n  l i q u i d  water  i s  

shown i n  F igure  1. The i n i t i a l  r a t e  of s w e l l i n g  was very high f o r  

t h e  c o n t r o l  and f o r  t h e  boards made from f l a k e s  a c e t y l a t e d  i n  t h e  

vapor  phase t o  W P G ' s  of 5 t o  11. The board made from f l a k e s  wi th  

5 . 2  WPG a c t u a l l y  swel led f a s t e r  than  t h e  c o n t r o l  d u r i n g  t h e  f i r s t  

hour .  The board made from l i q u i d  phase r e a c t e d  f l a k e s  wi th  a WPG 

of  12 swel led  l e s s  than d i d  t h e  board made from vapor phase reac ted  

f l a k e s  of a comparable t rea tment  l e v e l .  The opt imal  t rea tment  was 

t h e  l i q u i d  phase a c e t y l a t i o n  t o  about  20 WPG. Vapor phase r e a c t i o n  
t o  about  t h e  same WPG was not  a s  e f f e c t i v e  a s  t h e  l i q u i d  phase 
r e a c t i o n .  

S i m i l a r  r e s u l t s  were obta ined  f o r  D o u g l a s - f i r  and aspen.  

The i n i t i a l  r a t e  of s w e l l i n g  of t h e  aspen c o n t r o l  board was some- 

what lower t h a n  t h a t  of bo th  s o u t h e r n  p i n e  and D o u g l a s - f i r ,  b u t  

t h e  aspen c o n t r o l  swel led t o  a g r e a t e r  e x t e n t  i n  5 days.  

A c e t y l a t i o n  of Douglas- f i r  and aspen f l a k e s  i n  t h e  l i q u i d  phase 
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VAPOR PHASE ACETYLATION 301 

TABLE 2 
A c e t y l  Con ten t  of  A c e t y l a t e d  S o u t h e r n  P i n e ,  D o u g l a s - f i r ,  and 

Aspen F l a k e s  B e f o r e  and A f t e r  Water  Leach ing  f o r  14 Days' 

A c e t y l  c o n t e n t  

Weight l o s s  WPG' B e f o r e  A f t e r  T r e a t m e n t  

l e a c h i n g  l e a c h i n g  

None 
Vapor 
Vapor 
Vapor 
Vapor 
R e f l u x i n g  l i q u i d  
P r e s s u r i z e d  l i q u i d  
P r e s s u r i z e d  l i q u i d  

None 
Vapor 
R e f l u x i n g  l i q u i d  

None 
Vapor 
R e f l u x i n g  l i q u i d  

- - - - - -  

SOUTHERN PINE 

0 1 . 4  
5 . 2  6 . 6  

11.1 11.8 
1 7 . 7  1 4 . 3  
23 .2  1 8 . 5  
23.8 24 .1  
13.3 13.9 
25 .1  23.1 

DOUGLAS-FIR 

0 .5 
1 6 . 3  1 5 . 2  
1 8 . 1  19.7 

ASPEN 

0 3 . 8  
20.0 18.5 
17.8 2 1 . 9  

1 . 5  
5 . 8  
8 . 8  

1 2 . 8  
19 .3  
24 .4  
13 .8  
24.7 

1 . 8  
. 9  

1 .4  
1 .2  
1 . 3  
1 . 4  
2 .1  
.6 

.6 2 . 1  
1 4 . 5  1 .O 
20.4  1 .3  

3 . 8  . 8  
18.9 .9  
23 .0  1 . 1  

'The w a t e r  was removed e a c h  day and f r e s h ,  d i s t i l l e d  wa te r  

2Weight p e r c e n t  g a i n .  
was added .  

r educed  b o t h  t h e  r a t e  and e x t e n t  o f  boa rd  s w e l l i n g  more e f f e c t i v e l y  

t h a n  d i d  a c e t y l a t i o n  t o  t h e  same WG i n  t h e  v a p o r  p h a s e .  

T h i c k n e s s  changes i n  t h e  r e p e a t e d  water s o a k i n g  t es t s  f o r  

s o u t h e r n  p i n e  f l a k e b o a r d s  a r e  shown i n  F i g u r e  2 .  

made from vapor  phase  a c e t y l a t e d  f l a k e s  w i t h  a WPG of 5 .2  s w e l l e d  

more t h a n  t h e  c o n t r o l  d i d .  Vapor p h a s e  a c e t y l a t i o n  t o  1 1 . 1  WPC 

The boa rd  
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302 ROWELL, T I L L M A N ,  A N D  SIMONSON 

min h r s  
Time 

days 

MLBS 5401 

FIGURE 1 Rate of l i q u i d  water  s w e l l i n g  of  s o u t h e r n  p ine  f lakeboard 
made from a c e t y l a t e d  f l a k e s .  0 C o n t r o l ,  + Vapor 5 . 2  WPG, 
X Vapor 11.1 WPG, A Vapor 2 3 . 2  WPG, G L i q u i d  1 2 . 4  W P G ,  0 Liquid 
2 2 . 6  WG. 

r e s u l t e d  i n  a board t h a t  swel led  about  t h e  same a s  t h e  c o n t r o l .  

A c e t y l a t i o n  a t  W P G ’ s  below 10 caused more s w e l l i n g  t o  occur  than 

i n  c o n t r o l s ,  and t h i s  t r e n d  was n o t  reversed  u n t i l  a WPG of a t  

l e a s t  12 was achieved .  

f l a k e s  a t  t h e  h i g h e s t  WPG swelled much more t h a n  d i d  t h e  board 

made from l i q u i d  phase a c e t y l a t e d  f l a k e s  a t  t h e  same WPG. There 

was no d i f f e r e n c e ,  however, between a board made from f l a k e s  

t r e a t e d  i n  r e f l u x i n g  l i q u i d  a c e t i c  anhydr ide /xylene  and one made 

from f l a k e s  t r e a t e d  i n  t h e  p r e s s u r i z e d  l i q u i d  a c e t i c  

anhydride/xylene system. 

The board made from vapor  phase a c e t y l a t e d  

S i m i l a r  r e s u l t s  were obta ined  f o r  Douglas- f i r  and aspen 

boards .  

c o n t r o l s  a s  it was f o r  both southern  p i n e  and aspen  c o n t r o l s .  

a l l  t h r e e  s p e c i e s ,  l i q u i d  phase a c e t y l a t i o n  t o  WG’s above about 

18 r e s u l t e d  i n  boards wi th  about  10% t h i c k n e s s  s w e l l i n g  a f t e r  

s i x  o .d . /wet  c y c l e s .  

The e x t e n t  of s w e l l i n g  was n o t  a s  g r e a t  f o r  Douglas- f i r  

For 
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3 wet OD wet OD wet OD wet OD wet OD wet OD 
1 2 3 4 5 6 

Ovendrylwater soaking, no. 
ML85 5410 

FIGURE 2 Change i n  ovendry  t h i c k n e s s  i n  l i q u i d  w a t e r  of  s o u t h e r n  
p i n e  f l a k e b o a r d  made from a c e t y l a t e d  f l a k e s .  0 C o n t r o l ,  -t Vapor 
5 .2  WPG, X Vapor 11.1 WPG, v Vapor 1 7 . 7  WPG, A Vapor 2 3 . 2  WPG, 
0 L i q u i d  r e f l u x  2 2 . 6  W P G ,  L i q u i d  p r e s s u r e  2 4 . 4  WPG. 
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304 ROWELL, TILLMAN, AND SIMONSON 

Gain i n  we igh t  due t o  l i q u i d  w a t e r  a b s o r p t i o n  f o r  s o u t h e r n  

p i n e  i s  shown i n  F i g u r e  3 .  A f t e r  s i x  o . d . / w e t  c y c l e s ,  t h e  boa rd  

made from s o u t h e r n  p i n e  f l a k e s  a c e t y l a t e d  t o  5 . 2  WPG s o r b e d  more 

w a t e r  t h a n  t h e  c o n t r o l  d i d .  A s  i n  o t h e r  t e s t s ,  b o a r d s  made from 

v a p o r  p h a s e  r e a c t e d  f l a k e s  were n o t  a s  e f f e c t i v e  a s  l i q u i d  p h a s e  

r e a c t e d  b o a r d s  t o  t h e  same WPG. The b o a r d s  made from l i q u i d  phase  

a c e t y l a t e d  f l a k e s  a b s o r b e d  a b o u t  50% of t h e  amount a b s o r b e d  by 

t h e  c o n t r o l s  o f  t h e  same s p e c i e s .  S i m i l a r  r e s u l t s  were found f o r  

D o u g l a s - f i r  and a s p e n .  

Weight  l o s s  de te rmined  a f t e r  e a c h  w a t e r  s o a k i n g  c y c l e  i s  

shown i n  T a b l e  3. The l a r g e s t  we igh t  l o s s  o c c u r r e d ,  f o r  a l l  
s p e c i e s  and t r e a t m e n t s ,  a f t e r  t h e  f i r s t  s o a k i n g  c y c l e .  I n  a l l  

c a s e s  t h e  c o n t r o l  boa rds  l o s t  more we igh t  t h a n  any o f  t h e  boa rds  

made from a c e t y l a t e d  f l a k e s .  The we igh t  l o s s  a f t e r  t h e  t h i r d  

s o a k i n g  c y c l e  was n e g l i g i b l e  and p r o b a b l y  w i t h i n  e x p e r i m e n t a l  

e r r o r .  The t o t a l  we igh t  l o s s  o f  t h e  boa rds  a f t e r  s i x  o . d . / w e t  

c y c l e s  ( a  t o t a l  of  30 d water s o a k i n g )  was s l i g h t l y  l a r g e r  t h a n  

t h e  w e i g h t  t h e  f l a k e s  a l o n e  l o s t  i n  s o a k i n g  f o r  14  days  (Tab le  2 ) .  

T h i s  means t h a t  t h e r e  i s  n o t  a s i g n i f i c a n t  l o s s  o f  a d h e s i v e  d u r i n g  

t h e  w a t e r  s o a k i n g  t e s t s .  

Humidi ty  T e s t s  

T a b l e  4 shows t h a t  f o r  a l l  t h r e e  s p e c i e s  t h e  EMC a t  e a c h  

RH d e c r e a s e d  a s  t h e  a c e t y l a t i o n  l e v e l  i n c r e a s e d .  The lowes t  EPIC 

was o b t a i n e d  f o r  t h e  b o a r d s  made from f l a k e s  a c e t y l a t e d  t o  h igh  

WPG's i n  t h e  l i q u i d  phase  r e a c t i o n  s y s t e m .  The l a r g e s t  r e d u c t i o n  

i n  boa rd  EMC, a b o u t  50% a t  a l l  t h r e e  r e l a t i v e  h u m i d i t i e s ,  was 

o b t a i n e d  f o r  t h e  s o u t h e r n  p i n e  b o a r d s  made from l i q u i d  p h a s e  

a c e t y l a t e d  f l a k e s  a t  t h e  h i g h e s t  WPC. 

F i g u r e  4 shows t h e  t h i c k n e s s  changes  a t  30% and 90% RH o f  

b o a r d s  made from s o u t h e r n  p i n e  c o n t r o l  and a c e t y l a t e d  f l a k e s .  

As i n  t h e  r e p e a t e d  w a t e r  s o a k i n g  t e s t ,  t h e  b o a r d s  made from 

vapor  p h a s e  a c e t y l a t e d  s o u t h e r n  p i n e  f l a k e s  a t  low WPG's s w e l l e d  

more t h a n  c o n t r o l s .  The e x t e n t  o f  s w e l l i n g  d e c r e a s e d  a s  WPG 
i n c r e a s e d  f o r  a l l  t h r e e  s p e c i e s .  The most d r a m a t i c  s w e l l i n g  
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FIGURE 3 
f l a k e b o a r d  made from a c e t y l a t e d  f l a k e s .  0 C o n t r o l ,  + Vapor 
5 . 2  WPG, X Vapor 11.1 WPC,v Vapor 1 7 . 7  WPG, A Vapor 23.2 WPC, 
0 L i q u i d  r e f l u x  22.6 WPG, 

Weight g a i n  due  t o  l i q u i d  w a t e r  p i c k u p  of  s o u t h e r n  p i n e  

L i q u i d  p r e s s u r e  24.4 WPC. 

r e d u c t i o n  i n  humid a i r  was found f o r  s o u t h e r n  p i n e  and Aspen 

b o a r d s  made from l i q u i d  p h a s e  a c e t y l a t e d  f l a k e s  a t  17 t o  22 WPG, 

w h i l e  t h e  e f f e c t  f o r  D o u g l a s - f i r  was n o t  a s  g r e a t  s i n c e  t h d t  

c o n t r o l  d i d  n o t  swell a s  much. 

The w a t e r  s o a k i n g  and t h e  h u m i d i t y  t e s t  c e s u l t s  show t h a t  

i r r e v e r s i b l e  s w e l l i n g  was e v i d e n t  i n  t h e  e a r l y  c y c l e s .  T h e r e  was 

a n  i n c r e a s e  i n  permanent  s w e l l i n g ,  however ,  e v e n  d u r i n g  l a t e r  
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TABLE 3 
Weight Loss A f t e r  Each Water Soak ing  and Ovendrying 
Cyc le  of F l a k e b o a r d s  Made from A c e t y l a t e d  S o u t h e r n  

P i n e ,  D o u g l a s - f i r ,  and Aspen F l a k e s  

Weight l o s s  i n  c y c l e  T o t a l  

1 2 3 4 5 6 l o s s 2  
T r e a t m e n t  WPG we igh t  

None 
Vapor 
Vapor 
Vapor 
Vapor 
R e f l u x i n g  l i q u i d  
P r e s s u r i z e d  l i q u i d  
P r e s s u r i z e d  l t q u i d  

SOUTHERN PINE 

0 2.0 0 . 5  0 . 3  0 . 1  0 . 3  (0 
5 . 2  1 . 8  . 6  . 3  . 2  . 3  < 

11.1 1.5 . 5  . 3  . 3  .1 < 
1 7 . 7  1 . 3  . 4  . 2  . 2  > . 1  
23 .2  1 . 2  . 7  > . 1  .1 > . 1  
22.6 1.2 . 3  .2  .1 .I < 
13.3 2.5 .5 .3 .1 . 2  
24 .4  1 . 3  . 3  . 1  . 1  > . I  

1 3 . 1  
1 3.1 
1 2 . 6  
1 2 . 2  
1 2 .2  
1 1.7 
1 2.5 
1 1 . 9  

DOUGLAS-FIR 

None 0 1 . 6  . 6  . 5  .1  . 2  > . I  3 .0  
Vapor 16 .3  .8  . 3  .5 . 3  . 3  .1 2 . 2  
R e f l u x i n g  l i q u i d  1 8 . 1  1.0 .4 .3  . 2  . 2  >.1 3.0 

ASPEN 

None 0 1 .6  . 7  . 3  .2  . 1  > . 1  3 .0  
Vapor 20 .6  . 8  . 3  .4 . 3  . 2  . 2  2 . 0  
R e f l u x i n g  l i q u i d  17.8 . 9  .4  . 2  . 2  . 2  >. 1 1.9 

'Weight p e r c e n t  g a i n .  
'Based on o r i g i n a l  and f i n a l  o v e n d r i e d  w e i g h t s .  

c y c l e s  which was more p rominen t  f o r  b o a r d s  a t  low WPG's. T h i s  was 

p r o b a b l y  p a r t l y  due t o  a d h e s i v e  and wood f a i l u r e s  r e s u l t i n g  from 

t h e  h a r s h  t e s t  c o n d i t i o n s .  

SUMMARY AND CONCLUSIONS 

Both l i q u i d  a c e t i c  a n h y d r i d e / x y l e n e  and a c e t i c  a n h y d r i d e  

-- 

vapor a l o n e  d c e t y l a t e  s o u t h e r n  p i n e ,  D o u g l a s - f i r ,  and a s p e n  

f l a k e s .  F l a k e b o a r d s  made from t h e  t h r e e  s p e c i e s  and from b o t h  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
9
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



VAPOR PHASE ACETYLATION 307 

TABLE 4 
E q u i l i b r i u m  M o i s t u r e  C o n t e n t  (EMC) o f  F l a k e b o a r d s  Made from 

A c e t y l a t e d  S o u t h e r n  P i n e ,  D o u g l a s - f i r ,  and Aspen F l a k e s  

EMC a t  

Treatment WPG1 30% r e l a t i v e  65% r e l a t i v e  90% r e l a t i v e  
humid i ty  h u m i d i t y  humid i ty  

None 
Vapor 
Vapor 
Vapor 
Vapor 
Vapor 
Vapor 
L i q u i d  
L iqu id  

None 
Vapor 
L i q u i d  

None 
Vapor 
L iqu id  

0 
5 . 2  
7.9 

11.1 
17.7 
19.1 
23.2 
1 3 . 3  
2 4 . 4  

0 
1 6 . 3  
18 .1  

0 
20.0 
17.4 

SOUTHERN PINE 

6 . 6  
5 . 8  
5 . 3  
4.7 
3 . 6  
3 . 5  
2 .9  
3 .4  
2 . 0  

DOUGLAS-FIR 

6 . 5  
3 .7  
2 . 6  

ASPEN 

5 . 8  
3 . 0  
2 . 1  

10 .4  
9 . 3  
8 . 8  
8 . 1  
6 . 9  
6 . 6  
5.Y 
6 .9  
5 . 2  

9 . 4  

6 . 0  
6 . 8  

8 . 8  
6 . 2  
5 . 5  

22 .4  
17 .3  
16.8 
15 .6  
14.1 
13 .9  
13.2 
14 .5  
11 .9  

17 .7  
13.7 
13.3 

18.4 
14.5 
13 .3  

'Weight p e r c e n t  g a i n .  

t y p e s  o f  a c e t y l a t e d  f l a k e s  showed a g r e a t l y  reduced  r a t e  and 

e x t e n t  of s w e l l i n g  due  t o  l i q u i d  w a t e r  s o r p t i o n  a s  compared t o  

c o n t r o l  b o a r d s .  S i m i l a r  r e s u l t s  were o b t a i n e d  i n  s w e l l i n g  t e s t s  

done i n  w a t e r  v a p o r .  L i q u i d  p h a s e  a c e t y l a t i o n  of f l a k e s  was more 

e f f e c t i v e  i n  r e d u c i n g  b o a r d  s w e l l i n g  i n  b o t h  l i q u i d  and w a t e r  vapor  

t e s t s  t h a n  was t h e  v a p o r  phase  a c e t y l a t e d  f l a k e s .  A c e t y l a t i o n  by 

b o t h  p r o c e d u r e s  improved boa rd  p r o p e r t i e s  f o r  a l l  t h r e e  s p e c i e s ,  
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FIGURE 4 Change i n  ovendry  t h i c k n e s s  a t  30% and 90% r e l a t i v e  
humid i ty  of  s o u t h e r n  p i n e  f l a k e b o a r d  made from a c e t y l a t e d  f l a k e s  
0 C o n t r o l ,  + Vapor 5.2 WPG, X Vapor 11.1 WPG, V V a p o r  17.7 WPG, 
A Vapor 2 3 . 2  WPG, 0 L i q u i d  r e f l u x  22.6 WPG, L i q u i d  p r e s s u r e  
24.4 WPG. 
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VAPOR PHASE ACETYCATION 309 

s o u t h e r n  p i n e ,  D o u g l a s - f i r ,  and a s p e n ,  b u t  t h e  e f f e c t  was g r e a t e s t  

f o r  s o u t h e r n  p i n e .  

Boards made from f l a k e s  a c e t y l a t e d  t o  low l e v e l s  by vapor  

phase  a c e t y l a t i o n  s w e l l e d  f a s t e r  and t o  a g r e a t e r  e x t e n t  t han  

c o n t r o l  b o a r d s .  

The vapor  phase  a c e t y l a t i o n  p r o c e d u r e  was much s l o w e r  t h a n  

t h e  l i q u i d  phase  r e a c t i o n  sys t em.  The r e s u l t s  showed, however ,  

t h a t  t h e  xy lene  c o s o l v e n t  i s  n o t  needed i n  t h e  r e a c t i o n  sys t em.  

I n c r e a s i n g  t h e  c o n c e n t r a t i o n  of u n c a t a l y z e d  a c e t i c  a n h y d r i d e  i n  

t h e  f l a k e s  w i t h o u t  c o s o l v e n t  shou ld  l e a d  t o  a much f a s t e r  a c e t y l a -  

t i o n  system w i t h  g r e a t l y  reduced chemica l  r e c o v e r y  p rob lems .  T h i s  

i s  

1. 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8. 

9 .  

p r e s e n t l y  unde r  f u r t h e r  s t u d y .  
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