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FOREWORD 
The ACS S Y M P O S I U M SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the SERIES parallels that of the continuing A D V A N C E S 
I N C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub­
mitted by the authors in camera-ready form. As a further 
means of saving time, the papers are not edited or reviewed 
except by the symposium chairman, who becomes editor of 
the book. Papers published in the ACS S Y M P O S I U M SERIES 
are original contributions not published elsewhere in whole or 
major part and include reports of research as well as reviews 
since symposia may embrace both types of presentation. 
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PREFACE 

"Research and development on new products or improved processes for 
converting natural based materials such as cellulose are now more 

important than ever, and shrewd managers are scheduling increasing 
efforts in the cellulose area. It is indeed ironic that the "miracle" synthetic 
fibers are operating at record losses while rayon and cotton are enjoying 
rising sales and improved market status. While this may be upsetting to 
those 'prophets of doom" who have repeatedly forecast the demise of 
rayon and cellulosic textiles, it comes as no surprise to wiser, more experi­
enced textile people who
cellulosic-based materials have to offer. 

This symposium, held at the New Orleans American Chemical So­
ciety Meeting by the Cellulose, Paper and Textile Division, attempts to 
highlight some of the current research underway in the following areas: 

• Solvent Spun Rayon. This is the first time a symposium session 
was ever devoted solely to this topic, and it deals with diverse efforts to 
develop a totally recoverable and recyclable solvent spinning system to 
overcome viscose process deficiencies. 

• Cellulose Ethers and Esters. This section covers first-release infor­
mation on Cytrel synthetic tobacco as well as added technology on cellu­
lose acetate and amic acid esters. 

• Modified Cellulosics. This section includes details on the new 
Viloft hollow rayon fibers, lignin-modified rayon, microscopic techniques 
for nonwovens, drying of superabsorbent fibers, ultrasonic fiber treat­
ment, and improved cellulose flame retardants. 

Undoubtedly, a great deal of additional effort is underway in these 
areas which will be reported at future meetings. It is hoped that this 
volume will complement and enhance such research. 

I would like to thank the various authors for their kind cooperation 
throughout this effort and also to thank their respective companies for 
encouraging and supporting participation by their personnel in this un­
dertaking. 

ITT Rayonier, Inc.   ALBIN F. TURBAK 

Whippany, N.J. 07981 
July 1977 
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Rayon—A Fiber with a Future 

H. L. HERGERT and G. C. DAUL 

ITT Rayonier, Inc., Eastern Research Div., Whippany, N.J. 07981 

The title of this paper could perhaps more appropriately be 
called "Rayons - the Fiber
S t r i k e s Back! The ter
fibers with a wide range of properties. Depending on the manu­
facturing process used, rayon can be similar to silk, wool, 
cotton or even paper. I t can be weak and extremely water-absor­
bent or as strong as some of the strongest f i b e r s made, in­
cluding s t e e l . I t can be produced as continuous filament or as 
st a p l e , cut in lengths of a few millimeters to several centi­
meters, s t r a i g h t or crimped, lustrous or dull, precolored, re­
sistant to-water, -flame, or caustic soda, crosslinked or chem­
ically modified. Of most importance, rayon, like cotton, is 
hydrophilic, bio-degradable and derived from the most abundant 
natural polymer in the world - cellulose. 

Perusal of the pages of the major commercial chemical 
j o u r n a l s , such as the Chemical and Engineering News, Chemical 
Week and others, during the past several years might lead to the 
conclusion that the purely synthetic man-made fibers are the 
only textile f i b e r s with a significant future. Several large 
oil companies with a major stake in supplying petro-chemical in­
termediates, have tried to foster that image by suggesting that 
suppliers of wood pulp, the basic raw material for viscose rayon, 
have insurmountable environmental problems and textile producers 
in the western world should focus t h e i r future on polyester. 
This hardly represents the f a c t s . Rayon is currently a viable 
product and has an attractive future, especially if sufficient 
research and development is committed to reduction of chemical 
and energy usage in the viscose process or a new regeneration 
process can be perfected along the l i n e s to be discussed in the 
subsequent papers. 

The production of man-made fibers from c e l l u l o s e can be 
traced back to Audemar's discovery of nitrocellulose i n 1855, 
commercialized as filaments by deChardonnet(1) in 1889· Ralph 
Nader would have had a ball with this product! Because of its 
flammability, it had a predictable and unpleasant ending i n 1940, 
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4 SOLVENT SPUN RAYON, MODIFIED CELLULOSE FIBERS 

with the destruction by f i r e of the l a s t producing factory i n 
B r a z i l . 

The development of cuprammonium rayon by Despaissis ( 2 ) 
occurred i n time to step i n t o the gap and flourishe d as a r t i f i ­
c i a l s i l k . I t s importance as a t e x t i l e f i b e r has gradually 
diminished u n t i l today i t represents a very small amount of the 
t e x t i l e f i b e r s produced. 

The viscose process, discovered by Cross, Bevan, and Beadle 
i n 1892,(2) was commercialized i n the e a r l y 1900's - f i r s t as 
continuous filament for t e x t i l e s , f or t i r e yarn and i n d u s t r i a l 
uses and then i n the 1930 fs for staple f i b e r . Rayon production 
i n the United States peaked i n the 1950's and again i n the 196o's, 
but i n many cases, p r o f i t s from rayon were used to d i v e r s i f y i n t o 
synthetic f i b e r s . As a r e s u l t , equipment was repaired but seldom 
upgraded and R and D o
growth markets have opene
nonwovens. Older plants have been shut down and the surviving 
North American rayon industry has geared up to meet the t e x t i l e 
needs of tomorrow. 

In other parts of the world, rayon production has had almost 
steady growth. In Russia for example, production of c e l l u l o s i c 
f i b e r s increased 30$ during I 9 7 I - I 9 7 5 , with 6θ# of t h i s growth 
a t t r i b u t e d to new plants. Even larger increases are projected for 
the next five-year plan. New, more e f f i c i e n t rayon plants have 
been b u i l t i n Yugoslavia and Taiwan and other developing countries 
are s e r i o u s l y considering the production of rayon. Since the 
I93O's, many versions of rayon have been developed through changes 
i n the basic viscose process using chemical modifiers, such as the 
p o l y - g l y c o l s , amines, and formaldehyde. Other versions, which may 
or may not require modifiers are the polynosics, which because of 
high D.P. and unique s t r u c t u r e , most c l o s e l y resemble cotton i n 
end-use properties. 

Some of the properties of the various rayons and other major 
t e x t i l e f i b e r s are shown i n Table I. I t i s seen that many of the 
properties of the rayons overlap those of the other major t e x t i l e 
f i b e r s . In Figure 1 t h i s i s further i l l u s t r a t e d by the s t r e s s -
s t r a i n properties of these f i b e r s . 

At t h i s point i n our presentation, we had planned a table 
showing what might be considered the properties of an " i d e a l " 
rayon f i b e r . A f t e r thinking t h i s over, the question kept popping 
up - i d e a l for what? A l i s t of desirable properties for a tex­
t i l e f i b e r might include: 

1. Adequate tenacity (both conditioned and wet). 
2. S u f f i c i e n t l y high wet modulus and r e s i l i e n c e to a f f o r d 

dimensional s t a b i l i t y i n f a b r i c s . 
3. Toughness for resistance to abrasion. 
k. Adequate crimp l e v e l to permit ease of processing and 

cover and l o f t i n f a b r i c s . 
5 . H y d r o p h i l i c i t y for comfort. 
6 . Resistance to s u n l i g h t , common chemicals, and laundering. 
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6 SOLVENT SPUN RAYON, MODIFIED CELLULOSE FIBERS 
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TABLE I I 
WORLD FIBER CONSUMPTION* 

1972-U 
Population ( m i l l 38 I7 

Per Capita l Fiber 

Consumption (Kg) 6 . 9 

Fiber Consumption (000 tons) 26 ,978 

Man-made 

Rayon and acetate 3>56^ 

Non-cellulosic 7 , 6 7 6 

Natural 

Cotton 12 ,970 

Wool 1 ,985 

Other 711 
* American Dyestuff Reporter, June, 1976 

Fiber stress-strain curves 
(conditioned) 

1985 Change U) 
VT59 2k.6 

8 Λ 2 1 . 7 

1+0,230 U 9 . 1 

k,l90 1 7 . 6 

18 ,015 3^.7 

15 ,695 2 1 . 0 

1 ,632 5 . 1 

698 - 1 . 8 
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1. HERGERT A N D DAUL RatfOU 7 

7 . D y e a b i l i t y . 
8 . Flame retardancy. 
9· Uniformity and cleanliness of product, 

10. P r i c e s t a b i l i t y . 

Obviously, there can be no one f i b e r with a l l these prop­
e r t i e s and for the majority of end-uses, not a l l are needed. 
Therein l i e s the strength of the large family of rayon f i b e r s 
which can be p r a c t i c a l l y tailor-made or engineered to s u i t spe­
c i f i c end-uses. The t e x t i l e industry of today i s , of necessity 
accepting t h i s fact and i s using combinations of f i b e r s i n 
blends chosen to produce the f a b r i c s which are most ae s t h e t i ­
c a l l y appealing, u s e f u l , serviceable and p r o f i t a b l e . For 
apparel, blends of c e l l u l o s i c s and synthetics to provide both 
comfort and u t i l i t y ar
of 50$ or more c e l l u l o s i
necessity to prevent discomfort, s o i l e d clothes, and the embar­
rassment of wet spots on p l a s t i c seat covers. 

Building water absorbency int o polyester has been a long­
time goal of t h i s f i b e r industry but has u s u a l l y been at the 
s a c r i f i c e of some of the important, desirable a t t r i b u t e s of t h i s 
f i b e r , and r e s u l t s i n increased cost of production. We believe 
that the most i n t e l l i g e n t and economic approach to the t e x t i l e s 
of the future i s to blend the synthetics with c e l l u l o s e , to get 
the appropriate balance of strength, easy care, and moisture 
absorption. 

In the June, 1976, American Dyestuff Reporter, predictions 
of world f i b e r consumption r e l a t i v e to world population growth 
through I985 were given. (Table I I ) . These figures show an i n ­
crease of 17· 6$ i n the production of rayon and acetate. Rayon, 
of course, w i l l represent the larger proportion of t h i s growth. 
We believe these figures are conservative for man-made c e l l u ­
l o s i c s r e l a t i v e to synthetics and that the d i v i s i o n s could be 
more favorable to rayon and acetate provided c o s t - e f f e c t i v e im­
provements are made to the viscose process or an alternate low-
c a p i t a l approach to forming regenerated c e l l u l o s i c f i b e r s i s 
found. 

The growth i n world population w i l l obviously r e s u l t i n a 
demand for food production at the expense of cotton, e s p e c i a l l y 
i n countries such as India and Pakistan, where there i s a bur­
geoning population with increased t e x t i l e and food needs. 

Rayon - I t s Problems 

Considering rayon as a f i b e r with a future, i t i s necessary 
to look at the current problems associated with i t s manufacture. 
Simply put, i n today 1s economy and with emphasis on energy con­
servation and environmental p r o t e c t i o n , the main problems re­
la t e d to the production of f i b e r s by the viscose process are: 

1. Undesirable a i r and water emissions, BOD, H 2S, z i n c . 
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8 SOLVENT SPUN RAYON, MODIFIED CELLULOSE FIBERS 

2 . Intensive c a p i t a l requirement. 
3 . Large energy requirements. 
k. R e l a t i v e l y large labor requirements i n most e x i s t i n g 

plants. 
5 . Increasing cost of raw materials. 

Other problems r e l a t e d to the e f f e c t s of meeting environ­
mental protection regulations can have adverse e f f e c t s on q u a l i t y 
and a v a i l a b i l i t y of raw materials. 

Rayon - I t s Opportunities 

The above problems seem insurmountable, but problems are 
u s u a l l y followed by opportunities, and such i s the case here. 
Major advances are bein
cose rayon plants to reduc
of zinc by ion-exchange, c r y s t a l l i z a t i o n , or other techniques; use 
of more p u r i f i e d c e l l u l o s e s ; reduction of gaseous emissions by 
absorption or scrubbing; more e f f i c i e n t f i b e r washing and drying 
techniques, and the l i k e . Large scale plants can be designed to 
produce f i b e r s for more s p e c i f i c , major end-uses and with fewer 
product l i n e s which w i l l be more e f f i c i e n t i n use of labor and 
c a p i t a l . 

The major advantages possessed by regenerated c e l l u l o s e 
f i b e r production of today are: 

1 . A v a i l a b i l i t y of major raw materials. 
a) Cellulose - nature 1s renewable polymer. 
b) CS 2 - recoverable to the extent of 50$· 
c) S u l f u r i c acid and caustic soda normally i n large 

supply. 
2 . Non-dependence on o i l . 
3 . P r i c e s t a b i l i t y r e l a t i v e to cotton. 

These advantages have been recognized i n other countries with 
the USSR as a prime example. In the May issue of Khimischeskie 
Volokna, Shimko(t) describes the technical progress i n the c e l l u ­
l o s i c f i b e r industry and projections for the USSR's 1 0 t h f i v e -
year plan. He states: "The production of c e l l u l o s i c f i b e r s i s 
planned to increase further i n the 1 0 t h five-year plan, the main 
reason being: the useful p r o p e r t i e s , e s p e c i a l l y the p h y s i o l o g i c a l 
ones, of those f i b e r s and the mass-market a r t i c l e s produced from 
them. An increase i n the output of c e l l u l o s i c f i b e r s w i l l not 
only help to overcome the shortage of hygroscopic f i b e r s but w i l l 
also r e s u l t i n a s u b s t a n t i a l savings of material and labor re­
sources. The fact that the USSR possesses a huge self-renewing 
source of the s t a r t i n g material ( i . e . , wood) i s a further factor 
favoring an increase i n the production of c e l l u l o s i c f i b e r s . " 

He further s t a t e s , "the p r i n c i p a l d i r e c t i o n s of technical 
progress i n the production of viscose rayon staple f i b e r s are: the 
production of high-modulus and polynosic f i b e r s and higher output 
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1. HERGERT AND DAUL RdtJOn 9 

of better q u a l i t y viscose rayon staple - high-modulus and poly-
nosic f i b e r s - l i k e cotton, possess good strength and a high 
modulus when wet. Their wet strength i s better than that of 
(regular) rayon staple. Although the cost-effectiveness of the 
production of high-modulus f i b e r s i s not very favorable, t h e i r 
use i n the national economy, i n place of cotton, i s advantageous." 

In Russia, as i n other countries, aside from economics and 
raw material a v a i l a b i l i t y , there i s a growing awareness that the 
comfort (physiological) factors inherent i n c e l l u l o s i c f i b e r s are 
e s s e n t i a l i n blends with the synthetics to overcome t h i s major 
deficiency i n these f i b e r s . 

Even assuming opportunities for further expansion of viscose 
rayon production i n the USSR and elsewhere, and for improving the 
economics of the viscose process, we, however, believe that s i g ­
n i f i c a n t future expansio
f i b e r s , w i l l r e s u l t wit
designed to overcome the d e f i c i e n c i e s mentioned before. 

One approach to a new process involves the use of a recover­
able and recyclable solvent (or combination of solvents) which 
w i l l dissolve c e l l u l o s e by a simple mixing step followed by ex­
t r u s i o n of the s o l u t i o n to form a f i b e r . A closed-loop system, 
which would emit p r a c t i c a l l y nothing to the atmosphere or water, 
would eliminate p o l l u t i o n problems. Several leads i n t h i s d i r e c ­
t i o n have been developed at our laboratories i n Whippany, New 
Jersey, and w i l l be described i n d e t a i l i n subsequent papers on 
t h i s program. However, much more needs to be done to reach the 
ultimate goals. 

I d e a l l y , such a process should involve use of simple c e l l u ­
lose solutions of higher concentrations than those presently used 
( 6 - 9 $ ) , use of low b o i l i n g solvents to minimize energy required 
for recovery, spinning at high speeds s i m i l a r to those used i n 
the acetate and synthetic f i b e r i n d u s t r i e s , and p u r i f i c a t i o n with­
out the use of excessive amounts of water for washing or large 
amounts of heat for drying. Such a plant would, therefore, have 
most of those a t t r i b u t e s required to overcome the present-day 
problems associated with the rayon industry. This concept should 
present a r e a l challenge to c e l l u l o s e research for the coming 
years and the rewards would be enormous. Some of the require­
ments for an i d e a l c e l l u l o s e (rayon) f i b e r production process are 
shown i n Table I I I . 

Other approaches are, of course, possible. One such i s that 
envisioned by the eminent polymer s c i e n t i s t , Dr. Herman F. Mark, 
who recently s a i d ( j j ) , "For the future, continued research e f f o r t s 
w i l l be g r e a t l y influenced by the f a c t that c e l l u l o s e i s the or­
ganic substance produced i n greatest quantity by nature - a re­
newable resource that contrasts sharply with c o a l , o i l and gas, 
the reserves of which are being s e r i o u s l y diminished year-by-year. 
I t would indeed be a wonderful success story for human endeavor, 
i f , i n the future, we can combine our present knowledge of the 
structure and r e a c t i v i t y of c e l l u l o s e with a better understanding 
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SOLVENT SPUN RAYON, MODIFIED CELLULOSE FIBERS 

TABLE I I I 
REQUIREMENTS FOR IDEAL RAYON FIBER PRODUCTION PROCESS 

A. Renewable/recoverable raw materials. 

B. Low Capital and labor costs, low energy require­
ment. 

C. Minimal e f f e c t on environment. 

D. Simple solution-makin

E. Dry and/or solvent spinning. 

F. High conversion rate of spin-dope to f i b e r (includes 
high c e l l u l o s e / s o l v e n t r a t i o ) . 

G. A b i l i t y to produce a uniform product that w i l l r e­
quire minimal handling from f i b e r to end product. 
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1. HERGERT AND DAUL Rayon 11 

of its biosynthesis, in order to produce the cellulose molecule 
directly from water and CO2, with the aid of sunlight, at a rate 
5 to 10 times greater than that which occurs in nature." 

Controlled growth of cellulose in hydroponic factories to 
produce fibers directly, could be the fulfillment of such a wish 
or alternately, a means to further extend the capabilities of the 
world's forest resources to furnish cellulose to produce rayon 
for the multitude of end-uses required by mankind. Whether it 
will be made by the viscose process, or spun from solvents, or by 
some yet to-be-discovered process, or by all three, remains to be 
seen. To paraphrase a popular automobile commercial — 

"There Will Be A Rayon In Your Future" 

Abstract 

Modern textile blends continue to require the aesthetics and 
moisture-absorbing properties provided by cellulose in the native 
state (cotton) or in regenerated form (rayon). Escalating prices 
and problematical availability of some intermediates for purely 
synthetic textiles, coupled with gradual conversion of cotton­
-growing land to food production, suggest a careful re-examination 
of the future of rayon. Wood cellulose, caustic soda and carbon 
disulfide, the major raw materials for rayon production by the 
existing viscose process, are not dependent upon oi l and will con­
tinue to be available in ample supply. On the other hand, the 
viscose process is energy intensive and has emission problems. 
Significant expansion of the rayon industry wi l l , therefore, re­
quire development of a totally new process. The needs of such a 
process in terms of raw materials, type of spinning, investment 
costs and fiber properties will be detailed in this paper. 
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A Critical Review of Cellulose Solvent Systems 

A. F. TURBAK, R. B. HAMMER, R. E. DAVIES, and N. A. PORTNOY 

ITT Rayonier, Inc., Eastern Research Div., Whippany, N.J. 07981 

C e l l u l o s e is the most abundant renewable, organic raw ma­
terial a v a i l a b l e in th
ability, i t has still no
areas of application. One of the major reasons f o r t h i s is that 
many end-use applications require that c e l l u l o s e be in a dif­
ferent form from that found in nature. In most of these applica­
tions, it is necessary first to dissolve cellulose in some man­
ner and then to re-form it from such solutions i n t o the desired 
products. It is this very important d i s s o l v i n g step which has 
proved to be either cumbersome or expensive compared to alter­
nate materials which compete for market p o s i t i o n s . In many cases 
only c e l l u l o s e has the desirable properties required f o r end pro­
duct use and, in these instances, the methods required to achieve 
cellulose s o l u t i o n present p o t e n t i a l hazards and pollution con­
trol problems. Thus, improved techniques f o r d i s s o l v i n g cellu­
lose are urgently needed if cellulose is to continue to occupy a 
competitive market position. This is particularly true of the 
viscose industry where pollution control continues to place ever 
increasing restraints on the process. 

Scientists have long recognized the need for more efficient 
cellulose solvent systems and hundreds of publications have been 
issued covering a wide range of approaches. Several excellent 
review articles on swelling and dissolving cellulose by Warwicker 
(1,2) Jayme (3), Phillip (4,5), Polyola (6) and Brandrup (7) have 
been published and we shall not attempt simply to resubmit t h e i r 
data. Rather, t h i s paper shall attempt to consider the various 
processes from the commercial as well as the scientific viewpoint 
to emphasize potential areas f o r c o n t r i b u t i o n which still e x i s t , 
particularly for systems capable of producing cellulosic fibers 
through the use of organic solvents. 

Fundamentally, a l l of the known methods f o r d i s s o l v i n g c e l l u ­
lose can be summarized under four main categories: 

A. C e l l u l o s e As A Base 
B. C e l l u l o s e As An Acid 
C. Cellulose Complexes 
D. Cell u l o s e Derivatives 

12 
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2. TURBAK ET A L . Cellulose Solvent Systems 13 

While each of the above areas has received extensive study and 
some have been commercialized, several of the approaches are 
r e a l l y not completely understood. S t i l l others involve mixtures 
of many ingredients and could never be valuable i n d u s t r i a l l y . 

In t r y i n g to explain why c e r t a i n materials do i n fact d i s ­
solve c e l l u l o s e , several authors have s i m p l i s t i c a l l y indicated 
that what i s required i s that the s o l u b i l i t y parameter of the 
solvent must be the same as that of c e l l u l o s e . While such s t a t e ­
ments are d i r e c t i o n a l l y correct, they are incomplete and, per­
haps, even a l i t t l e misleading, since many solvents having the 
proper s o l u b i l i t y parameter values w i l l not dissolve c e l l u l o s e . 
For example, DMF and DMSO both have s o l u b i l i t y parameters i n the 
range calculated for c e l l u l o s e but neither of these dissolve 
c e l l u l o s e under any known conditions

The s o l u b i l i t y paramete
(CED) values r e l a t e d i r e c t l
which i s e a s i l y obtainable for many l i q u i d s , and w i l l apply 
d i r e c t l y to the m i s c i b i H t y of l i q u i d s or amorphous polymers 
where (&) values w i l l r e l a t e to simple heats of mixing. 

When dealing with polymers i n general, other factors may be 
equally as important, or even more important than si n g l e s o l u ­
b i l i t y parameter values. For example, with c r y s t a l l i n e polymers, 
the heat of fusion or melting energy, must also be considered as 
an e n t i r e l y separate f a c t o r . Furthermore, superimposed on these 
factors i s the hydrogen bonding c a p a b i l i t y of the polymer i n 
question which may not be consequential f o r polymers such as 
c r y s t a l l i n e polypropylene, but which i s extremely important with 
natural polymers such as proteins and c e l l u l o s e i n p a r t i c u l a r . 
These f a c t o r s , as w e l l as second order e f f e c t s were recognized 
many years ago by Spur l i n , B u r r e l l , and Barton and several ex­
c e l l e n t reviews are a v a i l a b l e for further reference (8,9,10)· 
A combination of such factors must be considered i n t r y i n g to 
f i n d a solvent f o r c e l l u l o s e and help to give guidance as to 
conditions as w e l l as compounds which must be employed i f usable 
c e l l u l o s e solutions are to be obtained. 

Even i f a material i s a s a t i s f a c t o r y solvent f o r c e l l u l o s e , 
i t i s necessary to emphasize two other important factors which 
must be se r i o u s l y evaluated f o r any p o t e n t i a l l y commercial c e l l u ­
lose solvent system, these are "recovery" and "recycle". The 
recovery and recycle f a c t o r s , perhaps more than any others, are 
the most important ones which, i n the f i n a l a n a l y s i s , decide 
whether or not any p a r t i c u l a r approach w i l l be economically 
f e a s i b l e . 

One f i n a l f a c t o r must also be kept i n mind r e l a t i v e to 
evaluating a l l of the data that appear i n the l i t e r a t u r e re­
garding c e l l u l o s e solvents. S p e c i f i c a l l y i t must be emphasized 
that vast differences e x i s t between being able to coagulate or 
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p r e c i p i t a t e a s o l i d mass, as compared to t r u l y spinning f i b e r s 
with reasonable p h y s i c a l properties. 

Keeping these factors i n mind, l e t us examine the four cate­
gories l i s t e d above which encompass e s s e n t i a l l y a l l of the c e l l u ­
lose solvent systems reported i n the l i t e r a t u r e . 

A. C e l l u l o s e As A Base 

A l l a l c o h o l s , whether polymeric or not, can be forced to act 
as acids or bases r e l a t i v e to other reagents, depending upon the 
strength of the reagent employed. Thus, c e l l u l o s e w i l l act as a 
base and become protonated by protonic acids or w i l l act as a 
"Lewis" base and supply electrons from i t s oxygens to e l e c t r o n -
receptive centers on "Lewis" acids

1. Protonic Acid
a b i l i t y of 78% phosphoric a c i d , 68% n i t r i c a c i d , 42% hydrochloric 
acid or 70% s u l f u r i c acid to d i s s o l v e c e l l u l o s e r a p i d l y at room 
temperature i s w e l l known. While the l i t e r a t u r e i s f u l l of r e ­
ports i n which the r e s u l t i n g solutions are referred to as l fhy-
drates", they can also be regarded as protonated hydroxyIs where 
the s p e c i f i c reagent concentrations employed were the ones needed 
to provide s u f f i c i e n t acid strength to protonate the c e l l u l o s e so 
that the r e s u l t i n g p o s i t i v e l y changed ROHj c e l l u l o s e moiety i s 
able to dissolve i n the excess reagent. In these cases, recovery 
and recycle of the concentrated acids i s the l i m i t i n g f a c t o r , 
economically. For example, excellent c e l l u l o s e solutions can be 
r a p i d l y prepared at room temperature using phosphoric a c i d . 
However, no one has yet suggested a f e a s i b l e approach to casting 
the c e l l u l o s e and recovering the phosphoric acid without neutra­
l i z a t i o n . In our laboratory, we have t r i e d to p r e c i p i t a t e such 
phosphoric acid solutions i n t o g l a c i a l a c e t i c a c i d i n the a n t i ­
c i p a t i o n that the acetic a c i d could be v o l a t i l i z e d , recovered 
and recycled, along with the released pure phosphoric a c i d . The 
i n i t i a l r e s u l t s were not too successful since the p r e c i p i t a t i o n 
was too slow to be useful under the p a r t i c u l a r conditions em­
ployed. However, the concept of using a weaker, v o l a t i l e a c i d i c 
material to coagulate strong acid c e l l u l o s e solutions does r e ­
present a novel approach to developing a t o t a l recyclable c e l l u ­
lose solvent system. 

2. Lewis Acids (zinc c h l o r i d e , thiocyanates. iodides» bro~ 
mides). The a b i l i t y of c e r t a i n s a l t s o l u t i o n s to s w e l l and 

dissolve c e l l u l o s e i s also reported (11). At the high concentra­
tions normally necessary to achieve s o l u t i o n , these s a l t s not only 
provide necessary acid f u n c t i o n a l i t y but also s i g n i f i c a n t l y a l t e r 
the i o n i c nature of the aqueous mediums so as to further a s s i s t 
d i s s o l u t i o n . The need for having acid s a l t s i s demonstrated i n 
the case of thiocyanates where the sodium, potassium and ammonium 
thiocyanates do not dissolve c e l l u l o s e while the calcium and 
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strontium s a l t s do give c e l l u l o s e solutions up to about the 400 
D.P. l e v e l i n d i c a t i n g that i t i s the thiocyanic acid formed i n 
s o l u t i o n which i s a c t u a l l y involved i n the d i s s o l v i n g a c t i o n . 

B. Cellulose As An Acid 

Perhaps more work has been undertaken on swelling c e l l u l o s e 
with bases than with any other class of chemical compounds. The 
hydrogen atoms on the hydroxyIs of c e l l u l o s e , l i k e most alcohols, 
have a degree of acid character and therefore r e a d i l y i n t e r a c t 
with reasonably strong inorganic and organic bases. 

1. Inorganic Bases (sodium z i n c a t e , hydrazine, inorganic 
hydroxides). I t shoul

centration of base neede
ulose by osmotic action i s not the same concentration that i s 
required to e f f e c t actual compound formation. Thus while 8-10% 
NaOH ex h i b i t s the maximum swelling of c e l l u l o s e f i b e r s , concen­
t r a t i o n s of about 18% NaOH are a c t u a l l y required to form sodium 
c e l l u l o s a t e s t r u c t u r e s . Other inorganic bases l i k e potassium 
and l i t h i u m hydroxide have also been used s i m i l a r l y f o r t h e i r 
s welling a c t i o n . Various additives to the caustic soda, such as 
zinc oxide, have been used to make sodium zincate solutions 
which enhance the a c t i o n of caustic so higher D.P. materials can 
be dis s o l v e d . The temperatures of these aqueous bases play a 
furth e r dominant r o l e i n the swelling and d i s s o l v i n g phenomenon; 
with the colder conditions giving more swelling and d i s s o l u t i o n . 
While a considerable amount of e f f o r t has been devoted to aqueous 
a l k a l i systems, they normally do not display s u f f i c i e n t d i s s o l v ­
ing power to completely overcome the c r y s t a l and hydrogen bond­
ing energies of c e l l u l o s e to give acceptable solutions of higher 
D.P. materials of i n t e r e s t f o r d i r e c t commercial conversion. In 
add i t i o n , these aqueous a l k a l i n e systems present several r e ­
covery and recycle problems. 

The use of the inorganic base, hydrazine, f o r swelling c e l l ­
ulose was considered by Hess and Trogus many years ago.(12) How­
ever, they were never able to obtain c e l l u l o s e solutions under 
the conditions they employed. More recently, L i t t (13) has re­
ported conditions under which he has been able to obtain com­
plete solutions of high D.P. c e l l u l o s e i n hot (150°-200°C) hy­
drazine and 207-345 kPa (30-50 p s i ) pressure. These r e s u l t s 
serve to demonstrate that several factors are important f o r a 
swelling reagent to become a solvent. The o r i g i n a l i n v e s t i g a ­
tions i n 1931 by Hess employed hydrazine hydrate but did not 
employ the more extreme conditions of heat and temperature re­
cently employed by L i t t i n 1976 to obtain s o l u t i o n s . L i t t was 
able to get solutions of c e l l u l o s e using either pure hydrazine 
or hydrazine hydrate providing he employed elevated temperatures 
and pressures. I t was noted previously that c r y s t a l l i n e forces 
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and hydrogen bonding could be important factors and t h i s case 
c l e a r l y demonstrates that even a material having the proper s o l ­
u b i l i t y parameter had to be employed under forci n g conditions to 
overcome these factors to achieve s o l u t i o n . I t has yet to be 
demonstrated, however, i f t e x t i l e q u a l i t y yarns or packaging 
q u a l i t y f i l m s can be prepared from such hydrazine s o l u t i o n s . 
C e r t a i n l y , to our knowledge no data along these l i n e s have yet 
been published. 

2. Organic Bases (Triton-quaternary hydroxides, amines, 
DMSO/CH^NH?, amine oxides). The a b i l i t y of c e l l u l o s e to act 

as an acid towards various organic bases has also been evaluated. 
Perhaps the best known organic bases are the various " T r i t o n " 
bases which are quaternar
vent of t h i s s e r i e s i
droxide. I t i s i n t e r e s t i n g again to note here that the benzyl 
grouping i s f a r more e f f e c t i v e than other groups such as methyl, 
e t h y l or propyl and t h i s Improvement has been a t t r i b u t e d to the 
fa c t that the b u l k i e r benzyl group behaves l i k e a "wedge" to 
e f f e c t i v e l y separate the c e l l u l o s e chains once i t has entered the 
c r y s t a l l i n e region. 

A considerable amount of work has also been reported by 
Segal and others (14) r e l a t i v e to the use of various amines and 
diamines f o r swelling c e l l u l o s e . None of these systems were 
claimed to cause s u f f i c i e n t swelling to give c e l l u l o s e s o l u t i o n s . 
More recently, P h i l l i p and h i s co-workers (15,16) have reported 
that 16.5% methylamine i n DMSO gave better c e l l u l o s e solutions 
than any other amine or any other concentration of methylamine 
used. The c e l l u l o s e i s claimed to dissolve by reaction with an 
equimolar complex of CH3NH2/DMSO and <*> 80% of the introduced 
c e l l u l o s e dissolved under cold anhydrous conditions. As ex­
c i t i n g as t h i s seems at f i r s t glance, d i s s o l u t i o n of only 80% of 
the c e l l u l o s e may not be of value f o r commercial consideration. 
Unless the d i s s o l u t i o n of c e l l u l o s e i s a c t u a l l y better than 99%, 
the system would c e r t a i n l y be too expensive to use r e l a t i v e to 
y i e l d and f i l t r a t i o n costs. The s p e c i f i c i t y of CH3NH2 and i n 
p a r t i c u l a r the 16.5% concentration i s i n t r i g u i n g and deserves 
more study. Perhaps, t h i s system might more properly belong 
under consideration as an organic complex rather than as a pure 
base system, but more data are needed to f i r m l y decide the exa^t 
nature of the re a c t i o n . 

One other organic base system which dissolves c e l l u l o s e as 
an acid involves compounds not normally considered as bases, but 
which i n f a c t , are very good "Lewis" bases. I n 1939, Graenacher 
and Sallman (17) reported that a l i p h a t i c and c y c l o a l i p h a t i c amine 
oxides such as triethylamine oxide or cyclohexyl dimethyl amine 
oxide gave 7-10% solutions of c e l l u l o s e at 50-90°C. More re­
ce n t l y , Johnson (18) has reported that a l i c y c l i c amine oxides 
such as N-methylmorpholine oxide give up to 6% solutions of c e l l u ­
lose at 110°C. These materials are most i n t e r e s t i n g and could 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



2. TURBAK ET A L . Cellulose Solvent Systems 17 

o f f e r commercial p o s s i b i l i t i e s i f adequate recovery and recycle 
procedures could be established. To our knowledge, no one has 
yet published any actu a l f i b e r or f i l m data on products derived 
from such systems. 

Thus, a wide range of inorganic and organic bases have been 
examined f o r d i s s o l v i n g and swelling c e l l u l o s e . Several systems 
have achieved a s u f f i c i e n t l y good balance of properties to pro­
vide good c e l l u l o s e solutions and i t i s expected that further 
e f f o r t s w i l l be forthcoming to achieve acceptable recovery/re-
cycle and ph y s i c a l properties which could lead to i n d u s t r i a l 
acceptance. 

C. C e l l u l o s e Complexes 

1. Inorganic Complexe
ium). The use of variou  coppe  complexe

lose i s w e l l known. More re c e n t l y , complexes of cadmium and i r o n 
have been added to the l i s t to reduce the s e n s i t i v i t y of such 
c e l l u l o s e solutions to degradation by exposure to a i r . This work 
i s reviewed rather completely by Jayme (3) who, with h i s co­
workers, has contributed extensively to t h i s area. 

Inorganic m e t a l l i c complexes such as cuprammonium have met 
with only minimal commercial success f o r production f i b e r s and 
fil m s f o r two reasons. F i r s t , complete recovery of m e t a l l i c e f f ­
luent contaminants i s d i f f i c u l t at the extremely low ppm le v e l s 
needed to meet p o l l u t i o n requirements and secondly the o v e r a l l 
economics and f i b e r properties (of the cuprammonium process, at 
le a s t ) were not as good as those of the viscose process. The 
second f a c t o r would today be less important than the recovery and 
p o l l u t i o n aspect and, u n t i l t h i s aspect i s solved, metal i n o r ­
ganic complexes w i l l continue to have l i m i t e d u t i l i t y f o r f i l m 
and f i b e r production. 

2 . Organic Complexes (DMSO/CH3NH2, (KOCH2CHOHCH9S) 2. The 
possible use of organic complexes to diss o l v e c e l l u l o s e appears 
to be extremely l i m i t e d . Of a l l the systems reported, only two 
seem to q u a l i f y as organic complexes. The f i r s t of these uses 
DMSO/16.5% CH3NH2 and was previously discussed under category Β 
(above) since i t s action may be re l a t e d more to i t s basic nature 
than to a true complex formation. 

The second system was reported by Petrov i n 1965 (19) who 
claims that c e l l u l o s e dissolves d i r e c t l y at 110°C i n a neutral 
solvent - b i s (φ-Y dihydroxypropyl) d i s u l f i d e - prepared by 
oxidation of t h i o g l y c e r o l . This solvent works w e l l f o r d i s ­
s o l v i n g cellophane f i l m s at 300-600 D.P., but i s not good f o r 
d i r e c t l y d i s s o l v i n g higher D.P. cotton l i n t e r s or regular p u r i ­
f i e d wood pulps. In any case, i t i s i n t r i g u i n g to f i n d a n e u t r a l 
solvent that appears to be capable of d i r e c t l y d i s s o l v i n g reason­
ably high D.P. c e l l u l o s e and further work should be undertaken to 
asce r t a i n why t h i s p a r t i c u l a r structure seems to be e f f e c t i v e . 
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D. Cellulose Derivatives 

1. Stable Derivatives (esters, ethers), A wide v a r i e t y of 
s t a b l e c e l l u l o s e d e r i v a t i v e s are known and used commercially. 
The esters and ethers have found scores of commercial uses but 
only the acetate and n i t r a t e have ever been u t i l i z e d f o r produc­
ing regenerated c e l l u l o s e products; the acetate to give F o r t i s a n 
and the n i t r a t e to make regenerated tubular c e l l u l o s e f i l m s . 

2, Unstable Derivatives, 

a. S u l f u r (xanthates, SC^/amines - s u l f i t e s ) 

b. Nitrogen (DMF/N2O4  DMSO/N

c. Carbon (carbonates, formates, DMSO/(CH20)x -
me thy l o i ) 

Unstable c e l l u l o s e derivatives have been and are being 
a c t i v e l y investigated i n depth f o r use i n preparing regenerated 
f i b e r s and f i l m s . This paper w i l l consider such " t r a n s i e n t " 
d e r i v a t i v e s under three main headings: a) s u l f u r - b) nitrogen-
and c) carbon-containing intermediates. 

a) Sulfur Intermediates: The use of CS 2 to form xanthates 
some 90 years ago s t i l l forms the backbone of the present day 
rayon industry. Improved processes are urgently needed which 
can not only overcome the various p o l l u t i o n problems associated 
with the viscose process, but which might also hopefully lower 
both the i n i t i a l c a p i t a l investment and subsequent operating 
costs associated with present day rayon plants. 

One attempt along these l i n e s i s reported by Kimura et a l 
(20) who used a modified organic type system f o r xanthation. 
They used DMSO/CS2/amine to d i s s o l v e c e l l u l o s e and reported 
f i b e r s having conditioned and wet tenacity/elongation of 3.0 
g/d/14% and 1 .8 g/d/25% resp e c t i v e l y . Their coagulation and re­
generation steps did not involve the use of acids and thus would 
s i g n i f i c a n t l y reduce part of the p o l l u t i o n load normally a s s o c i ­
ated with rayon production. However, i n i t i a l laboratory attempts 
to reproduce the reported process gave r i s e to an extremely nox­
ious odor and t h i s could represent s u f f i c i e n t detriment to o f f s e t 
other possible advantages. 

As another possible approach to d i s s o l v i n g c e l l u l o s e , sev­
e r a l i n v e s t i g a t o r s have studied the use of S02/amine solvent sys­
tems. Extensive work i n t h i s area i s reported by P h i l l i p and 
h i s coworkers (21) by Yanazaki and Nakao (22) and by Hata and 
Yokota (23-29). Their e f f o r t s covered a wide range of amines and 
organic solvent diluents which were both polar and non-polar. 
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While i n i t i a l l y i t was thought that some type of complex was 
being formed with the c e l l u l o s e , i t i s now reasonably estab­
l i s h e d that t h i s treatment r e s u l t s i n the formation of amine 
s a l t s of the rather unstable c e l l u l o s e s u l f i t e e s t e r . Again 
filaments reportedly were spun, but no f i b e r p h y s i c a l properties 
were reported. The use of s u l f i t e esters f o r preparing rayon i n 
preference to the viscose system would c r i t i c a l l y depend on good 
recovery of a l l s t a r t i n g materials, and t h i s may be an area 
worthy of both chemical and engineering e f f o r t . 

b) Nitrogenous Intermediates: The use of unstable n i t r o ­
genous intermediates for achieving c e l l u l o s e s o l u t i o n i n organic 
solvents i s concentrated mainly i n the area of systems i n v o l v i n g 
nitrogen oxides. I n i t i a l l
c e l l u l o s e to the 6-carbox
Kenyon, Yackel, Unruh, Fowler, and McGee i n the 40  s stands as 
a milestone i n t h i s area. (30-34) More recently, Pavlyuchenko 
and Ermolenko and coworkers have presented further detailed 
studies on the use of N2O4 for c e l l u l o s e oxidation. (35-39) In 
1947, Fowler et a l (34) reported that various solvents, when used 
i n conjunction with N2O4, gave d i f f e r e n t responses to the action 
of t h i s reagent on c e l l u l o s e and found that many solvents a c t u a l ­
l y gave r i s e to solutions of c e l l u l o s e without high degrees of 
oxidation occurring. They used over 40 d i f f e r e n t solvents where 
the N2O4 to solvent r a t i o s were at l e a s t 1/1 or higher and 
f i n a l l y concluded that the amount of oxidation vs. c e l l u l o s e 
s o l u t i o n was rel a t e d to the p o l a r i t y of the solvent employed. 
With non-polar solvents such as CCI4 e t c . the N2O4 produced 
mostly oxidation while the more polar solvents gave r i s e to c e l l ­
ulose solutions with greatly diminished o x i d a t i o n . I f no s o l ­
vents were employed and large excesses of cold l i q u i d N2O4/N2O3 
mixtures were used, then c e l l u l o s e dissolved w i t h very l i t t l e 
o xidation and could be recovered from such solutions e s s e n t i a l l y 
chemically unchanged except f o r a D.P. l o s s . This was f i r s t re­
ported by Hi a t t and Crane i n 1949 (40) and subsequently studied 
i n great d e t a i l by Chu i n 1970.(41) 

Following these c l a s s i c disclosures by Fowler, other r e ­
searchers began to examine even more polar solvents f o r use with 
N2O4. Thus, Williams (42) studied the use of DMSO/N2O4 as a 
solvent system f o r c e l l u l o s e . I t was l a t e r demonstrated rather 
c l e a r l y by Hergert and Zopolis (43) that the DMSO/N2O4 system 
would di s s o l v e c e l l u l o s e more e f f e c t i v e l y i f there was a small 
amount of water present to keep the c e l l u l o s e structure open f o r 
r e a c t i o n . S u r p r i s i n g l y very l i t t l e more work has been done with 
the DMSO/N2O4 system up to the present time. 

Subsequently, Nakao obtained patent coverage on the use of 
DMF/N2O4 mixtures to diss o l v e c e l l u l o s e (44,45) and on the addi­
tions of a wide range of other polymers i n DMF to such c e l l u l o s e 
solutions to produce s p e c i a l types of products. Mahomed (46) 
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describes the use of cellulose/DMF/N2O4 solutions as coating 
materials f o r glass f i b e r s to improve product performance. 

During t h i s period several other workers began to appreciate 
that very polar solvents gave c e l l u l o s e solutions from which 
c e l l u l o s e could be recovered i n an e s s e n t i a l l y unchanged state 
rather than i n the highly oxidized state previously associated 
with N2O4 treatments. A considerable amount of research was 
published t r y i n g to define what was occurring when the N2O4 was 
used with the polar solvents. Clermont and Bender and t h e i r 
associates reported studies where c e l l u l o s e was dissolved i n both 
cold and hot solutions with N2O4/DMF mixtures. (47-49) They found 
that e s s e n t i a l l y unchanged c e l l u l o s e with no added nitrogen or 
carboxyl l e v e l s was obtained from cold d i s s o l u t i o n , while water-
soluble c e l l u l o s e resulted from increased d i s s o l v i n g temperatures 
apparently due to the formatio
t r a t e s . They subsequentl
solve l i g n o c e l l u l o s e removed from wood chips.(50) 

In a s e r i e s of a r t i c l e s dating from 1969-1976, Schweiger 
ha§ been reporting studies aimed at t r y i n g to elucidate what was 
happening i n the DMF/N2O4 treatment of c e l l u l o s e and t r i e d to 
use such solutions f o r forming other d e r i v a t i v e s . (51-56) He 
was able to i s o l a t e a product from a pyridine-modified dope 
which appeared to be an unstable c e l l u l o s e n i t r i t e intermediate 
since i t could produce a l k y l n i t r i t e s when decomposed by lower 
molecular weight alcohols. While t h i s i s not a d i r e c t s t r u c t u r a l 
proof i t c e r t a i n l y i s s u f f i c i e n t to substantiate h i s proposal 
that c e l l u l o s e reacts with N2O4 to give c e l l u l o s e n i t r i t e and 
HNO3 rather than forming some type of N 2 O 4/cellulose association 
complex. The c e l l u l o s e n i t r i t e i s subsequently r a p i d l y decom­
posed by protonic solvents to regenerate the c e l l u l o s e and give 
HNO2 along with HNO3 f o r recovery and recycle. The structure 
and reactions of N2O4 i n general have been reviewed by Gray (52) 
while the reactions of N 20^ to n i t r a t e and n i t r o s a t e alcohols 
and amines are reported by White and Feldman. (58) 

Pasteka and Mislovicova studied the e f f e c t s of various d i s ­
s o l v i n g conditions on the D.P. loss of c e l l u l o s e i n the DMF/N2O4 
system. (59-61) They noted that the moisture content of the 
system and even the rate of s t i r r i n g caused a drop i n D.P. and 
that the presence of pyridine or (ΰ2Η5)βΝ d i d not i n h i b i t such 
l o s s . While moisture may w e l l r e l a t e to D.P. l o s s , i t i s d i f ­
f i c u l t to understand how s t i r r i n g rate could have such an e f f e c t 
unless i t was r e f l e c t i n g l o c a l temperature r i s e s that occurred 
under the conditions employed for s t i r r i n g . In any case, these 
investi g a t o r s again confirmed no increase i n e i t h e r nitrogen or 
carboxyl content for the regenerated c e l l u l o s e . 

The N2O4 system has also been investigated by several 
Russians (62-64) who a c t u a l l y report p h y s i c a l properties f o r 
f i b e r s spun from DMF/N2O4 and EtOAc/^O^ systems. These f i b e r s 
are about 120 denier and have t e n a c i t i e s of 1.6 g/d with 5-6% 
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elongations. Obviously more d e f i n i t i o n of the ^ O ^ o r g a n i c s o l ­
vent system i s needed to determine i t f s p o t e n t i a l as a solvent 
based rayon process to subs t i t u t e f o r viscose and t h i s work w i l l 
be reported l a t e r i n t h i s symposium. 

c. Carbon Intermediates: The use of non-hetero atom-con­
ta i n i n g moieties to make c e l l u l o s e intermediates of transient 
s t a b i l i t y has received r e l a t i v e l y l i t t l e a t t e n t i o n i n s p i t e of 
the f a c t that such derivatives might u l t i m a t e l y o f f e r the best 
prospects for non-polluting systems. Cell u l o s e carbonate has 
been prepared and reported. However, i t evidently i s so un­
stable as to have e s s e n t i a l l y no u t i l i t y as an intermediate. 
Also, as prepared from phosgene, i t would face other i n d u s t r i a l 
problems. 

Ce l l u l o s e formate
being r a p i d l y prepared y
lose . The cleavage of c e l l u l o s e formate by hot steam also re­
presents an i n t e r e s t i n g approach f o r "dry spinning" t h i s d e r i v a ­
t i v e . While formic acid would not be considered a "material of 
choice" under most circumstances f o r i n d u s t r i a l use, i t i s cer­
t a i n l y no worse than "hydrazine" i n most safety and health con­
siderations and t h i s approach, or one s i m i l a r to i t , w i l l un­
doubtedly see further e f f o r t i n the future. 

Recently, Nicholson and D.C. Johnson reported on t h e i r work 
on d i s s o l v i n g c e l l u l o s e i n mixtures of DMSO with paraformalde­
hyde. (65) I n i t i a l i n d i c a t i o n s are that a c e l l u l o s e methylol com­
pound i s formed which i s stable under the elevated temperatures 
of s o l u t i o n preparation and i s subsequently s t a b l e f o r days under 
storage i n open a i r at room temperature. The extreme s p e c i f i c i t y 
of t h i s combination of reagents i s p a r t i c u l a r l y notable. For ex­
ample, Seymour and E.L. Johnson (66,67) noted that neither DMF, 
DMAc, acetone, HMPA, nitromethane, a c r y l o n i t r i l e , a c e t o n i t r i l e , 
nor sulfolane can be substituted f o r the DMSO. Thus DMSO and 
only DMSO has been found to be e f f e c t i v e to date f o r achieving 
c e l l u l o s e solutions with formaldehyde. This extreme s p e c i f i c i t y 
may w e l l r e l a t e i n some way to the fac t that DMSO i t s e l f breaks 
down in t o DMS and paraformaldehyde on heating (68) or may pos­
s i b l y be in t e r a c t i n g to s t a b i l i z e the proposed c e l l u l o s e methylol 
intermediate whereas no other reagent i s evidently able to do so. 
I t should be further noted that while only one mole of paraform­
aldehyde i s required to hold one mole of the c e l l u l o s e i n s o l u ­
t i o n , large molar excesses of 5/1 (CH20)x/cellulose must be em­
ployed i n i t i a l l y f o r d i s s o l u t i o n to occur. Thus t h i s system 
which appears to i n i t i a l l y o f f e r an easy route to c e l l u l o s e 
s o l u t i o n s , may o f f e r considerable d i f f i c u l t y commercially from 
the aspects of spinning, recovery and recycle. Further data 
from t h i s work are to be presented l a t e r i n t h i s symposium. 
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Throughout t h i s review, an attempt has been made to high­
l i g h t the need f o r a low investment cost, non-polluting solvent 
system f o r c e l l u l o s e to substitute f o r the viscose process. 
None of the systems known to date meet the necessary requirements 
fo r commercial e x p l o i t a t i o n . However, as has always been the 
case, whenever a need l i k e t h i s e x i s t s some outstanding s c i ­
e n t i s t s w i l l develop methods to produce the desired r e s u l t s - and 
th i s case w i l l be no exception. The c e l l u l o s e chemists are equal 
to the challenge and the rewards f o r success w i l l be large. 
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3 
The Spinning of Unconventional Cellulose Solutions 

D. M. MacDONALD 
International Paper Co., Tuxedo Park, N.Y. 10987 

About ten years ago it became apparent that the viscose 
process was encounterin
environmental e f f e c t s .
erated c e l l u l o s e was indicated and a project to screen the 
various c e l l u l o s e solvents was started. In this paper, some of 
the r e s u l t s will be described. 

In the first experiments, Table I, the solutions were pre­
pared using k r a f t hardwood d i s s o l v i n g pulps. C e l l u l o s e , dis­
solved i n 72% sulfuric a c i d , hydrolyzed to a DP below 30 in less 
than 15 minutes at 0°C. Phosphoric acid (85%) gave a very 
viscous 2% cellulose s o l u t i o n of practical DP, but the presence 
of gels and fibers made filtration very difficult and H3PO4 could 
not be washed from f i l m s cast on glass plates. N e u t r a l i z a t i o n 
with 14% ammonium hydroxide, followed by washing, gave complete 
removal of phosphate, but higher concentrations of ammonium 
hydroxide gave crystalline ammonium phosphate in the film. 

Table I 

Cr i t i q u e of Cellul o s e Solvents F i r s t Examined 

Solvent Result 

Excessive DP l o s s 
High gel and f i b e r , H^PO^ hard to remove 
Good s o l u t i o n , i m p r a c t i c a l to regenerate 
Good s o l u t i o n , i m p r a c t i c a l to regenerate 
Good s o l u t i o n , very slow coagulation 

The extreme difficulty of filtration along with the poor 
economics anticipated in using a 2% solution prompted an exam­
i n a t i o n of the newer SO2-amine solvents reported by Hata and 
Yokota in Japan (1-3). These solvents gave good solutions but, 

72% H 2 S 0 4 
85% H 3P0 4 

s o 2 -NH 3 

s o 2 - (CH 3) 2 NH 
64% ZnCl 
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when regenerated i n water at 0°C or higher, S0 2 evolution pro­
duced a foam. As reported by these Japanese workers Ç3), r e ­
generation at -10 C i n methanol gave a clear f i l m , but the 
economics of working under pressure at such low temperature 
seemed doubtful. 

The f i n a l solvent i n Table I, aqueous zinc c h l o r i d e , gave an 
excellent s o l u t i o n which, unfortunately, could not be coagulated 
i n a form with strength would permit spinning. This was deduced 
from experiments u t i l i z i n g hand-cast f i l m s which showed l i t t l e or 
no cohesion. 

Spinning Experiments Using C e l l u l o s e Dispersed i n Calcium 
Thiocyanate 

While examining th
i n aqueous calcium thiocyanat
and a clear f i l m was produced. Since f i b e r extruders are used i n 
preparing synthetic f i b e r s , i t seemed possible that t h i s process, 
i l l u s t r a t e d i n Figure 1, could give a p r a c t i c a l route to regen­
erated c e l l u l o s e ; therefore, a closer i n v e s t i g a t i o n of t h i s 
unusual solvent system, f i r s t described by Bechtold and Weratz 
of DuPont (4-6), was commenced. 

In the a n t i c i p a t e d i n d u s t r i a l process, pulp would be 
flocked, mixed with calcium thiocyanate s o l u t i o n , drained, and 
then pressed. These steps are very s i m i l a r to the caustic 
steeping, pressing, and shredding stages of the viscose process, 
so viscose p i l o t plant equipment was used i n our work. The 
shredded c e l l u l o s e calcium thiocyanate f i b e r s would be fed i n t o 
an extruder and extruded through a filament die into an aqueous 
bath containing calcium thiocyanate. 

A Brabender Model 252 Extruder with four heating zones, a 
Hastalloy b a r r e l , and a chrome-plated, uniform taper screw of 25 
f l i t e s with a 3:1 compression r a t i o was used i n the lab studies. 
Two eight-hole c i r c u l a r dies (3/4 χ 1/8 in.) were used; hole 
diameters were .013 i n . and .006 i n . ; c a p i l l a r y length was .010 
i n . ; a 200 χ 1400 Dutch Weave s t a i n l e s s s t e e l f i l t e r was p o s i ­
tioned behind the die. The micron r a t i n g of the f i l t e r was 12. 

The i n i t i a l experiments showed that f i b e r s could be ex­
truded, but that these f i b e r s could not be stretched i n a i r even 
when the a i r temperature was raised as high as 180 C, at which 
point decomposition of thiocyanate was occurring. Hole blockage 
was a recurring problem even though the f i l t e r - h o l e s i z e was f a r 
smaller than the die-hole diameter. 

D i f f i c u l t y was also experienced with feeding the flocked 
dispersion to the extruder screw because of blockage at the 
hopper neck. This problem was solved by c u t t i n g the pulp i n t o 
1/4-inch squares a f t e r sheet steeping. A problem with v a r i a b l e 
extrusion behavior was f i n a l l y traced to v a r i a t i o n s i n calcium 
thiocyanate composition. Consultations with the manufacturer, 
Halby Chemical Co., revealed that ammonium thiocyanate was the 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



3. MACDONALD Unconventional Cellulose Solutions 27 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



28 SOLVENT SPUN R A Y O N , MODIFIED C E L L U L O S E FD3ERS 

most l i k e l y impurity, the addition of ammonium thiocyanate to the 
calcium thiocyanate s o l u t i o n was examined. About 1% ammonium 
thiocyanate with 52.5% calcium thiocyanate i s optimum; l e s s than 
0.2% ammonium thiocyanate gives an unextrudable dispersion. 

Table I I i l l u s t r a t e s what seems to be the optimized process. 
Calcium thiocyanate concentrations below 45 or 50% do not give a 
product which can be extruded, and concentrations of ammonium 
thiocyanate above 1% cause filaments to s t i c k to godets and 
guides. An a l k y l a r y l , non-ionic surfactant was used to aid 
penetration during steeping.. The long steeping time seems 
unnecessary i f f l o c k i s used rather than sheets; however, the 
f l o c k did not feed properly as was mentioned previously. Our 
impression i s that f l o c k would very probably feed in t o a large 
extruder. Normally, the sheets press e a s i l y , but extrusion 
temperatures above abou
ments, apparently due t

Table I I 

Optimum Conditions f o r Extrusion of the Cellulose 
Ca(SCN) 2 Dispersions 

Pulp: low v i s c o s i t y , low r e s i n , d i s s o l v i n g grade 
Steeping s o l u t i o n : 52.5% Ca(SCN>2, 0.3-1.0% NH4SCN, 0.1% 

non-ionic surfactant, room temperature, 
2 days 

Pulp: Solution (after pressing) - 1: 2.2-2.8 
Dispersion form: 1/4-inch squares 
Extrusion temperature: 110°C ( a l l 4 zones). 
Bath: Water, 25% Ca(SCN) 2 > 25% NaCl. 

Using material prepared under these optimum s p e c i f i c a t i o n s 
with the .013-in. hole diameter d i e , filaments could be necked 
down to .002 i n . dry diameter by speeding up the f i r s t godet. 
Stretch between the f i r s t and second godets was poor (normally 
only about 10%) even with 100 C aqueous calcium thiocyanate i n 
the s t r e t c h bath. With the .006-in. hole diameter d i e , filament 
diameter did not decrease p r o p o r t i o n a l l y as swelling at the die 
face became much more pronounced. This was interpreted as show­
ing the need f o r lower v i s c o s i t y and, consequently, a higher 
pulp: thiocyanate r a t i o . 

D i l u t i o n of the dispersion with a d d i t i o n a l thiocyanate gave 
a homogeneous mixture i f done i n a Banbury-type mixer. However, 
the extruded f i b e r s refused to coagulate properlg unless the 
extruder temperature was reduced to as low as 60 C. Fiber 
strength was extremely poor. 
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F i n a l l y , a d dition of DMSO, methanol, ethylene g l y c o l , boric 
a c i d , EDTA, hydrazine, and hydroxylamine to the calcium t h i o -
cyanate s o l u t i o n was evaluated, but s t r e t c h a b i l i t y was not 
improved. Synthetic polymers were also were added without 
bene f i t . 

Discussion t h i s f a r has concerned e x t r u d a b i l i t y of the 
various dispersions. D e l i v e r i e s were low (only 30 g/min at top 
extruder speed), and spinning speeds above 30 m/min were reached 
only r a r e l y . Most noticeable was an extreme tendency to shrink 
upon drying. Slack-dried yarn shrinks 30% or more; restrained 
drying on cones gave very fuzzy yarns, due to filament breakage. 

Typical yarn properties i l l u s t r a t e d i n Table I I I were 
very poor, with most runs giv i n g about 0.3 g/den conditioned 
tenacity (although some yarns have given 0.8 g/den)  Elongations 
were l e s s than 10%, wit
noticeable was the tendenc
same s t r e s s , therefore the lowest deniers always gave the strong­
est yarn. Yarn of s t i l l lower denier, however, could not be 
spun with a v a i l a b l e extrusion dies. Because of swelling at the 
die face, i t i s u n l i k e l y that smaller diameter holes, which are 
very d i f f i c u l t to d r i l l , would help. 2

T h e **ie m u s t also be quite 
t h i c k as pressures of 500-4000 l b / i n . have been observed. 

Table I I I 

Typical Rayon Properties from the 
Thiocyanate Cellulose Dispersions 

Cond. Ten., g/den - 0.1-0.8 
Cond. Elong., % - 4-10% 
Wet Ten., g/den - 0.1-0.3 
Wet Elong, % - 10-20% 

Spinning Experiments U t i l i z i n g C e l l u l o s e Dissolved i n NÔ -DMF 

Turning now to the nitrogen dioxide-DMF solvent, r e s u l t s 
i n d i c a t e that i n so f a r as s o l u t i o n properties and ease of 
so l u t i o n preparation are concerned, t h i s i s an excellent com­
bin a t i o n that produces yarn properties better than those of the 
thiocyanate cellulose-spun yarn. 

Our research was prompted by a paper presented by Schweiger 
(5) at the TAPPI Dissolving Pulp Conference i n Atl a n t a . In t h i s 
paper, Schweiger described both the f a c i l e reaction of c e l l u l o s e 
with nitrogen dioxide i n dimethylformamide s o l u t i o n (NC^-DMF) to 
form a c e l l u l o s e t r i n i t r i t e s o l u t i o n , and the almost instantan­
eous regeneration of c e l l u l o s e when t h i s s o l u t i o n i s added to 
water. 
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CellOH + NO. ^ m > CellONO + HN0Q 

CellOH + HN02 

Work was i n i t i a t e d to investigate the b e l i e f that production 
of rayon from c e l l u l o s e spun i n NÔ -DMF might be f e a s i b l e i f the 
plant was adjacent to an ammonium n i t r a t e plant supplying NO^ and 
ammonia, and which could process the ammonium n i t r a t e by-product. 
The tonnage of ammonium n i t r a t e would be high - about 3 times 
more ammonium n i t r a t e would be produced than c e l l u l o s e , A flow 
diagram for a hypothetica

With t h i s process
treated with about 2/3 of the required quantity of DMF and, a f t e r 
about two hours, t h i s would be transferred to a reactor to be 
combined with s i x moles of N0« (corrected for pulp moisture) and 
the remaining DMF. The s o l u t i o n forms at room temperature a f t e r 
10-30 minutes and would then be f i l t e r e d , with simultaneous 
deaeration i f a vacuum f i l t e r i s used. Spinning i s into a bath 
containing water, DMF, and ammonium n i t r a t e at pH 7 to minimize 
DMF hydrolysis. DMF i s recovered from excess spin bath, e i t h e r 
by f r a c t i o n a l d i s t i l l a t i o n or methylene d i c h l o r i d e e x t r a c t i o n , 
and i s returned to the DMF r e s e r v o i r . The r e s i d u a l ammonium 
n i t r a t e s o l u t i o n would be sent for recovery of s o l i d ammonium 
n i t r a t e . 

Conventional viscose processing equipment was used i n the 
experiments. The pulp, usua l l y a low v i s c o s i t y , hardwood k r a f t 
of d i s s o l v i n g grade, was f i r s t flocked and placed i n a viscose 
mixing can with 2/3 of the desired DMF. After two hours, the 
required amount of N0 2 was added i n the remaining DMF (2.5 parts 
N0 2 per part of c e l l u l o s e was usually used) and mixing, with the 
can p a r t i a l l y submerged i n a 2 C bath, was started. A f t e r 30 
minutes (10 minutes seemed s u f f i c i e n t ) , the can was removed from 
the bath, a standpipe was inserted, and the s o l u t i o n was forced 
by a p p l i c a t i o n of 50 p s i a i r pressure to pass through a 6-micron 
polypropylene f i l t e r i n t o an adjacent, evacuated can. Usually 
the vacuum was applied for about 2 hours a f t e r the end of f i l t r a ­
t i o n to complete deaeration; whether t h i s i s necessary i s 
doubtful. 

Every time a can was opened and exposed to the a i r , a few 
drops of l i q u i d N0 2 were added. This prevents the skin formation 
which occurs r a p i d l y i n a i r , nitrogen, or even vacuum. Apparent­
l y , N0« gas e f f e c t i v e l y suppresses r e v e r s a l of the n i t r i t e 
formation reaction. 

C e l l u l o s e DP slowly d r i f t s downward on storage of the 
so l u t i o n , the best data on t h i s e f f e c t are included i n a paper by 
Pasteka (8). However, many times we have been able to spin 
succe s s f u l l y a f t e r s t o r i n g the s o l u t i o n overnight. I t i s im-
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F l o c k A c t i v a t i o n 

P u l p 

D M F 

ι N Q 2 

M i x e r 

D M F 

Reservoir 

D M F 

A m m o n i u m 

N i t r a t e 

S o l u t i o n 

D M F 

R e c o v e r y 

Regenerated S p i n n i n g F i l t e r , 

C e l l u l o s e F i b e r ^ M a c h i n e ueaer a i e 

N H 3 A m m o n i u m 

N i t r a t e 

P l a n t 
N 0 2 

Figure 2: Flow diagram for NOt-DMF spinning 

300 I -

250 

200 

V I S C O S I T Y , 

b a l l fa l l sec 1 5 9 

100 

50 

% C E L L U L O S E 

Figure 3: Viscosity-% cel­
lulose relationship for high-
viscosity Kraft pulp in NOt-

DMF 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



32 SOLVENT SPUN RAYON, MODIFIED CELLULOSE FIBERS 

portant that the solutions be stored at room temperature, or 
lower, and that temperatures above 30 C be avoided during d i s ­
s o l u t i o n . F r i c t i o n a l heat occurs, and e f f i c i e n t cooling during 
s t i r r i n g i s necessary. As Schweiger f i r s t demonstrated, n i t r a ­
t i o n occurs due to the t r a n s e s t e r i f i c a t i o n with by-product n i t r i c 
a c i d at temperatures above room temperature. The data i n Table 
IV show that l e s s n i t r a t i o n occurs when a pulp of normal moisture 
i s used i n place of a bone dry pulp. 

Table IV 

Cellulose-Bound Nitrogen a f t e r Regeneration Compared 
to Solution Age and Pulp Moisture 

Pulp Moisture %
% 1
0 0.09 0.50 
7 0.03 0.18 

Solution v i s c o s i t y was rather high, as i s i l l u s t r a t e d i n 
Figure 3, where a high v i s c o s i t y pulp was used. Low v i s c o s i t y 
pulp w i l l cause the curve to s h i f t about 0.5% to the l e f t . 

Spinning was through a 720-hole, .0025-in. hole diameter 
platinium spinneret. Hole blockage was never observed. 

In the next tables, some strength r e s u l t s are compared with 
spin bath composition. In Table V, a few baths which did not 
give successful spinning are described. Included here i s methy­
lene d i c h l o r i d e , which i s a low b o i l i n g solvent capable of 
extract i n g DMF from water. Methylene d i c h l o r i d e boiled at the 
spinneret face thereby i n d i c a t i n g a high heat evolution. Also 
weak or strong acids, and strong bases seem harmful, while DMF-
NH^NO^ mixtures do not give s u f f i c i e n t l y fast coagulation. 

Table V 

Spinbaths found not Suitable for Spinning 
the C e l l u l o s e - N0 2 - DMF Solutions 

1. Methylene d i c h l o r i d e 
2. Methylene d i c h l o r i d e - DMF - water 
3. Acetic acid - DMF - water 
4. 50 and 75% methanol i n DMF 
5. Rayon-type spin baths 
6. Systems cont. NaOH i n spin, or s t r e t c h , baths 
7. DMF - NH,N0o 
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The a d d i t i o n of water int o DMF/ammonium n i t r a t e mixtures 
allows spinning to proceed normally and yarn properties were 
unchanged for R.0, NH,N03-H20 and DMF-NH4N03-H20 spinbaths. 
The r e s u l t s i n Table VI are t y p i c a l : strength values were a b i t 
below ordinary rayon and elongation was low when 3% solutions 
were spun at 10 m/min. Low elongation indicates a yarn which i s 
too b r i t t l e f or easy t e x t i l e processing. 

Table VI 

Ef f e c t of DMF and Ammonium N i t r a t e i n Aqueous 
Spin Baths at 24°C (3% c e l l u l o s e , 10m/min) 

Bath Cond. Cond. Wet Wet 
Comp. Ten. 

w* (g/den.

H 20 2.0 4.9 0.8 12 
33N 2.1 3.4 0.8 6.3 
44D,37N 1.8 2.1 0.6 3.8 

*D = DMF, Ν = ΝΗ^Ν03 

Table VII shows a few experiments where 5% solutions were 
spun at 30 m/min in t o spin baths containing varying quantities 
of DMF-NH^NO^ and water. Again, the t e n s i l e properties were 
not good. 

Table VII 

Effe c t of DMF and Ammonium N i t r a t e i n Aqueous 
Spin Baths at 24°C (5% c e l l u l o s e , 30 m/min) 

Bath Cond. Cond. Wet Wet 
Comp. Ten. Elong. Ten. Elong. 
(%)* (g/den.) (g/den.) (%) 

41D, 29N 1.7 2.9 0.7 7.5 
30D, 26N 1.7 2.9 0.6 9.2 
28D, 19N 1.7 2.7 0.7 7.8 
16D, UN 1.7 3.0 0.7 9.5 

*D = DMF, Ν =» NH,N0o 4 3 
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Use of divalent calcium and t r i v a l e n t aluminum was evaluated 
as an a i d to coagulation; yarn properties were unchanged. Table 
V I I I gives r e s u l t s f o r 24° and 50°C spin bath temperature. The 
50°C yarn strength r e s u l t s were very s l i g h t l y better than the 
24°C r e s u l t s . 

Table V I I I 
E f f e c t of Aluminum and 'Calcium N i t r a t e s on Spinning 

6% Solutions at 40 m/min 
Bath Cond. Cond. Wet. Wet. 
Comp. Ten. Elong. Ten. Elong· 

w* (g/den.) (%) (g/den.) (%) 
7A, 23N (24°C) 1.6 4.0 0.6 8.6 
7C, 23N (24°C) 

14A, 17N (24°C) 1.7 4.
14C, 17N (24°C) 1.6 4.9 0.5 11.0 
7A, 23N (50°C) 2.0 5.0 0.7 9.8 
7C, 23N (50°C) 1.8 4.2 0.6 9.8 

14A, 17N (50°C) 1.7 4.0 0.6 8.9 
14C, 17N (50°C) 2.1 5.3 0.8 10.3 
*A = A1(N0 3) 3.9H 20; C « Ca (N0 3) 2.4H 20; Ν = ΝΗ,ΝΟ 4 3 
Spinning speed, % c e l l u l o s e i n the N02/DMF s o l u t i o n , and the 

presence of g l y c e r o l i n the st r e t c h bath gave the yarn properties 
i l l u s t r a t e d i n Table IX. Water at 95°C seemed best for the 
str e t c h bath i n previous experiments. Spinning speeds were 10-60 
meters/ min and the range of 3% to 7% c e l l u l o s e was examined. 

Table IX 
Ef f e c t of Spinning Speed, Glycerol i n Stretch Bath 

and % Cellulose on Spinning into water at 25 C 
Yarn Properties 

Stretch Spinning Cond. Cond. Wet Wet 
Bath Speed Ten. Elong. Ten. Elong. 

C e l l Comp. m/min g/den (%) (g/den) (%) 
3 H 20, 95°C 10 1.8 3.1 0.78 7.1 
3 50% g l y c e r o l 10 1.8 2.3 0.81 6.3 

92°C 
5 H 20, 95°C 30 1.8 3.7 0.76 7.1 
5 H 20, 95°C 40 1.7 4.5 0.72 8.0 
5 H 20, 95°C 60 1.6 6.0 0.60 9.5 
7 H 20, 95°C 30 1.8 3.3 0.78 6.0 
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A sodium a l k y l sulfonate wetting agent i n the spin bath did 
not improve the r e s u l t s , shown i n Table X; however, higher spin 
bath temperatures (to 50°C) again gave a very s l i g h t strength 
improvement without improved elongation. 

Table X 

Eff e c t of Spin Bath Wetting Agent and Aqueous Spin Bath 
Temperature on Acetakraft Spinning at 30 m/min 

C e l l . 

Spin Bath 
Comp. and 
Temp. 

Cond. 
Ten. 
g/den

Yarn Properties 
Cond. Wet 
Elong. Ten. 
(%) g/den

Wet 
Elong. 

7 H 20, 23°C 
7 HO + 1% wet­

t i n g agent, 23 
2.1 

C 
4.2 0.80 6.3 

7 H 20 + 1% wet-
t i n g agent, 30 

2.2 
C 

4.0 0.88 7.9 

7 H 20 + 1% wet­
t i n g agent, 45 

2.2 
C 

4.1 0.94 15.4 

3 H 20, 50°C 2.2 4.5 0.73 7.0 

Perhaps the most s t r i k i n g thing about these r e s u l t s i s the 
lack of response to widely varying spinbath compositions; i n 
f a c t , the same yarn properties were found for spinning in t o 
methanol. This prompted a b r i e f look at f i b e r electron micro­
graphs. Gas bubbles, probably from decomposition of nitrous acid 
to n i t r i c oxide, NO, have caused f i b e r damage as shown by the 
presence of a hollow core i n Figure 4. Also, the f i b e r s have 
stuck together i n d i c a t i n g that the coagulation rate i s too slow. 

Figure 5 gives a side view i l l u s t r a t i n g a bundle of f i b e r s 
where one f i b e r w a l l has been ruptured by a bubble. As non­
aqueous spin baths were unsuccessful and coagulation i n presence 
of water was i n s u f f i c i e n t l y f a s t to prevent f i b e r s t i c k i n g and 
n i t r i c oxide damage, i t was concluded that the N02-DMF solvent 
had l i t t l e chance of i n d u s t r i a l success i n the Figure 2 process. 

Spinning of Cellulose i n DMSO - Paraformaldehyde Solutions 

Fibers have also been succe s s f u l l y spun from solutions of 
c e l l u l o s e i n DMSO-PF. This i n t e r e s t i n g solvent system was f i r s t 
described by D.C. Johnson and coworkers (9, 10). Cell u l o s e i s 
suspended i n DMSO and the mixture heated to about 120°C; s o l i d 
paraformaldehyde (PF) i s then added. Monomeric formaldehyde 
smoothly forms and reacts with c e l l u l o s e to form a methylol 
d e r i v a t i v e . This d e r i v a t i v e i s stable and soluble i n DMSO. 
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Figure 4: Electron micrograph 
of NOt-DMF fibers showing 
hollow cores and adhering fi­

bers 

Figure 5: Electron micrograph 
of NOt-DMF fibers showing 
wall rupture by a gas bubble 
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CH20 + CellOH 
DMSO 

> CellOCH2OH 

Η or 
ψθΗ~" 

CellOH 

If the s o l u t i o n i s poured int o water, coagulation occurs. 
Speed of coagulation i s too slow for successful spinning in t o 
water. The same i s true for acetone, benzene, a c e t i c a c i d , 
acetone-water and ac e t i c acid-water. As methylol decomposition 
i s catalysed by either strong acid or strong base, acids and 
bases were evaluated next  f i b e r  hav  bee  successfull
from both a c i d i c and basi

MC&B paraformaldehyde and reagent grade DMSO were used. The 
6% solutions were prepared i n a 4-1 beaker using the conditions 
described by Johnson, and were f i l t e r e d i n the equipment pre­
v i o u s l y described for N02-DMF solutions. While f i l t r a t i o n and 
deaeration did not cause problems, the PF must be added very 
slowly during s o l u t i o n preparation or the mixture w i l l cool due 
to the endothermic nature of the process and the so l u t i o n w i l l 
not form. Fiber spinning did not take place i n water, i n 0.5% 
and 1% H 9S0 A, or i n 8% and 20% Na 9S0 A, as shown i n Table XI. 

Fibers were spun with d i f f i c u l t y i n 1% NaOH (Table X I I ) . 
The yarn was very weak between the spinneret and the f i r s t godet, 
and frequent breaks occurred. Yarn test properties were very 
s i m i l a r to NÔ -DMF yarns and b r i t t l e n e s s i s i l l u s t r a t e d by the 
low percent elongations. Spinning was greatly improved by use 
of high NaCl i n presence of NaOH. The yarn was s t i l l b r i t t l e . 

Table XI 

Unsuccessful Spin Baths for Cellulose 
Regeneration from DMSO - PF Solutions 

0.5% HoS0 
2 ' 

1% H 2S0 A 

8% H 2S0 A, 
20% Na 2S0 
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Table XII 

Successful Spin baths and Yarn Properties for Cellulose 
Regenerated for DMSO-PF Solutions 

Yarn Properties 
and temperature Cond. 

Ten,g/den 
Cond. 

Elong, % 
Wet 
Ten,g/den 

Wet 
Elong,% 

1%, NaOH, 55° 2.2 4.8 0.8 7.5 
1%, NaOH, 24% NaCl, 55° 1.9 5.4 1.0 8.1 
10% H, 4.2% Z, 15.2% N, 25°C 2.6 4.4 1.2 5.1 
10% H, 4.2% Z, 15.2% N
10% H, 4.2% Z, 15.2% N

H = H 2S0 4, Ζ = ZnS0 4, Ν = Na oS0, 2 4 
A high a c i d , rayon-type spin bath containing zinc s u l f a t e 

gave good spinning with 30-40% s t r e t c h i n a 95 C aqueous s t r e t c h 
bath. Spinning speed was only 6 meters/min; t h i s was dictated by 
the volume of s o l u t i o n a v a i l a b l e and there does not seem to be 
any reason why spinning would not succeed at higher speeds. 

Yarn properties were s t i l l below commercial a c c e p t a b i l i t y ; 
however, yarn properties did vary with spin bath temperature and 
t h i s was g r a t i f y i n g i n view of the independence of NÔ -DMF yarn 
properties with regard to spinning conditions. Yarn tenacity 
f a l l s as temperature i s increased, while elongation increases 
with temperature. At 50 C, r e s u l t s were quite close to com­
mercial a c c e p t a b i l i t y . 

Microscopic examination of the yarns showed clumps of 
mutually adherent f i b e r s i n a l l yarns, except for the sample spun 
i n 70 C a c i d . Thus, stronger coagulation conditions are strongly 
indicated. Higher acid and zinc s u l f a t e , or replacement of zinc 
s u l f a t e with the environmentally more desirable aluminum s u l f a t e , 
should be t r i e d at 40 or 50 C. Unfortunately, t h i s experiment 
has not yet been c a r r i e d out. 

CONCLUSIONS 

(a) I n d u s t r i a l u t i l i z a t i o n f or rayon production i s doubtful 
for c e l l u l o s e dispersed i n strong aqueous calcium 
thiocyanate. 

(b) Cellulose-N0«-DMF solutions are more promising although 
use i s doubtful i n a combined ammonium nitrate-rayon 
process. 

(c) Cellulose-DMSO-PF solutions are also promising; r e a l 
d i f f i c u l t y can be foreseen i n devising an e f f i c i e n t 
recovery system f o r DMSO, formaldehyde, and the spin 
bath components. 
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4 
Production of Rayon from Solutions of Cellulose in 

N2O4-DMF 

R. B. HAMMER and A. F. TURBAK 
ITT Rayonier Inc., Eastern Research Div., Whippany, N.J. 07981 

A wide range of wood pulps in various physical forms were 
found to dissolve readily
centration of pulp dissolve
of polymerization. Dimethylformamide was compared to dimethyl 
sulfoxide and acetonitrile and was found to be preferable o v e r a l l 
with respect to solvent power, viscosity of solutions, stability 
and recovery. The temperature of N2O4 addition and the resultant 
time for dissolution were found to be critically r e l a t e d to ulti­
mate fiber physical and analytical properties. Fibers with a 
high wet modulus and intermediate t e n a c i t y were readily produced 
from proton donor systems i n v o l v i n g hydroxylic coagulation baths 
such as water, alcohols and glycols. A wide variety of fiber 
cross sections could be produced and proved to be rel a t e d to the 
nature of the regenerant employed during spinning. 

Introduction 

The most widely used method for converting wood pulp i n t o 
regenerated c e l l u l o s e for films and fiber production is the vis­
cose process. However, there are several problems associated 
with the viscose process which do not appear to be diminishing 
even in view of current developments. There are other processes 
for producing regenerated cellulosic products including regener­
ation from cellulose nitrate which is very hazardous, and cup­
rammonium hydroxide which forms a soluble c e l l u l o s e complex. 
However, the production of cellulosic articles from these pro­
cesses is minuscule compared to the viscose method. 

There are entirely different classes of chemical systems 
which are non-aqueous which dissolve cellulose. Dinitrogen tet­
roxide, N2O4, has been used as an agent to make 6-carboxy cellu­
lose in non-polar solvents such as chloroform or carbon t e t r a ­
c h l o r i d e . In 1947-48 W.F. Fowler et al(1)evaluated the relative 
solvent power of forty-five organic solvents with N2O4, for 
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d i s s o l v i n g c e l l u l o s e . In separate patents, H.D. Williams (2) and 
H.L. Hergert Q ) et a l reported dimethyl sulfoxide as a s p e c i f i c 
polar solvent for use with N 20 4 to dissolve c e l l u l o s e . 

In l a t e r work, the s o l u t i o n properties of cellulose/N 20 4/DMF 
solutions or c e l l u l o s e plus other polymer/N204/DMF solutions 
were examined. For example, 0. Nakao reported g r a f t copolymers 
prepared from c e l l u l o s e / N 2 0 4 s o l u t i o n s . ^ ) L.P. Clermont (5) and 
R.G. Schweiger (6) reported that c e r t a i n c e l l u l o s e d erivatives 
could be prepared through the use of cellulose/N 20 4/DMF solutions. 
Basic chemical and physical studies on t h i s system have been re­
ported by N.J. Chu(j) and M. Pasteka and D. Mislovicova. ( 8 ) 

The experiments to be described were intended to explore the 
use of c e l l u l o s e solutions i n N204/DMF or DMSO for the production 
of regenerated f i b e r s as a p o t e n t i a l replacement for the viscose 
process. 

Experimental 

Experiments were designed to determine the influence of the 
form of the pulp and the degree of polymerization p r i o r to d i s ­
s o l u t i o n . Although the majority of the solutions were prepared 
using Abbe'cut m a t e r i a l , i . e . a h i g h l y powdered, defibered pulp, 
the d i s s o l u t i o n process i s not l i m i t e d with respect to the degree 
of polymerization or the pulp form. 

A l l s o l u t i o n compositions are given as weight percents i n 
the order pulp/N 20 4/solvent, eg. 8/15/77 represents 8$ c e l l u l o s e , 
15$ N 20 4 and 77$ solvent. 

A wide v a r i e t y of c e l l u l o s i c pulps were found to dissolve i n 
the Ν 0 4 solvent system. Both s u l f a t e and s u l f i t e pulps can 
r e a d i l y be employed and pulps curr e n t l y a v a i l a b l e for the viscose 
process are among those that may be used. In a d d i t i o n , bleached 
or non-bleached, barked and non-debarked pulp samples also 
r e a d i l y dissolve i n t h i s system. These pulps may consist of 
hardwoods, softwoods or mixtures of the two species. A t y p i c a l 
example of the s o l u t i o n preparation procedure i s described below. 

S i l v a n i e r - J , a prehydrolyzed k r a f t pulp of 1050 D.P., a f t e r 
converting to a l k a l i c e l l u l o s e by methods w e l l known i n the rayon 
industry, was a l k a l i n e aged to a D.P. l e v e l of U 5 0 , n e u t r a l i z e d , 
washed, d r i e d , then e i t h e r f l u f f e d , diced or defibered. 

An 8/I5/77 cellulose/N 20 4/DMF s o l u t i o n was prepared by 
charging I60 parts of t h i s a l k a l i aged prehydrolyzed, k r a f t pulp 
(D.P. U50) and I5U0 parts of dimethylformamide ( DMF) int o a two-
l i t e r four neck r e s i n r e a c t i o n f l a s k equipped with a s t a i n l e s s -
s t e e l mechanical s t i r r e r , thermometer, and a 250 ml. equalizing 
pressure a d d i t i o n funnel. The r e s u l t i n g s l u r r y was s t i r r e d and 
cooled to below +20°C, preferably between -5°C and +10°C, while 
300 parts of l i q u i d nitrogen tetroxide (N 20 4) was added dropwise 
over ça. 60 minute time period. The temperature of the r e s u l t i n g 
exothermic reaction was maintained below 20°C, preferably i n the 
range previously s p e c i f i e d during N 2 0 4 a d d i t i o n and for the 
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duration of the remaining d i s s o l u t i o n process. 
Cellulose/N 2 0 4/CH 3CN solutions of 8/20/72 composition were 

prepared i n a s i m i l a r manner. 
Cellulose/N 2 0 4 / D M S 0 solutions of 8 / I 5 / 7 7 composition were 

prepared under s i m i l a r conditions except that the l i q u i d N 2 0 4 was 
f i r s t added to the DMSO containing 1 . 5 parts of water. The c e l l ­
ulose was then added to the cooled (20°C) N 2 0 4 / D M S 0 mixture. 

A l l solutions were observed microscopically to be free of 
gels and unreacted f i b e r s . The solutions were f i l t e r e d through 
a 9 0 mm. diameter nylon, i n - l i n e f i l t e r during spinning. The 
solutions were deaerated p r i o r to spinning and v i s c o s i t i e s 
measured by a Brookfield Viscometer and found to be i n the range 
of 8 , 0 0 0 - 1 6 , 0 0 0 cps. at 2 2°C 

The majority of the spinning t r i a l s were performed on a 
bench-scale v e r t i c a l spinnin
the appropriate primar
f i b e r s passed v e r t i c a l l y to a primary godet, then through a sec
ondary bath to a secondary godet, whose speed could be a l t e r e d to 
produce desired s t r e t c h conditions. 

Several types of spinnerettes have been used s u c c e s s f u l l y to 
spin f i b e r s from these solvent systems. For example, g o l d - p l a t i ­
num, t y p i c a l f o r the viscose process, s t a i n l e s s - s t e e l , t y p i c a l 
for c e l l u l o s e acetate spinning, and glass. The glass spinne­
r e t t e s have afforded the best r e s u l t s and are thus preferred 
since they are both inexpensive and o f f e r the advantage of larger 
hole length/diameter r a t i o s . 

Results and Discussion 

The d i s s o l u t i o n of c e l l u l o s e i n N 2 0 4/solvent systems i s 
believed to r e s u l t from the formation of a c e l l u l o s e n i t r i t e 
ester and n i t r i c a c i d . (2) Consequently, the regeneration of 
c e l l u l o s e during spinning from a true c e l l u l o s e n i t r i t e ester 
would require a t r a n s n i t r o s a t i o n r e a c t i o n by some agent to remove 
the n i t r i t e and provide a hydrogen ion to c e l l u l o s e . These re­
quirements are met by protonic n u c l e o p h i l i c species such as water, 
a l c o h o l , and others. I f the régénérant-coagulant were water or 
alcohol then the spent regeneration bath would contain nitrous 
a c i d , H N 0 2 , and/or the a l k y l n i t r i t e , R 0 N 0 , i n a d d i t i o n to the 
DMF and HNO3 introduced by the c e l l u l o s e s o l u t i o n . Any unreacted 
N 2 0 4 i n the c e l l u l o s e s o l u t i o n would r e s u l t i n the formation of 
add i t i o n a l H N 0 2 (or RONO) and H N 0 3 . 

Because of the r a p i d i t y of coagulation and regeneration of 
the c e l l u l o s e from the N 2 0 4 s o l u t i o n s , basic f i b e r properties are 
determined to a large extent by the composition of the regenera­
t i o n bath and the spinning conditions employed immediately during 
and a f t e r extrusion. Therefore, i n i t i a l j e t s t r e t c h i s important 
i n determining the o v e r a l l f i b e r p h y s i cal properties. As regen­
er a t i o n i s retarded, godet to godet s t r e t c h becomes more impor­
tant and more e f f e c t i v e but i s s t i l l l i m i t e d by the i n i t i a l j e t 
s t r e t c h . For example, regeneration can be retarded by the 
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a d d i t i o n of bases such as pyridine to the c e l l u l o s e s o l u t i o n to 
n e u t r a l i z e the n i t r i c a c i d present. In t h i s manner, a c e l l u l o s e 
n i t r i t e f i b e r can be obtained which i n i t i a l l y was observed to re-
dissolve i n dimethylformamide. 

A wide range of solvents may be used to regenerate the solu­
t i o n emerging from the spinnerette. V i r t u a l l y any l i q u i d which 
i s compatible with and causes e x t r a c t i o n of the organic solvent 
and further d e - e s t e r i f i e s the c e l l u l o s e may be employed. A few 
of the solvents which are applicable to coagulation include water, 
a wide range of al c o h o l s , ethylene g l y c o l and mixtures of these 
or other p r o t i c solvents with dimethylformamide. In some cases, 
spinning and the r e s u l t i n g f i b e r p h y s i cal properties may be aided 
or improved by the presence of soluble s a l t s or bases i n the 
coagulation bath. However, for such a process to be commercially 
f e a s i b l e , such composition
f i b e r properties and th
cess for the chemicals involved. 

By varying the composition of the regeneration or spin bath, 
i t i s possible to obtain a wide v a r i e t y of f i b e r p roperties, from 
those of regular rayon staple to medium-high performance rayon. 
For example, use of lower molecular weight alcohols such as 
methanol or ethanol affords f i b e r s with good t e n s i l e properties 
including wet modulus. The a d d i t i o n of soluble bases to such ré­
générants appears to improve wet strength while lowering Sg.^ and 
water ret e n t i o n values. The Sg #^ values are an i n d i c a t i o n of a 
regenerated c e l l u l o s i c f i b e r ' s s o l u b i l i t y i n 6 . 5 $ sodium hydrox­
ide at 20°C. This i s a useful t e s t for determining the p o t e n t i a l 
resistance of such f i b e r s or resultant f a b r i c s to a l k a l i n e t r e a t ­
ment such as a l k a l i n e laundering or mercerization. Accordingly, 
regular viscose rayon which cannot be mercerized and i s not re­
s i s t a n t to a l k a l i n e washing, unless c r o s s l i n k e d , has a r e l a t i v e l y 
high of from 2 5 - 3 5 $ . On the other hand, the high perfor­
mance and polynosic rayons have superior resistance to caustic 
soda as evidenced by Sg e^ values of from 5 -15$ . 

We have recently found that i n a d d i t i o n to using soluble 
bases i n the primary regeneration bath, that t h i s important f i b e r 
property can be obtained by c a r e f u l control of the conditions 
employed during s o l u t i o n preparation j l e , the temperature during 
N 20 4 a d d i t i o n and the resultant time and temperature for t o t a l 
d i s s o l u t i o n . Our studies have d e f i n i t e l y established that N0 2 

oxidation should be minimized so that low temperatures of N 20 4 

a d d i t i o n (below 10°C for example with DMF) and short d i s s o l u t i o n 
times (k hours at less than 20°C) are mandatory i f Sg e^ l e v e l s 
are to be maintained i n a reasonable range (10-30$) for commer­
c i a l usefulness of the r e s u l t i n g rayon f i b e r s . 

I t should be noted further that i n t h i s spinning system i t 
i s r e a d i l y possible to obtain f i b e r s with high wet modulus with­
out the use of zinc or other additives which are required i n a 
viscose spinning operation. In a d d i t i o n , f i b e r s with very f i n e 
deniers can be r e a d i l y produced, eg. 0 . 5 denier, while maintain-
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Figure 1. Fiber cross sections resulting from various coaguhnts (430X) 
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ing reasonable t e n s i l e strength. Although optimum conditions 
were not established, successful spinning t r i a l s were e a s i l y per­
formed at 115 meters/minute; f a s t e r speeds apparently being 
l i m i t e d only by equipment and p o s s i b l y by l i q u i d flow character­
i s t i c s , but not by k i n e t i c s of regeneration. 

Variations i n the type of régénérants r e s u l t s i n f i b e r s with 
d i f f e r e n t cross-sections. Water for example gives a serrated, 
gear-shaped cross-section; methanol y i e l d s a c i r c u l a r cross-
sect i o n ; isopropanol affords i r r e g u l a r shapes; isoamyl alcohol 
gives a t r i l o b a l cross-section; benzyl alcohol gives x-shaped 
structures and octanol affords hollow f i b e r s . Several examples 
of these t y p i c a l cross-sections obtained from cellulose / N 2 0 4/DMF 
solutions are i l l u s t r a t e d i n Figures 1 and 2 along with those of 
Fiber kO and regular rayon. S i m i l a r f i b e r cross-sections r e s u l t 
from cellulose / ( N 2 0 4)/DMS

Even the type of hollo
regeneration bath appears to be c o n t r o l l a b l e . Filaments with 
segments resembling bamboo are obtainable as w e l l as those with 
various lengths of hollow lumens i n the center of the f i b e r . The 
frequency of the segmentation appears c o n t r o l l a b l e , with segments 
occurring 5 P e r inch or 25 per inch depending upon the combina­
t i o n of conditions employed. 

In Figure h s t r e s s - s t r a i n curves [^conditioned ( c ) and wet 
for an a l k a l i n e methanol-spun f i b e r are shown for compari­

son with regular and high-wet modulus rayon. The shape of the wet 
curve i s of p a r t i c u l a r importance since the y i e l d i n g portions i s 
d i f f e r e n t from that of other rayons. Low elongation i n the f i b e r 
r e s u l t s i n the steep slope of the conditioned s t r e s s - s t r a i n curve 
for these f i b e r s and i s an i n d i c a t i o n of s t i f f n e s s . I f the con­
ditioned elongation could be increased to 10-12$ or the slope 
manipulated to f a l l between that of high-wet modulus rayon and 
cotton for example, a superior c e l l u l o s e f i b e r may be obtainable. 
In f a c t , elongations approaching 10$ were observed for f i b e r s spun 
from p y r i d i n e - s t a b i l i z e d cellulose / N 2 0 4/DMF s o l u t i o n and from runs 
employing low j e t s t r e t c h . 

Some t y p i c a l physical property data are shown i n Table I em­
ploying a v a r i e t y of primary bath coagulants for the production of 
rayon f i b e r s from spinning solutions of 8/I5/77 cellulose / N 2 0 4/DMF 
composition. The wide range of properties obtained by varying the 
chemical composition of the regeneration bath affords an apprecia­
t i o n of the v e r s a t i l i t y of the system. 

Some physical property data are shown i n Table I I comparing 
some commercial rayons with those produced from spinning 8/15/77 
cellulose / N 2 0 4/DMF solutions in t o an isopropanol primary regener­
a t i o n bath. 
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Figure 2. Fiber cross sections resulting from various coagulants compared to viscose 
rayon (430X) 
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Figure S. Segmented hollow fiber 
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Conclusions 

A wide range of pulps have been found to r e a d i l y dissolve 
i n the N204/DMF system including non-debarked experimental 
samples. However, groundwood f u r n i s h , such as i s employed for 
news p r i n t w i l l not dissolve i n t h i s system. The pulps may be 
used i n ei t h e r a f l u f f e d , Abbe^cut, shredded or diced sheet form 
without encountering d i s s o l u t i o n problems. 

The concentration of pulp which can be used depends upon 
the degree of polymerization. At 1000 D.P., concentrations up to 
3$ can be spun while at U00~500 D.P. up to 8$ solutions were 
f e a s i b l e , while at 300 D.P. up to 10$ c e l l u l o s e solutions could 
be r e a d i l y processed. 

Dimethyl formamide was found to be preferable to dimethyl 
sulfoxide or a c e t o n i t r i l
a l l s o l u t i o n properties
e s s e n t i a l l y free from gels or f i b e r s therefore r e q u i r i n g only a 
si n g l e stage p o l i s h i n g f i l t r a t i o n p r i o r to spinning. 

The temperature of the N 20 4 a d d i t i o n and the time of d i s ­
s o l u t i o n were found to be c r i t i c a l l y r e l a t e d to the f i n a l Sg c 
f i b e r l e v e l s . For example, by maintaining the temperature below 
20°C, the S6 .5 l e v e l can be held i n the 27 -30$ range which i s 
s i m i l a r to that of regular rayon. 

Coagulation and regeneration of the cellulose/N 20 4/DMF 
solutions i s extremely rapid i n the presence of proton donor 
systems. Fibers of excellent high wet modulus eg. up to 1 . 7 g/d 
can be spun without the need for spin-bath a d d i t i v e s . 

Spinning speeds of 115 meters per minute were achieved 
employing only a 3 inch primary bath coagulation t r a v e l length. 
No attempts were made to optimize f i b e r p h y s ical properties at 
t h i s higher spinning speed, which was the maximum speed obtain­
able and was l i m i t e d by the godet s i z e and motor drive u n i t s . 

Conditioned f i b e r s t r e t c h generally was between 7 $ and 10$ 
which i s normally too low f o r processing. However, t h i s l e v e l 
could be improved by proper control of j e t s t r e t c h to godet 
s t r e t c h r a t i o s . Fiber cross s e c t i o n a l shapes can be c o n t r o l l e d 
by the use of various molecular weight alcohols to give e i t h e r 
round, serrated, "X" or "Y" shapes or even segmented hollow 
f i b e r s . These f i b e r s d i s p l a y excellent cover power as compared 
to regular HWM rayon i n k n i t s . 
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5 
Chemistry of the Cellulose-N2O4-DMF Solution: 

Recovery and Recycle of Raw Materials 

NORMAN A. PORTNOY and DAVID P. ANDERSON 

ITT Rayonier, Inc., Eastern Research Div., Whippany, N.J. 07981 

The purpose of th
tablish a foundation f o r a technically viable recovery and re­
cycle system based on spinning rayon fibers from the cellulose/ 
N2O4/DMF s o l u t i o n . Other papers in this symposium discussed 
solution makeup, spinning, and fiber properties. The paper pre­
sented here, which is divided into two parts, attempts to explain 
some of the chemistry of dissolution and regeneration as well as 
our efforts in developing a technically f e a s i b l e recovery and re­
cycle system. 

A. The Chemistry of The Cellulose/N2O4/DMF Solution 

Introduction 

When the i n v e s t i g a t i o n of this system was initiated, the im­
portance of delineating the exact mode of dissolution of the 
cellulose in DMF/N2O4 was recognized. To understand the dissolu­
tion step and to properly formulate a recovery and recycle sys­
tem, a thorough study of the chemistry of cellulose in DMF/N2O4 

had to be undertaken. 
From a theoretical viewpoint, several possibilities as to 

the mechanism of cellulose d i s s o l u t i o n in DMF/N2O4 are evident. 
The simplest would be a reaction between the hydroxyl groups of 
cellulose and N2O4 to form a cellulose nitrite ester and HNO3 as 
shown in equation 1 (mechanism 1). This c e l l u l o s e nitrite e s t e r 
may then be soluble in DMF. 

DMF DMF 
1.) CellOH + N 2 0 4 OCellONO + HNO3 > s o l u t i o n . 

The components of such a s o l u t i o n would be c e l l u l o s e n i t r i t e , 
n i t r i c acid (HNO3), unreacted N2O4, and DMF. This kind of re­
acti o n between alcohols and N2O4 i s w e l l known and has been ex­
tens i v e l y documented i n the l i t e r a t u r e f o r a wide range of 
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alcohols. Since c e l l u l o s e i s an alcohol i t should react i n the 
same manner, A second p o s s i b i l i t y i s that a complex, probably 
of the donor-acceptor type, between c e l l u l o s e and N2O4 forms and 
that DMF acts as a solvent f o r t h i s complex as i n equation 2 
(mechanism 2) · 

DMF 
2 · ) CellOH + N 2 0 4 > CellOH : N 2 0 4 > s o l u t i o n 

In t h i s case the spinning s o l u t i o n would contain the c e l l u l o s e : 
N2O4 complex, uncomplexed N2O4 and DMF. A t h i r d p o s s i b i l i t y i s 
that DMF and N2O4 form a donor-acceptor complex i n which c e l l u ­
lose i s soluble as i n equations 3a and 3b (mechanism 3 ) · 

eq. 3 a . ) DMF + N2O

eq. 3 b . ) DMF : N2C>4 + C e l l O H — > s o l u t i o n 

This s o l u t i o n would contain unchanged c e l l u l o s e , DMF 1 ^ 0 4 complex 
and uncomplexed DMF as the solvent. An a d d i t i o n a l p o s s i b i l i t y 
would be that d i s s o l u t i o n may occur v i a some combination of the 
above mechanisms. 

I t follows that the mechanism of d i s s o l u t i o n and thus the 
chemistry of the c e l l u l o s e 1^04:DMF i n t e r a c t i o n s i s very impor­
tant since t h i s w i l l determine not only the composition of the 
spinning s o l u t i o n , spinning procedures, and f i b e r properties, but 
also the recovery and recycle process. Since some of the above 
mechanisms require complexation between the c e l l u l o s e and N2O4 or 
between the DMF and N2O4, i t appeared that during spinning the 
c e l l u l o s i c f i b e r s (rayon) might not require a chemical regenera­
t i n g r e a c t i o n but might be p r e c i p i t a t e d or coagulated by a non-
solvent system. This could be e s p e c i a l l y true f o r mechanism 3 
since i t requires that c e l l u l o s e remain unchanged and be simply 
solvated by a DMF 1 ^ 0 4 complex. However, i f mechanism 1 were 
operative, then a t r a n s n i t r o s a t i o n reaction such as hydrolysis 
or a l c o h o l y s i s would be necessary to obtain regenerated c e l l u ­
l o s e . One conceivable advantage of such a system i s the pos­
s i b i l i t y of c o n t r o l of molecular o r i e n t a t i o n during regeneration 
and spinning by c o n t r o l of the removal of the n i t r i t e groups. 
Such increased c o n t r o l would r e s u l t from the p l a s t i c i t y of the 
c e l l u l o s e n i t r i t e d e r i v a t i v e permitting o r i e n t a t i o n and i s r e ­
sponsible f o r the large v a r i e t y of strong rayon f i b e r s a v a i l a b l e 
from the viscose process, i n which case the intermediate i s c e l l ­
ulose xanthate. By contrast, i f c e l l u l o s e i s merely p r e c i p i t a ­
ted or coagulated from a solvent the p o s s i b i l i t y of t h i s c o n t r o l 
i s severely l i m i t e d . 

As a further consequence, the nature of the ultimate s p i n ­
ning system i s r e l a t e d to the d i s s o l u t i o n mechanism by the 
actual composition of the cellulose/N204/DMF s o l u t i o n . I f the 
spinning s o l u t i o n contained unreacted c e l l u l o s e as i n mechanism 3 , 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



54 S O L V E N T SPUN R A Y O N , MODIFIED C E L L U L O S E FIBERS 

then a dry spinning system might be developed i n which the c e l l u -
lose/N204/DMF s o l u t i o n i s spun i n t o an evacuated chamber to r e ­
move the solvents and p r e c i p i t a t e the filaments. This would be 
s i m i l a r to the process f o r spinning c e l l u l o s e diacetate from ace­
tone s o l u t i o n . Advantages t o t h i s are the high speeds of s p i n ­
ning which are possible and the r e l a t i v e s i m p l i c i t y of the re­
covery system which would have only to recycle the DMF : N 2 O 4 

complex. 
However, i f c e l l u l o s e had to be regenerated from a c e l l u l o s e 

d e r i v a t i v e , i n t h i s case a n i t r i t e e s t e r , more complexity would 
be involved i n recovery and recycle. As previously explained, 
regenerating c e l l u l o s e during spinning from a true c e l l u l o s e n i ­
t r i t e ester would require a t r a n s n i t r o s a t i o n reaction by some 
agent to remove the n i t r i t
l o s e . These requirement
such as water, a l c o h o l , or others. I f the regenerant-coagulant 
were water or a l c o h o l , then the spent s p i n bath would contain 
nitrous a c i d , H N O 2 , or the a l k y l n i t r i t e , RONO, i n addition to 
the DMF and H N O 3 from the spinning s o l u t i o n , eq, 4 . Any unre-
acted N 2 O 4 i n the spinning s o l u t i o n would make a d d i t i o n a l H N O 2 
(or RONO) and H N O 3 i n the spin bath, eq. 5 . 

4 . ) CellONO + H 2 0 (or ROH) C e l l OH + HONO (or RONO) 
regeneration 

5 . ) HOH (or ROH) + excess N 204-*HONO (or RONO) + H N O 3 

Total recovery and recycle, i n t h i s case, would involve s p l i t t i n g 
the s p i n bath i n t o at l e a s t 4 components and re c y c l i n g DMF and 
H 2 0 (or ROH) while changing RONO (or HONO) and H N O 3 i n t o a form 
from which N 2 O 4 could be r e a d i l y obtained. Thus, one of the 
f i r s t questions to be answered was whether the spinning s o l u t i o n 
contained c e l l u l o s e n i t r i t e . 

Results and Discussion 

This question was answered by chemical and s p e c t r a l s t u d i e s . 
Because of the h i g h l y complex nature of the s o l u t i o n , simple 
studies using reagents to measure n i t r i t e composition were not 
p o s s i b l e . The accuracy of any method using d i a z o t i z i n g reagents 
or oxidation-reduction reactions to measure the concentration of 
H N O 3 or CellONO would be hampered by the strong o x i d i z i n g a b i l i t y 
of the excess N 2 O 4 . Studies i n which the spinning s o l u t i o n was 
pr e c i p i t a t e d with water i n a Waring Blender and the resultant 
c e l l u l o s i c m a t e r i a l then analyzed f o r nitrogen and carboxyl r e s i ­
dues showed that there was no increase i n these over s t a r t i n g 
pulp, but there was a s l i g h t loss i n D.P. Thus any n i t r i t e 
d e r i v a t i v e which was being formed during d i s s o l u t i o n was not 
stabl e to coagulation with water. This substantiated the claims 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



5. PORTNOY AND ANDERSON Cellulose-NtO4-DM F Solution 55 

of e a r l i e r workers. Infrared studies were not pertinent since 
the n i t r i t e (N«0) absorption occurs at r*u 6 . Ou which i s i n d i r e c t 
c o n f l i c t with the amide carbonyl absorption of DMF so any spec­
t r a l i d e n t i f i c a t i o n on an i n f r a r e d basis would be considered 
tenuous · 

Schweiger (1) had reported that a true c e l l u l o s e n i t r i t e 
ester could be i s o l a t e d from the cellulose/N 2 0 4/DMF s o l u t i o n by 
f i r s t s t a b i l i z i n g the s o l u t i o n with an acid scavenger such as 
pyridine and then p r e c i p i t a t i n g the n i t r i t e ester by water coag­
u l a t i o n . These experiments were repeated. Pyridine was added to 
the 8/15/77 cellulose/N 2 0 4/DMF s o l u t i o n at a l e v e l of 20% by 
weight of the s o l u t i o n and t h i s was spread on a glass p l a t e . The 
pl a t e was then immersed i n 20% pyridine/80% water at 5°C and an 
opaque f i l m ( c e l l u l o s e always formed a c l e a r f i l m ) was coagulated 
This f i l m was soluble i
vents so i t was obviousl

The UV-VIS. spectrum i n the 300 - 450 my region of a DMF 
s o l u t i o n of the re-dissolved f i l m was nearly i d e n t i c a l to that 
of i s o p r o p y l - , 1-pentyl- or c y c l o h e x y l - n i t r i t e which were pre­
pared as model compounds by adding N 2 0 4 to a DMF s o l u t i o n of the 
corresponding a l c o h o l . When several drops of aqueous H 2 S 0 4 were 
added to the UV c e l l and the spectra were rescanned, a l l of the 
above, the model a l k y l n i t r i t e s and the redissolved f i l m , gave 
exactly the same spectrum. This new spectrum was i d e n t i c a l to 
that of an a c i d i f i e d DMF s o l u t i o n of sodium n i t r i t e i n d i c a t i n g 
that a l l of these compounds, the a l k y l n i t r i t e s and " c e l l u l o s e 
n i t r i t e " , were releasing nitrous acid thus confirming that the 
new material d i d contain the n i t r i t e moiety. Table I shows the 
UV-VIS. positions and i n t e n s i t i e s of various n i t r i t e moieties 
used f o r comparison purposes i n t h i s structure proof. Figures 
1 and 2 show the UV-VIS. spectra of DMF solutions of amyl n i ­
t r i t e , " c e l l u l o s e n i t r i t e " , sodium n i t r i t e and sodium n i t r a t e 
before and a f t e r a c i d i f i c a t i o n . When the " c e l l u l o s e n i t r i t e " 
f i l m was dr i e d , brown gas evolved from the f i l m and i t then 
became i n s o l u b l e i n those solvents i n which i t had previously 
d i s s o l v e d . The i n f r a r e d spectrum of t h i s i n s o l u b l e dried f i l m 
was i d e n t i c a l to that of c e l l u l o s e . This s p e c t r a l study repre­
sents the f i r s t d e f i n i t i v e proof that the material i s o l a t e d by 
coagulation of the p y r i d i n e - s t a b i l i z e d cellulose/ N 2 0 4/DMF s o l u ­
t i o n was indeed c e l l u l o s e n i t r i t e . 

I t was desirable to have chemical as w e l l as s p e c t r a l iden­
t i f i c a t i o n of the structure of t h i s new m a t e r i a l . In t h i s r e ­
gard, a method was developed f o r i s o l a t i n g a s o l i d from the 
p y r i d i n e - s t a b i l i z e d solutions under anhydrous conditions. This 
was accomplished by the add i t i o n of d i e t h y l ether to the p y r i ­
dine s t a b i l i z e d cellulose/N 2 0 4/DMF solutions causing p r e c i p i t a ­
t i o n of a s o l i d . Addition of 1-pentyl alcohol to the DMF s o l u ­
t i o n of t h i s s o l i d caused p r e c i p i t a t i o n of a white fibrous 
m a t e r i a l which was l a t e r i d e n t i f i e d as c e l l u l o s e . D i s t i l l a t i o n 
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TABLE I 

Positions and Intensities of Nitrite Ultraviolet 
Absorption Peaks 

Sample Minor Peaks or 
No. Compound Major Peaks Shoulders 

max (my) a max (my) a 
1. Amyl Nitrite 370 67.2 385 32.2 

357 78.9 323 30.2 
345 67.2 
333 46.8 

2. Isopropyl Nitrite 373 55.4 385 31.2 

3. Cyclohexyl Nitrite 372 58.4 390 32.4 
360 57.8 348 44.5 

338 29.7 

4. "Cellulose Nitrite" 366 380 
353 331 
341 320 

5. Sodium Nitrite 359 25.5 

6. Sodium Nitrate 310 44 

7. Sodium Nitrate with 
acid added 270 69 

8. 1, 3, 4 or 5 with 389 49.0 
acid addedb 375 80.8 

361 72.0 
349 47.6 
338 37.5 

a.) € β molar extinction coefficient. 

b.) The values for € are from the experiment in which H2SO4 
was added to the sodium nitrite solution. 
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a. NaN02, DMF 

Figure 2. Uv-vis spectra of 
aqueous acidified DMF solu­
tions of cellONO or Amyl-
ONO as well as NaNOt and 
NaNOs before and after aque-

Λου 400 450 ' , Ί . Γ . ! 

W A V E L E N G T H (mp) ous acidification 
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of the supernatant gave a 60% y i e l d of 1-pentyl n i t r i t e which was 
i d e n t i c a l to commercial m a t e r i a l i n p h y s i c a l and s p e c t r a l proper­
t i e s . 

Therefore i t was a c e r t a i n t y that the pyridine-modified 
cellulose/N^O^/DMF s o l u t i o n contained c e l l u l o s e n i t r i t e . I t 
could be argued however, that the p y r i d i n e not only s t a b i l i z e d 
the c e l l u l o s e n i t r i t e but also catalyzed the formation of t h i s 
species as p y r i d i n e i s widely used i n synthetic chemistry f o r 
c a t a l y s i s i n d e r i v a t i z i n g alcohols ( c e l l u l o s e i s an alcohol) w i t h 
anhydrides (N2O4 i s an anhydride). Spectroscopic studies on the 
cellulose/N204/DMF s o l u t i o n d i d not show that the n i t r i t e was 
present, i n fac t UV-VIS. spectra of the s o l u t i o n are almost the 
same as those of nitrous a c i d . This i s the r e s u l t of the excess 
N2O4 which has b a s i c a l l  the same UV-VIS  spectrum as nitrous 
acid probably because
group. However, syntheti
cohols, such as cyclohexanol or isopropanol react immediately 
with DMF solutions of N2O4 at 5°C i n the absence of pyridine and 
since c e l l u l o s e i s an a l c o h o l , i t i s expected to react s i m i l a r l y . 

B. Recovery and Recycle of Raw Materials 

Introduction 

The e n t i r e area of research and development associated with 
the recovery and re c y c l i n g of process chemicals i s c e n t r a l to 
the t e c h n i c a l and commercial success of spinning f i b e r s from or­
ganic solvents. With the chemistry background presented e a r l i e r 
i t appeared necessary to develop the recovery system based on pro­
cessing the f o l l o w i n g : 

a. ) Dimethylformamide (DMF) 
b. ) Coagulant ( e i t h e r an alcohol or water) 
c. ) Nitrogen Tetroxide (N2O4) 

1. When the coagulant i s water, then n i t r o u s acid 
(HNO2) and n i t r i c acid (HNO3) are the precursors 
to N2O4 recovery. 

2. When the coagulant i s an a l c o h o l , then the alcohol 
n i t r i t e (RONO) and HNO3 are the precursors to N2O4 
recovery. 

An i n i t i a l conceptualization of the recovery and recycle 
system i s shown i n Figure 3 which served as a preliminary sketch 
of the requirements of recovery and recycle f o r spinning rayon 
f i b e r s from the cellulose/N2O4/DMF system. This f i g u r e shows 
that the crude spent s p i n bath, containing DMF, HNO3, the coagu-
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l e n t (either HOH or ROH) and the nl t r o s a t e d coagulant (either 
HONO or R0N0) must be separated i n t o f r a c t i o n s of pure DMF, pure 
coagulant and the HN03-HN02 (R0N0) f r a c t i o n s . The DMF must be 
returned to the s o l u t i o n makeup, the coagulant to the s p i n bath 
and the H N O 3 - H N O 2 (R0N0) portion of the spent bath must be com­
bined i n some way f o r conversion to N 2 O 4 . I f t h i s i s the o v e r a l l 
plan, then two major areas of research would be necessary to 
answer the following two questions: a.) which methods of separa­
t i o n would be most e f f e c t i v e f o r the i n i t i a l separation of the 
crude spin bath and b.) how can the n i t r i c and nitrous acid f r a c ­
tions r e s u l t i n g from c e l l u l o s e d i s s o l u t i o n and regeneration be 
recombined to form N 2 O 4 . In a d d i t i o n , i f the nitrous portion of 
the o r i g i n a l N 20^ i s i n the a l k y l n i t r i t e form, i . e . because of 
an al c o h o l coagulant-régénérant  the  method f o  convertin
HNO3 and R0N0 to N2O4 woul

Results and Discussion 

The recovery and recycle of N 2 O 4 was studied f i r s t . An ex­
tensive l i t e r a t u r e survey on N 2 O 4 - H N O 3 chemistry uncovered sev­
e r a l commercial processes which included a step f o r pyrolyzing a 
metal n i t r a t e s a l t to produce N 2 O 4 i n high y i e l d s . Most of these 
processes involved decomposing calcium n i t r a t e i n a C O 2 atmos­
phere (2) or sodium n i t r a t e i n a CO atmosphere.(3) None of these 
reports mentioned the recovery of N2O4 by pyrolyzing a n i t r i t e 
s a l t or a potassium s a l t as an i n d u s t r i a l process. 

Several methods were considered r e l a t i v e to the conversion 
of the HNO3 and HNO2 p o r t i o n of the spent s p i n bath to a s a l t 
and recovery of t h i s s a l t f o r p y r o l y t i c processing. These 
methods included: 

a.) P r e c i p i t a t i o n of the s a l t - i f the coagulant were 
aqueous, then the spent s p i n bath containing HNO2 and HNO3 could 
be n e u t r a l i z e d to form s a l t s . Following t h i s , addition of a 
su i t a b l e non-solvent such as alcohol could p r e c i p i t a t e the s a l t s . 
This presented unique problems since the s o l u b i l i t y of KNO3 i s 
r e l a t i v e l y small (1.5%) i n MF, but that of Ca(N0 3)2 or NaN03 i s 
/•^15-20%. I f the spin bath contained alcohol as the coagulant 
then a hydrolysis step, to convert R0N0 to HONO, would precede 
the acid n e u t r a l i z a t i o n . However, i n such a non-aqueous bath, 
the p o s s i b i l i t i e s of using other water immiscible précipitants 
such as methylene c h l o r i d e or ether were recognized. 

When studies were done, e f f e c t i v e methods of p r e c i p i t a t i n g 
K N O 3 and NaNOo but not C a ( N 0 o ) 2 were found as can be seen i n 
Table I I . 
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TABLE I I 

S o l u b i l i t i e s of N i t r a t e S a l t s i n DMF^Precipitating Solvent 
Mixtures ' 

Sa l t L e f t 
P r e c i p i t a t i n g 0 % P r e c i p i t a t i n g Solvent* 1/ Dissolved i n Mixt u r e e 

Solvent KN0 3 NaN03 Ca(N03) 2 
Pb(N0 3) 2 

None (Exp·) 0/1.1 0/14.2 0/18.0 0/130 

None (Lit.) ( 4 ) 0/1.5 0/15.4 N. A. N. A. 

N2°4 15.7/ 0.5 47.5/ 1 50/18.0 49/3.3 

MeOH 63.4/1.

EtOH N. D. 59.7/4.3 N. D. N. D. 

i-PrOH 61.5/ 0.5 60.3/ 1 56.5/18.0 64/ 1 

Ether 59.4/ 0.5 39.7/ 1 61.3/18.0 N. D. 

CH2C12 73/ 0.5 67/1.2 N. D. N. D. 

a) N. A. - not a v a i l a b l e 
b) N.D. •» no data obtained 
c) N 20^ « dinitrogen t e t r o x i d e , MeOH = methyl a l c o h o l , EtOH = 

e t h y l a l c o h o l , i-PrOH = isopropyl a l c o h o l , 
CH 2C1 2 » methylene c h l o r i d e , ether = diethylether 

d) % P r e c i p i t a t i n g solvent based on t o t a l mixture 
e) g. salt/100g DMF 

b.) D i s t i l l a t i o n of a l l l i q u i d to leave a s a l t residue - i f 
the coagulant were aqueous, then n e u t r a l i z a t i o n of the acids f o l ­
lowed by d i s t i l l a t i o n to a s o l i d s a l t residue (the p o t e n t i a l f o r 
detonation at t h i s point due to the nitrate-DMF mixture was recog­
nized e a r l y i n our work) would appear to be v i a b l e . I f the coagu­
l a n t were a l c o h o l , then as stated above, the hydrolysis step 
would precede the n e u t r a l i z a t i o n step. A l t e r n a t e l y , the HNO3 por­
t i o n of the s p i n bath could be neutrali z e d p r i o r to d i s t i l l a t i o n , 
the spin bath d i s t i l l e d to a s a l t residue and the alcohol n i t r i t e 
p o r t i o n recovered from the d i s t i l l a t i o n , hydrolyzed, neutralized 
and then the n i t r i t e s a l t recovered a f t e r l i q u i d s t r i p p i n g . L i t ­
erature a v a i l a b l e on the recovery of DMF from aqueous systems i n ­
dicated that acceptable y i e l d s could be obtained by d i s t i l l a ­
t i o n . (5) 

The d i s t i n c t difference between schemes (a) and (b) was that 
i n scheme (a) , the DMF would not require d i s t i l l a t i o n . Hopefully 
t h i s would have led to lower economics f o r scheme (a) than scheme 
(b). 
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c.) Countercurrent e x t r a c t i o n of the aqueous-DMF spent spin 
bath - t h i s would only apply for aqueous s p i n baths. Commercial 
methods f o r countercurrent ex t r a c t i o n of DMF from aqueous-DMF 
sol u t i o n s were described i n d e t a i l i n the l i t e r a t u r e . ( 6 ) A 
v a r i e t y of extractants i n c l u d i n g chlorocarbons and hydrocarbons 
were evaluated. The conclusion of t h i s l i t e r a t u r e study was that 
methylene c h l o r i d e was the most e f f i c i e n t extractant and that the 
process was economically f e a s i b l e when the aqueous-DMF contained 
le s s than 10% DMF. Results i n t h i s laboratory d i d not show pro­
mise probably because the aqueous DMF spent spin baths contained 
ac i d or s a l t components which complicated e x t r a c t i o n . 

Recovery of the coagulant portion of the s p i n bath, i . e . 
water or an alcohol would be, i n a s i n s e , a l i m i t i n g f a c tor 
s i n c e , depending on the composition of the spin bath  very large 
volumes would be involve
p l a i n e d . Although som
8/25/67 cellulose/NoO^/DMF s o l u t i o n s , a d e c i s i o n was made, based 
on comparative studies between 8/25/67 and 8/15/77 spinning s o l u ­
t i o n s , to make the d e t a i l e d process evaluation on an 8/15/77 c e l l -
ulose/N204/DMF s o l u t i o n . This requires that 1.88 l b s . of N 204 
and 9.63 l b s . of DMF be recycled per 1.00 l b . of processed f i b e r 
i n addition to the coagulant p o r t i o n of the s p i n bath. For ex­
ample, i f the spin bath were at e q u i l i b r i u m and were 58/31/5/6, 
isopr o p y l alcohol (i-PrONO/DMF/HN0 3/isopropyl n i t r i t e (i-0r0N0) 
then a t o t a l of/-' 28.3 l b s . (9.63 l b s . DMF and 18.64 l b s . of 
i-PrONO) of l i q u i d would have to be recycled per 1.00 l b . of 
f i b e r processed. 

I f the spin bath were aqueous-DMF at a l e v e l of 20% H2O 
then a minimum of 12.0 l b s . of l i q u i d would be recycled per 1.00 
l b . of processed f i b e r . These represent examples of how the 
s p i n bath composition sets a lower l i m i t on the amount of chemi­
cals which must be processed. Therefore the economics of a com­
mercial process depend greatly on the s p i n bath composition. 

I n i t i a l spinning experiments indicated that alcohol-DMF s p i n 
baths produced better f i b e r s than aqueous-DMF spin baths. Pure 
methyl-, e t h y l - or isopropyl-alcohol as coagulant-regenerants 
produced f i b e r s w i t h approximately equivalent p h y s i c a l properties. 
Since methyl n i t r i t e i s a t o x i c gas and ethyl n i t r i t e has a very 
low b o i l i n g p o i n t , they are d i f f i c u l t to handle at an e x p e r i ­
mental l e v e l . However, isopropyl n i t r i t e (i-PrONO) i s reason­
ably easy to handle and therefore i-PrOH was chosen as the co­
agulant- régénérant for d e t a i l e d recovery studies. The p h y s i c a l 
properties of f i b e r s coagulated i n alcohol-DMF systems decreased 
as the l e v e l of DMF increased, the best f i b e r s having been spun 
from pure alcohol primary spin baths. However, i t was apparent 
that, f o r economic reasons, some l e v e l of alcoh o l i n DMF would 
have to be chosen and the f i b e r properties maximized f o r t h i s 
chosen system. An i-PrOH/DMF r a t i o of 2/1 was chosen and thus 
when recovery studies were begun, synthetic spent spin baths of 
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2/1 i-PrOH/DMF i n which Ν 2 0 4 was added to bring the HN03 l e v e l 
near 3, 5 and 10% were evaluated. These solutions were 
vacuum d i s t i l l e d without n e u t r a l i z a t i o n to e s t a b l i s h exactly how 
such an a c i d i c s o l u t i o n would behave i n a recovery process. 
Table I I I shows a synopsis of the d i s t i l l a t i o n of a spin bath at 
the 10% ac i d l e v e l . 

The i-PrONO and i-PrOH d i s t i l l e d together as the pressure 
was reduced. The next f r a c t i o n contained i-PrOH/DMF and quite 
unexpectedly, no HNO3 was found i n t h i s f r a c t i o n . In f a c t , pure 
DMF was obtained as d i s t i l l a t e i n the next f r a c t i o n u n t i l the 
bottom residue contained nearly 1.0 mole HNO3/I.O mole DMF. 
This residue was f r a c t i o n a l l y d i s t i l l e d to give a c l e a r , c o l o r ­
l e s s , o i l y l i q u i d , bp. 94-95°C/8 mm Hg. The l i q u i d had a density 
of 1.21 g/ml and contained 47.07% HNO3 ( t i t r a t i o n with standard 
c a u s t i c ) and 48.98% DM
t h e o r e t i c a l values ar
53.68% DMF. Thus, t h i s new material represents a 1:1 molar mix­
ture of HNO3 and DMF i n which there i s obviously some i n t e r a c t i o n 
between the two molecular species, i . e . complexation to some ex­
tent. This i n t e r a c t i o n i s also suggested by nuclear magnetic 
resonance (NMR) studies which showed a downfield s h i f t of the 
DMF-aldehyde and N-methyl protons i n the mixture as compared to 
these protons i n pure DMF. As these spectra were taken i n the 
neat l i q u i d s , no solvent e f f e c t s could i n t e r f e r e with the r e ­
s u l t s . This downfield s h i f t was also present when the spectra 
were taken i n CDCI3/TMS. A tabulation of these s h i f t s are shown 
i n Table IV. 

TABLE IV 

NMR S h i f t s i n DMF and DMF/HNO3 Complex 

Sample /(ppm)( a-> 

DMF-HNO3 3.09 3.24 8.28 

DMF 2.80 2.98 8.03 

0.29 0.26 0.25 

a.) Chemical s h i f t s i n ̂ (ppm) downfield from the i n t e r n a l stan­
dard TMS. 

The DMF-HNO3 binary mixture i s i n t r i g u i n g since i t provides 
a method of separating most of the DMF from the HNO3 even 
though the b o i l i n g point of DMF (154°C) i s much greater than that 
of HNO3 (83°C). The downfield chemical s h i f t of the aldehyde and 
N-methyl resonances i n d i c a t e a decrease i n electron density at 
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5. PORTNOY AND ANDERSON Cellulose-NtOrDMF Solution 65 

the amide carbon atom which i s consistent with a weak complexing 
of the amide and HNO3. Attempts to dis s o l v e c e l l u l o s e i n t h i s 
binary mixture were unsuccessful. 

Thus vacuum d i s t i l l a t i o n of a synthetic spin bath at concen­
t r a t i o n s expected i n a commercial process gave separation of a l l 
components except that portion of the DMF which was involved i n 
a DMF/HNO3 binary mixture. This DMF could be released by addi­
t i o n of a base and various bases were studied f o r t h i s purpose 
but those derived from calcium were chosen f o r several reasons as 
explained below. Calcium carbonate (CaC03>, calcium hydroxide 
(Ca(CH)«) or calcium oxide (CaO) were used to release the DMF from 
t h i s DMF/HNO3 mixture. The resultant c l e a r t h i c k s o l u t i o n was 
vacuum d i s t i l l e d to recover the DMF leaving a calcium n i t r a t e 
(Ca(N03) 2) residue. This s o l i d residue gave when pyrolyzed
Thus, t h i s sequence establishe
to f r a c t i o n a t e the spi , ,
from HN0 3 and obtain N 20 4 from the HNO3 portion of the bath. 

The choice of calcium bases f o r n e u t r a l i z a t i o n r e s u l t s from 
a study which was done on the s t a b i l i t y of DMF under a c i d i c and 
basic conditions. The data c l e a r l y showed that DMF i s reasonably 
stable i n the presence of acid as long as water i s excluded but 
that dimethylamine (DMA) i s formed by hydrolysis when water i s 
present. By contrast, DMF decomposed ra p i d l y when NaOH or KOH 
was added wi t h no a d d i t i o n a l H 20. When Ca(0H) 2, CaO or CaC03 was 
added to DMF, even with a d d i t i o n a l H 20, no measurable amount of 
DMA was formed even on prolonged standing at room temperature. 
I n a d d i t i o n , the recovery of N 20 4 from Ca ( N 0 o ) 2 by p y r o l y s i s i s 
a commercial process related to the phosphoric acid industry and 
l i t e r a t u r e references were found to ind i c a t e that good y i e l d s of 
N 2 0 4 from p y r o l y s i s of Ca ( N 0 3 ) 2 were customary.(2) 

Following an extensive l i t e r a t u r e search, a project was es­
tablished to study the production of N 20 4 v i a p y r o l y s i s of 
various metal n i t r a t e s and n i t r i t e s . A muffle furnace was modi­
f i e d to hold a p y r o l y s i s tube containing the s a l t under study. 
A s t a i n l e s s s t e e l p y r o l y s i s chamber was b u i l t so that d i f f e r e n t 
sweep gases could be used to create the desired atmosphere i n the 
p y r o l y s i s tube and to sweep the product N2O4 gases i n t o a cap­
turing s o l u t i o n of 1-pentyl alcohol i n IMF. The amount of N 20 4 

could then be determined by UV-VIS. analysis of the amount of 
1 - p e n t y l n i t r i t e formed i n the capturing s o l u t i o n . References 
i n the l i t e r a t u r e indicated good N 20 4 y i e l d s could be obtained 
from Ca(N0 3) 2 at 600°C i n a C0 2 atmosphere (2) or NaN03 i n a CO 
atmosphere (5) but no data were a v a i l a b l e on the p y r o l y s i s of 
KNO3 or n i t r i t e s a l t s . In addition to obtaining the N 20 4 y i e l d , 
i t was necessary to measure the content of unpyrolyzed n i t r a t e 
and n i t r i t e i n the p y r o l y s i s s a l t residue to determine the se­
l e c t i v i t y of the process. Methods f o r these determinations were 
developed· 
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The expected s a l t mixture which would be obtained from the 
recovery process would be an equimolar mixture of calcium n i ­
trate/calcium n i t r i t e . N i t r i t e s a l t s decompose to produce one 
mole of NO and one mole of NO2 per mole of n i t r i t e s a l t thus 
a d d i t i o n a l oxidation i s required to obtain N2O4 from t h i s system. 

Equations 6 and 7 are examples of the chemical changes 
accompanying the release of N2O4 during the decomposition of 
C a ( N 0 3 ) 2 . Although the byproducts vary with the d i f f e r e n t sweep 
gases and s a l t s , the decomposition of calcium n i t r a t e , Ca(NO^) 2 

and calcium n i t r i t e , Ca(N02>2 i n the presence of CO2 should 
serve as adequate examples. 

6. C a ( N 0 3 ) 2 + C 0 2 — > C a C 0 3 + 2 N 0 2 + 1/2 0 2 

7. C a ( N 0 2 ) 2 + C 0

When a mixture of n i t r a t e and n i t r i t e i s pyrolyzed, 1/2 mole of 
oxygen i s produced, which i s the required amount to convert the 
NO from n i t r i t e decomposition to N2O/. However, i n the labora­
tory experiments, oxygen was mixed with the e f f l u e n t gases i n 
oxidation chambers which were placed before the capturing cham­
bers f o r a l l p y r o l y s i s runs which included n i t r i t e . This 
assured the best pos s i b l e y i e l d s . Y i e l d s of N2O4 r e s u l t i n g from 
p y r o l y s i s experiments are shown i n Table V. The r e s u l t s i n t h i s 
table show that 93% N2O4 y i e l d s can be obtained from the pyroly­
s i s of a 1:1 (Ca ( N 0 3) 2/Ca ( N O o ) 2 mixture at 800°C i n a C 0 2 a t ­
mosphere. I f the HONO or Ca ( N 0 2 ) 2 could be oxidized to H N 0 3 or 
Ca ( N 0 3 > 2 , then the ^ 0 , recovery would involve the p y r o l y s i s of 
Ca ( N 0 o ) 2 which r o u t i n e l y gave 98% y i e l d s of N 20, i n C 0 2 or N 2 

at 800°C. This part of the i n v e s t i g a t i o n established a route 
to N 20^ recovery, i . e . by p y r o l y s i s of a Ca ( N 0 3) 2/Ca ( N 0 2 ) 2 s a l t 

mixture. 
Since the Ν2Ο4 which i s produced by t h i s p y r o l y s i s i s a 

corrosive, o x i d i z i n g gas, a s p e c i f i c study was made to determine 
the requirements f o r construction materials f o r the p y r o l y s i s 
furnace. Conferences with f a c u l t y members at the Engineering 
School, Rutgers U n i v e r s i t y , New Brunswick, N.J. resulted i n the 
suggestion that a ceramic material would be required f o r the 
i n s i d e of the furnace. The mate r i a l of preference was A l 2 0 3 

which i s frequently used f o r furnace l i n i n g s . Prototype l a b ­
oratory p y r o l y s i s tubes of A 1 2 0 3 were designed and obtained from 
Duramic Products, Inc. Preliminary p y r o l y s i s data from a l i m i t e d 
number of experiments using pure calcium n i t r a t e i n d i c a t e that 
the y i e l d s of N2O4 are s i m i l a r to those obtained when s t a i n l e s s 
s t e e l tubes were used. 

One of the important remaining steps was conversion of i s o -
p r o p y l n i t r i t e i n t o the calcium n i t r i t e s a l t f o r p y r o l y s i s . Hy­
d r o l y s i s of i-Pr0N0 to HN02 (nitrous acid) and n e u t r a l i z a t i o n of 
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5. PORTNOY A N D ANDERSON Cellulose-N t04-DMF Solution 69 

t h i s HONO appeared reasonable. Although t h i s approach was f o l ­
lowed, the problem of e f f i c i e n t conversion of i-PrONO to HONO 
remained one of the weak points i n the recovery scheme. Af t e r 
d e t a i l e d study, i t appeared that the choice medium f o r the hy­
d r o l y s i s was the HNO3/DMF obtained as the bottoms f r a c t i o n from 
d i s t i l l a t i o n of the crude spin bath. This was expected since 
hydrolysis i s acid catalyzed. In a d d i t i o n , the DMF caused the 
i-PrONO to be miscible with the H2O added f o r hydrolysis whereas 
normally i-PrONO and H2O are not m i s c i b l e . 

The progress i n development of t h i s aspect of the recovery 
cycle was impeded by one p a r t i c u l a r f a c t o r . A method f o r moni­
toring either the concentration of i-PrONO or HNO2 i n the 
DMF/HNO3/H2O hydrolysis solutions was not known. The UV-VIS. 
spectra of i-PrONO and HNO2 are overlapping so that t h i s was not 
a usefu l method. A metho
n i t r i t e s , ( i sopropyl, amyl
since the n i t r i t e apparently decomposes during chromatography. 
In fact,_under a l l of the conditions attempted, a peak for the 
parent alcohol was observed when the n i t r i t e was i n j e c t e d . I n 
addi t i o n , several peaks, a t t r i b u t a b l e to nitrogen oxide gases 
were present i n these chromatograms. The temperature of the 
i n j e c t i o n port and the column as w e l l as the gas flow r a t e were 
changed as was the column composition but no s u i t a b l e conditions 
were found under which pure n i t r i t e did not f u l l y decompose to 
i t s parent a l c o h o l . One method fo r analysis may be NMR spectro-
scopybut t h i s was not r e a d i l y a v a i l a b l e . Thus, the amount of hy­
dr o l y s i s was crudely measured by aqueous t i t r a t i o n with standard 
c a u s t i c . 

Mixtures of n i t r i t e s , i s o p r o p y l as w e l l as model a l k y l n i ­
t r i t e s , were studied i n DMF and H2O with or without a c i d . A 
mixture of i-Pr0N0/H20/DMF was s l u r r i e d f o r 15 minutes at room 
temperature and then n e u t r a l i z e d with Ca(0H)2 or CaO. I t was 
not e f f i c i e n t to use CaC03. This new mixture was vacuum d i s ­
t i l l e d to give a powdery residue which gave N2O4 on p y r o l y s i s . 
A d d i t i o n a l experimentation indicated that i t was possible to r e ­
cover unhydrolyzed n i t r i t e by c a r e f u l f r a c t i o n a l d i s t i l l a t i o n of 
the n e u t r a l i z e d isopropyl n i t r i t e h ydrolysis mixture. A t o t a l 
recovery of HNO2 (by t i t r a t i o n ) plus the recovered unchanged 
i-PrONO (by d i s t i l l a t i o n ) was 94%, suggesting the p o s s i b l e use 
of m u l t i p l e hydrolysis u n i t s . 

The e n t i r e recovery and recycle scheme based on t h i s work i s 
shown i n Figure 4. This i s e s s e n t i a l l y s i m i l a r to that proposed 
i n Figure 3 except that a l l of the loops have been closed. A re ­
covery and recycle scheme such as th i s should not release any 
eff l u e n t to the environment because i t i s t o t a l l y c y c l i c a l with 
a l l steps included i n closed loops. 

Conclusions 

I t has been d e f i n i t i v e l y proven that the material which i s 
recoverable by coagulation of a pyridine s t a b i l i z e d c e l l u l o s e / 
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70 SOLVENT SPUN R A Y O N , MODIFIED C E L L U L O S E FIBERS 

N2O4/DMF s o l u t i o n i s c e l l u l o s e n i t r i t e . However, although i t 
seems reasonable that c e l l u l o s e n i t r i t e i s formed i n the absence 
of pyridine t h i s f a c t o r does not l i m i t the u t i l i t y of the pro­
posed r e c y c l e and recovery scheme because that scheme i s dictated 
by the spinning system which i s required to make the most com­
mer c i a l l y acceptable rayon f i b e r s . In t h i s case, the spinning 
system of choice was based on i s o p r o p y l alcohol and t h i s a l c o h o l 
immediately forms isopropyl n i t r i t e when i t contacts the c e l l u -
lose/N204/DMF s o l u t i o n i r r e g a r d l e s s of whether the c e l l u l o s e i s 
complexed or d e r i v a t i z e d . 

A l l chemical steps required to recover and recycle the DMF, 
coagulant and N2O4 from the spent s p i n bath have been delineated 
and proven to be f e a s i b l e from a t e c h n i c a l standpoint. 
Abstract 

The d i s s o l u t i o n of cellulose i n DMF/N2O4 is discussed in 
terms of three possible mechanisms, one i n v o l v i n g derivatization 
of the cellulose and two describing dissolution in terms of com­

 formation. Chemical and s p e c t r a l studies on the pyridine 
stabilized cellulose/N2O4/DMF s o l u t i o n strongly support the 
mechanism of derivatization of the cellulose by N2O4. 

A total recovery and recycle scheme has been proposed and 
proven to be t e c h n i c a l l y f e a s i b l e . This scheme involves separa­
tion of the crude spent s p i n bath, which contains DMF, N2O4, 
i-PrOH and i-PrONO, into four major fractions. These are a.) 
pure i-PrONO, b.) pure i-PrOH, c.) pure DMF and d.) a 1:1 molar 
DMF/HNO3 complex. The DMF/HNO3 complex is used to catalyze hy­
drolysis of the i-PrONO to i-PrOH and HNO2. This HNO3/HNO2 

combination is neutralized w i t h CaO and the resultant Ca(NO3)2/ 
Ca(NO2)2 is pyrolyzed in a CO2 atmosphere to recover N2O4 f o r 
r e c y c l e . Calcium carbonate r e s u l t i n g from the p y r o l y s i s of 
Ca(NO3)3/Ca(NO2)2 i n CO2 is converted to CaO and CO2 to continue 
the cyclical process. 
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6 
Production of Rayon Fibers from Solutions of Cellulose 

in (CH2O)x-DMSO 

R. B. HAMMER, A. F. TURBAK, R. E. DAVIES, N. A. PORTNOY 

ITT Rayonier, Inc., Eastern Research Div., Whippany, N.J. 07981 

A wide range of cellulosic
to dissolve readily at elevated temperatures in a combination of 
(CH2O)x/DMSO. The concentration of pulp dissolved was a direct 
function of the degree of polymerization. In general, 6/6/88 
cellulose/(CH2O)x/DMSO solutions were prepared using pulps of 400 
to 600 D.P. The solutions were microscopically free of gels and 
undissolved cellulosic f i b e r s . 

This d i s s o l u t i o n process was found to be very specific to 
the combination of (CH2O)x/DMSO. Other analogous aldehydes and 
polar organic solvents failed to afford cellulose s o l u t i o n s . 

Cellulosic articles such as fibers and films are easily re­
generated from the cellulosic s o l u t i o n in the presence of aqueous 
solutions having a pH greater than seven, of water soluble nucleo­
philic compounds such as ammonia, ammonium salts, and saturated 
amines. Salts of sulfur compounds in which the s u l f u r has a val­
ence of less than six may also be used. Fibers of high wet modu­
lus, intermediate tenacity and low elongation were readily pro­
duced from regenerating systems such as aqueous ammonia, ammonium 
carbonate, tetramethyl ammonium hydroxide, methyl amine, diethyl 
amine, trimethyl amine, sodium sulfide, sodium sulfite and sodium 
thiosulfate. 

Fibers have been spun with conditioned and wet t e n a c i t i e s as 
high as 2 . 7 and 1 . 5 g/d r e s p e c t i v e l y with wet modulus of as high 
as 1 g/d and s o l u b i l i t y i n 6.5% NaOH as low as 3-15%. 

Introduction 

Today, rayon i s almost u n i v e r s a l l y produced by the viscose 
process. However, the high investment costs and p o t e n t i a l m i l l 
e f f l u e n t p o l l u t i o n problems associated with viscose rayon plants 
makes t h i s process i n c r e a s i n g l y less competitive from both an 
economic and environmental standpoint. There are other processes 
for producing regenerated c e l l u l o s i c products including regenera-
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t i o n from c e l l u l o s e n i t r a t e which i s very hazardous or from cup-
rammonium hydroxide. However, the production of c e l l u l o s i c 
a r t i c l e s from these processes i s minuscule compared to that from 
the viscose process. 

A number of hig h l y p o l a r , a p r o t i c organic solvents for c e l l u ­
lose have been disclosed i n the l i t e r a t u r e . Two solvents which 
have received frequent mention are dimethylformamide ( D M F ) ( ^ ) , 
( i t ) " (8) and dimethyl s u l f o x i d e , ( l ) , (2), each i n combination 
with one or more a d d i t i o n a l compounds such as N 2 0 4 ( l ) - ( l ) , S0 2 ( 8 ) -
(2) or an amine.(10) More r e c e n t l y , DMS0-paraformaldehyde has 
been reported as a solvent for cellulose. ( 1 1 ) 

While there has been much discussion of these and other s o l ­
vent systems for c e l l u l o s e , the l i t e r a t u r e contains l i t t l e i n ­
formation concerning the regeneration of f i b e r s , f i l m s or other 
regenerated c e l l u l o s i
are almost no data i n
t i e s of f i b e r s spun from an organic solvent system. In so far as 
i s known, no economically acceptable commercial solvent-based pro­
cesses have as yet been disclosed for producing f i b e r s or films 
with acceptable properties. 

Experimental 

Experiments were designed to determine the influence of the 
form of the pulp and the degree of polymerization p r i o r to d i s ­
s o l u t i o n . Although the majority of the solutions were prepared 
using Abbe'cut m a t e r i a l , i . e . a hig h l y comminuted, defibered pulp, 
the d i s s o l u t i o n process i s not l i m i t e d with respect to the degree 
of polymerization or the pulp form. 

A l l s o l u t i o n compositions are given as weight percents i n the 
order, pulp/(CHgOjx/DMSO e£. 6/6/88 represents 6 $ c e l l u l o s e , 6$ 
paraformaldehyde and 88$ solvent. A t y p i c a l example of the solu­
t i o n preparation procedure i s described below. 

S i l v a n i e r - J , a prehydrolyzed k r a f t pulp of 1050 D.P., a f t e r 
converting to a l k a l i c e l l u l o s e by methods w e l l known i n the rayon 
industry, was a l k a l i n e aged to a D.P. l e v e l of ^50 , n e u t r a l i z e d , 
washed, d r i e d , then e i t h e r f l u f f e d , diced or defibered. 

A 6/6/88 cellulose/(CH20)x/DMS0 s o l u t i o n was prepared by 
charging 120 parts of a l k a l i aged prehydrolyzed k r a f t pulp (D.P. 
k^o), 120 parts of powdered paraformaldehyde and I760 parts of 
DMS0 in t o a t w o - l i t e r four neck r e s i n reaction f l a s k equipped with 
a s t a i n l e s s - s t e e l mechanical s t i r r e r and thermometer. The r e s u l t ­
ing s l u r r y was s t i r r e d and heated to 120°C over a period of one 
hour. Although d i s s o l u t i o n i s almost complete at 120°C a f t e r 
about one hour, the heating and s t i r r i n g were continued for l ) an 
ad d i t i o n a l hour at 120°C or 2) the length of time required to re­
move excess formaldehyde. 

The cellulose/(CHgOjx/DMSO solutions described herein were of 
6/6/88 composition. By employing low D.P. pulps ie i n the range 
of 200-UOO D.P. i t i s possible to prepare DMSO/ÎCHgOjx solutions 
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6. H A M M E R ET A L . Rayon Fibers from Cellulose Solutions 73 

containing 10-12$ c e l l u l o s e . Solutions containing 8 -10$ c e l l u ­
lose can be prepared by using pulps with.D.P. l e v e l s between UOO 
and 6θΟ but the r e s u l t i n g v i s c o s i t i e s exceed 30 ,000 cps at 
ambient temperature. 

A l l the cellulose/(CI^oJx/DMSO solutions were observed to be 
microscopically free of gels and unreacted f i b e r s . The solutions 
were deaerated p r i o r to spinning and v i s c o s i t i e s measured by a 
Brookfield Viscometer. They were i n the range of from 8 , 0 0 0 -
20 ,000 cps. at ambient temperatures f o r pulps with 1+00-600 D.P. 
l e v e l s . The solutions were f i l t e r e d through a 90 mm diameter 
nylon, i n - l i n e f i l t e r during spinning. 

Several types of spinnerettes have been used su c c e s s f u l l y to 
spin f i b e r s from t h i s solvent system. For example, gold-platinum 
t y p i c a l for the viscose process, s t a i n l e s s s t e e l t y p i c a l for 
c e l l u l o s e acetate spinning
preferred since they ar

The majority of the spinning t r i a l s were performed using a 
bench-scale v e r t i c a l spinning u n i t . The solutions were spun int o 
the appropriate primary regeneration bath and the r e s u l t i n g f i b e r 
tow passed v e r t i c a l l y to a primary glass godet then through a 
secondary bath to a secondary glass godet whose speed could be 
a l t e r e d to produce the desired s t r e t c h conditions. 

Spinning speeds generally ranged between 10 and 70 meters/ 
minute but no attempt was made to optimize t h i s condition or the 
r e s u l t i n g f i b e r physical properties. 

The cellulose/(CH 20)x/DMS0 solutions regenerate r a p i d l y i n 
aqueous solutions of n u c l e o p h i l i c species which act as formalde­
hyde scavengers. This class of compounds includes ammonia, 
ammonium s a l t s , saturated amines and s a l t s of s u l f u r compounds. 

A l l f i b e r s were processed as staple by treatment with 
6o-70°C water, a 0 . 3 $ aqueous s o l u t i o n of a f i n i s h i n g agent at 
50°C, then centrifuged and oven dried at 100-110°C. The f i b e r s 
were tested for physical properties according to the American 
Society of Testing and Materials standards D-1577-73 and D-2101-
7 2 . 

Results and Discussion 

The solvent combination of (CHgOjx/DMSO w i l l d i s s o l ve a wide 
range of c e l l u l o s i c pulps i n e i t h e r f l u f f e d , diced or Abbe' cut 
form. The percent c e l l u l o s e i n the r e s u l t i n g solutions i s de­
pendent upon the pulp D.P. In general, 6/6/88 cellulose/(CIU0)x/ 
DMS0 spinnable solutions can be prepared from pulps w i t h i n the 
*Κ)0-6θΟ D.P. range. The pulps may be e i t h e r s u l f a t e or s u l f i t e 
grades and include many of the pulps that are t y p i c a l l y employed 
i n the viscose process. Ground wood i n the form of newsprint did 
not dissolve i n the paraformaldehyde/DMS0 combination under the 
conditions employed. 

The d i s s o l u t i o n of c e l l u l o s e i n the (CHgOjx/DMSO solvent 
system i s believed to r e s u l t from the formation of a hemiacetal 
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of c e l l u l o s e i e methylolcellulose. ( 1 1 ) 
The d i s s o l u t i o n of c e l l u l o s e was found to be very s p e c i f i c 

to the combination of DMSO and paraformaldehyde. Organic solvents 
analogous to DMSO such as su l f o l a n e , sulfolene or DMF did not 
cause d i s s o l u t i o n i n the presence of paraformaldehyde. Likewise, 
aldehydes s i m i l a r to formaldehyde or paraformaldehyde, for ex­
ample c h l o r a l , acetaldehyde, benzaldehyde, and compounds such as 
trioxane, methyl formcel and but y l formcel i n the presence of 
acid c a t a l y s t s did not y i e l d c e l l u l o s e solutions i n combination 
with DMSO. 

Cellulose/(CHgO)x/DMSO solutions can be r a p i d l y coagulated 
by employing n u c l e o p h i l i c species which act as formaldehyde-
scavenging agents. In general, these régénérants are aqueous 
solutions of water soluble n u c l e o p h i l i c compounds which have a 
pH greater than seven
ammonia, ammonium s a l t s
pounds i n which the s u l f u r has a valence of less than s i x . 

In the case of the nitrogenous compounds, the coagulant i s 
a c t u a l l y ammonia or an amine, the source of which may be, i n 
additi o n to ammonia or the amine i t s e l f , an ammonium s a l t , or, i n 
some instances, a basic amine s a l t . Under the a l k a l i n e conditions 
of the regeneration s o l u t i o n , ammonium or amine s a l t s w i l l hydro-
lyze to l i b e r a t e the free base i e ammonia or the amine, respec­
t i v e l y . 

A p a r t i c u l a r l y useful nitrogenous compound i s ammonium 
hydroxide. I f the regeneration bath i s aqueous ammonium hydrox­
id e , then a f t e r regeneration of a fibrous tow, the spent bath 
would contain water, DMSO, ammonia and hexamethylenetetramine. 
The l a t t e r compound would r e s u l t from the rea c t i o n of ammonia and 
formaldehyde. Other nitrogenous compounds which possess the 
r e q u i s i t e n u c l e o p h i l i c , s o l u b i l i t y and pH properties are s a l t s of 
ammonia and a weak acid such as ammonium acetate, ammonium s u l ­
f i d e , ammonium carbonate and ammonium b i s u l f i t e . Amines which are 
useful are, i n general, saturated a l i p h a t i c , c y c l o a l i p h a t i c and 
a l i c y c l i c amines. Aromatic amines and amines of more than s i x 
carbon atoms are normally insoluble or of borderline s o l u b i l i t y 
i n water. 

P a r t i c u l a r l y e f f e c t i v e s u l f u r compounds are sodium s u l f i d e , 
sodium s u l f i t e and sodium t h i o s u l f a t e . The s u l f a t e s , i n which 
s u l f u r has a valence of s i x are not u s e f u l . An amount of the 
nu c l e o p h i l i c compound as l i t t l e as 0 . 2 5 $ by weight of the regener­
a t i o n s o l u t i o n has been found e f f e c t i v e for regeneration of the 
c e l l u l o s e . The maximum concentration i s l i m i t e d only by the solu­
b i l i t y of the compounds i n water. Normally the concentration w i l l 
range from 3 - 1 5 $ . 

Variations i n the composition of the regeneration or spin 
bath did not a l t e r the f i b e r cross-sections. Both the n i t r o ­
genous and s u l f u r containing régénérants afford rayon f i b e r s with 
c i r c u l a r shapes. Representative S h i r l e y cross-sections of f i b e r s 
spun from cellulose/(CHg0)xAJMS0 solutions are i l l u s t r a t e d i n 
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Figure 1. Cross sections 
of cellulose-(CHtO)x-
DMSO fibers spun from 
nitrogenous containing 

régénérants 

Figure 2. Cross sections 
of cellulose-( CHtO)x-
DMSO fibers spun from 
nitrogenous and sulfur-
containing régénérants 
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Figures 1 and 2 . 
The regenerated c e l l u l o s i c f i b e r s produced from some of 

these nitrogenous or s u l f u r containing compounds are f u l l y com­
parable i n properties to c e l l u l o s i c f i b e r s produced by the v i s ­
cose process. They are p a r t i c u l a r l y outstanding i n having a very 
low "Sg^". The Sg # 5 values are measurements of regenerated 
c e l l u l o s i c f i b e r s o l u b i l i t y i n 6 . 5 $ sodium hydroxide at 20°C. 
This i s a useful t e s t for determining the p o t e n t i a l resistance of 
such f i b e r s or resultant f a b r i c s to a l k a l i n e treatment such as 
a l k a l i n e laundering or mercer.ization. Accordingly, regular v i s ­
cose rayon which cannot be mercerized and i s not r e s i s t a n t to 
a l k a l i n e washing (unless c r o s s - l i n k e d ) , has a r e l a t i v e l y high 
S g ^ of from 2 5 - 3 5 $ . On the other hand, the high performance and 
polynosic rayons have superior resistance to caustic soda as 
evidenced by Sg c value  5 - 1 5 $ .
from cellulose/(cBLo)x/DMS
range of from 3 - 1 5 $ . 

I t should be noted here that i n t h i s spinning system i t i s 
r e a d i l y possible to obtain f i b e r s with high wet modulus without 
the use of zinc or other additives which are required i n a v i s ­
cose spinning operation. 

In Figure 3 s t r e s s - s t r a i n curves [[conditioned (c) and wet 
(w)] for a sodium s u l f i d e spun f i b e r are shown for comparison 
with regular rayon and high wet modulus rayon. 

Some t y p i c a l f i b e r p h y s ical property data are shown i n Table 
I employing a v a r i e t y of primary regeneration baths f or the pro-

5 

Figure 3. Stress-strain curves of regular 
rayon, commercial high wet modulus rayon 
and rayon produced by regenerating cettu-
lose-(CHtO) x-DMSO solutions from aque­

ous sodium sulfide 
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auction of rayon f i b e r s from spinning solutions of 6/6/88 c e l l u ­
l o s e / (CH2o)x/DMSO composition. The wide range of properties 
obtained by varying the chemical composition of the regeneration 
bath affords an appreciation of the nature of the system. 

Some f i b e r physical property data are shown i n Table I I com­
paring some commercial rayons with those produced from spinning 
6/6/88 cellulose/(CHgC^x/DMSO solutions in t o an aqueous k<f> sodium 
s u l f i d e primary regeneration bath. 

Conclusions 

A wide range of pulps have been found to r e a d i l y dissolve i n 
the (CHgOjx/DMSO system including experimental samples. However, 
groundwood f u r n i s h , such as i s employed for newsprint w i l l not 
dissolve i n t h i s system
f l u f f e d , Abbe' cut, shredde
t e r i n g d i s s o l u t i o n problems. 

The concentration of pulp which can be used depends upon the 
degree of polymerization. At 1000 D.P. up to 2$ can be spun while 
at IJOO-500 D.P. up to 6$ solutions were f e a s i b l e , and at 300 D.P. 
up to about 10$ c e l l u l o s e solutions could be processed. 

The r e a c t i o n and d i s s o l u t i o n process was found to be very 
s p e c i f i c to DMSO. Analogous solvents were not e f f e c t i v e i n the 
presence of paraformaldehyde. S i m i l a r l y , other aldehydes did not 
affo r d c e l l u l o s e s o l u t i o n s . The cellulose/(CHgO)x/DMS0 solutions 
were clear and e s s e n t i a l l y free from gels or f i b e r s therefore re­
qui r i n g only a sin g l e stage p o l i s h i n g f i l t r a t i o n during spinning. 

One unique feature of these f i b e r s i s the fact that they 
e x h i b i t unusually low Sg # 5 values. Sg.^ values i n a range of 3 -15$ 
can r e a d i l y and co n s i s t e n t l y be obtained. This test i s a measure 
of a f i b e r or f a b r i c ' s resistance to a l k a l i n e treatment and can be 
re l a t e d to l a u n d e r a b i l i t y performance. 

Coagulation and regeneration of the cellulose/(CHgO)x/DMS0 
solutions i s f a i r l y rapid i n the presence of proton donor systems. 
Fibers with good wet moduli can be spun without the need for spin 
bath a d d i t i v e s . 

Conditioned f i b e r elongation generally was between U$ and 10$ 
which i s normally too low for processing. This l e v e l could be 
improved somewhat by proper control of j e t s t r e t c h to godet 
st r e t c h r a t i o s . Fiber cross-sectional shapes could not be con­
t r o l l e d by the use of various primary bath régénérants and a l l 
were c i r c u l a r i n appearance. 

Comparison of the o v e r a l l processing steps involved i n the 
DMSO/iCHgOjx solvent system reveals some d i s t i n c t i v e advantages 
over the complicated viscose process. For example, viscose pro­
cessing steps such as steeping, pressing, aging, xanthation, 
ripening and f i l t r a t i o n may be eliminated or s i m p l i f i e d i n a s o l ­
vent spinning system. 

However, i t should be pointed out that the commercialization 
of any solvent process for rayon production w i l l depend to a 
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large extent on the development of a s u i t a b l e recovery system, i e 
one that i s t o t a l l y r e c y c l a b l e , economic and non-polluting. 
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7 
Cytrel® Tobacco Supplement—A New Dimension in 

Cigarette Design 

R. W. GODWIN and C. H. KEITH 

Celanese Fibers Co., Charlotte, N.C. 28232 

O v e r the p a s t 25 y e a r s t h e r e h a s b e e n a d r a m a t i c d e c r e a s e 
i n the d e l i v e r y o f n t a r ,
f r o m c i g a r e t t e s . T h i s c o n t i n u i n
m a r k e d i n the p a s t f e w y e a r s w i t h the i n t r o d u c t i o n o f a l a r g e 
n u m b e r o f n e w b r a n d s d e l i v e r i n g b e t w e e n 1 a n d 15 m i l l i g r a m s o f 
t a r . T h e s e r e p r e s e n t a l a r g e c h a n g e f r o m the 25 to 30 m i l l i g r a m 
b r a n d s t h a t w e r e c o m m o n i n the 1 9 4 0 ' s a n d 5 0 ! s . T h e t o b a c c o 
i n d u s t r y h a s b r o u g h t a b o u t t h i s c h a n g e i n r e s p o n s e to c o n s u m e r 
d e m a n d f o r " l o w e r d e l i v e r y " c i g a r e t t e s . 

T h e r e a r e a v a r i e t y o f e x i s t i n g t e c h n i q u e s w h i c h a r e u s e d 
to d e c r e a s e the s m o k e d e l i v e r y o f c i g a r e t t e s . A m o n g t h e s e a r e 
f i l t r a t i o n , p o r o u s a n d / o r f a s t - b u r n i n g p a p e r s , f i l t e r v e n t i l a t i o n , 
m o d i f i c a t i o n o f t h e t o b a c c o f i l l e r , a n d c h a n g e s i n c i g a r e t t e d i m e n ­
s i o n s . 

F i l t r a t i o n i s m o s t c o m m o n l y u s e d a n d g e n e r a l l y a c h i e v e s 
u p to a 5 0 - 6 0 % r e d u c t i o n i n t a r a n d n i c o t i n e d e l i v e r y , b u t i t h a s 
l i t t l e e f f e c t o n g a s p h a s e c o n s t i t u e n t s {1). S e l e c t i v e f i l t e r m e d i a 
s u c h a s c h a r c o a l a r e u s e d i n s o m e b r a n d s to a c h i e v e s i z a b l e r e ­
d u c t i o n s i n s o m e s m o k e c o m p o n e n t s , w h i l e l e a v i n g o t h e r s r e l a t i v ­
e l y u n c h a n g e d . P o r o u s a n d / o r p e r f o r a t e d p a p e r s a r e w i d e l y u s e d 
to a c h i e v e 1 0 - 3 0 % r e d u c t i o n s i n b o t h g a s a n d p a r t i c u l a t e p h a s e 
c o m p o n e n t s . M o r e r e c e n t l y , f i l t e r v e n t i l a t i o n b y m e a n s o f p e r ­
f o r a t e d t i p p i n g p a p e r s h a s b e e n e m p l o y e d to a c h i e v e a n o t h e r 50 
o r m o r e p e r c e n t r e d u c t i o n i n a l l s m o k e c o m p o n e n t s (2) . F i n a l l y , 
c h a n g e s i n the p a p e r b u r n i n g r a t e , c i g a r e t t e d i m e n s i o n s , a n d the 
i n c o r p o r a t i o n o f e x p a n d e d t o b a c c o l e a f a n d r e c o n s t i t u t e d t o b a c c o 
s h e e t h a s b e e n u s e d to c r e a t e f a s t e r b u r n i n g a n d l o w e r p u f f count 
c i g a r e t t e s , w h i c h d i r e c t l y t r a n s l a t e s i n t o l o w e r s m o k e c h e m i s t r y . 

C y t r e l ® i s a r e g i s t e r e d t r a d e m a r k o f t h e C e l a n e s e C o r p o r a t i o n . 
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I n g e n e r a l , t h e s e t e c h n i q u e s a r e u s e d i n c o m b i n a t i o n w i t h 
e a c h o t h e r to a c h i e v e a l o w e r d e l i v e r y c i g a r e t t e w i t h a d e q u a t e 
c o n s u m e r a p p e a l . H o w e v e r , e a c h o f t h e s e e x i s t i n g m e t h o d s h a s 
l i m i t a t i o n s . S o m e w h i c h h a v e b e e n m e n t i o n e d i n c l u d e the a c t i o n 
o f f i l t e r s o n the p a r t i c u l a t e p h a s e o f t o b a c c o s m o k e o n l y , a n d the 
a c r o s s - t h e - b o a r d a c t i o n o f v e n t i l a t i o n . B e c a u s e o f t h e s e , i t i s 
d e s i r a b l e to h a v e a d d i t i o n a l t e c h n i q u e s f o r c o n t r o l l i n g t h e d e l i v ­
e r y o f v a r i o u s s m o k e c o m p o n e n t s . 

O n e s u c h t e c h n i q u e , w h i c h h a s b e e n u n d e r d e v e l o p m e n t i n 
o u r l a b o r a t o r i e s f o r a n u m b e r o f y e a r s , i s the i n c l u s i o n o f t o b a c ­
co s u p p l e m e n t i n a c i g a r e t t e . T h i s m a t e r i a l , w h i c h h a s the 
t r a d e m a r k e d n a m e C y t r e l , i s a m a n u f a c t u r e d s h e e t m a t e r i a l o f 
c o n t r o l l a b l e c o m p o s i t i o n w h i c h l o o k s , p r o c e s s e s , a n d b u r n s l i k e 
t o b a c c o . It h a s a f u r t h e
t a s t e u p o n c o m b u s t i o n , so t h a t b l e n d s o f C y t r e l w i t h t o b a c c o taste 
e s s e n t i a l l y l i k e a m i l d t o b a c c o . I t i s the p u r p o s e o f t h i s p a p e r to 
to d e s c r i b e t h e p h y s i c a l , c h e m i c a l , a n d s o m e o f the p e r t i n e n t 
b i o l o g i c a l p r o p e r t i e s o f t h i s m a t e r i a l . T h e e f f e c t o f C y t r e l i n c l u ­
s i o n i n t o b a c c o b l e n d s i s a l s o d e s c r i b e d . 

C y t r e l i s e s s e n t i a l l y a f i l l e d f i l m m a t e r i a l , f o r m e d b y c a s t ­
i n g a n d d r y i n g a s h e e t f r o m a d o u g h - l i k e m i x t u r e o f o r g a n i c 
b i n d e r s a n d a d d i t i v e s w i t h m i n e r a l f i l l e r s (3) . A t y p i c a l c o m p o ­
s i t i o n i s g i v e n i n T a b l e I . T h e f i n i s h e d s h e e t i s c u t i n t o o n e - i n c h 
s q u a r e s w h i c h a r e s u b s e q u e n t l y b l e n d e d w i t h t o b a c c o a n d m a n u ­
f a c t u r e d i n t o c i g a r e t t e s b y c o n v e n t i o n a l t e c h n i q u e s . F o r the p u r ­
p o s e s o f t h i s d i s c u s s i o n , c i g a r e t t e s d e s c r i b e d a r e t y p i c a l o f the 
c o n s t r u c t i o n c o m m o n l y u t i l i z e d i n G r e a t B r i t a i n . T h e s e c i g a ­
r e t t e s w e r e 72 m i l l i m e t e r s l o n g w i t h a c i r c u m f e r e n c e o f 25 m i l l i ­
m e t e r s a n d w e r e e q u i p p e d w i t h a 16 m i l l i m e t e r , d u a l a c e t a t e -
p a p e r f i l t e r w i t h a t a r r e m o v a l e f f i c i e n c y o f 4 9 % (4) . C i g a r e t t e 
w e i g h t s w e r e h e l d c o n s t a n t a t 0 . 98 g r a m , a n d p r e s s u r e d r o p s 
r a n g e d f r o m 90 m i l l i m e t e r s o f w a t e r a t a n a i r f l o w o f 1 7 . 5 m i l l i ­
l i t e r s p e r s e c o n d f o r the a l l - C y t r e l c i g a r e t t e s to 116 m i l l i m e t e r s 
f o r the a l l - t o b a c c o c i g a r e t t e s . B l e n d e d c i g a r e t t e s c o n t a i n i n g 1 0 , 
2 0 , a n d 5 0 % C y t r e l w e r e a l s o p r e p a r e d , a n d p u f f c o u n t s l i n e a r l y 
r a n g i n g f r o m 1 0 . 2 to 5 . 8 u n d e r s t a n d a r d s m o k i n g c o n d i t i o n s w e r e 
o b t a i n e d a s the p e r c e n t a g e o f C y t r e l i n c l u s i o n i n c r e a s e d . T h i s 
c h a n g e i n p u f f c o u n t o n l y p a r t i a l l y a c c o u n t s f o r t h e d e c r e a s e s i n 
d e l i v e r i e s s h o w n l a t e r . I f i t w e r e the o n l y e f f e c t , the e x p e c t e d 
d e l i v e r i e s f r o m a C y t r e l c i g a r e t t e w o u l d b e 5 7 % o f t h o s e o f a 
t o b a c c o c i g a r e t t e . S i n c e d e l i v e r i e s i n the r a n g e o f 0 to 3 8 % a r e 
f o u n d , i t i s e v i d e n t t h a t o t h e r f a c t o r s a r e i n v o l v e d . F r o m l o o k ­
i n g a t t h e c o m p o s i t i o n o f the m a t e r i a l , i t i s a p p a r e n t t h a t 7 0 % o f 
C y t r e l c o n s i s t s o f i n c o m b u s t i b l e m a t e r i a l , a n d a m a x i m u m o f 30% 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
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T a b l e I : C o m p o s i t i o n o f C y t r e l 

85 

M a t e r i a l A m o u n t 

B i n d e r ( s o d i u m c a r b o x y m e t h y l c e l l u l o s e ) 19% 
I n o r g a n i c f i l l e r s / c o m b u s t i o n m o d i f i e r s 7 1 % 

H u m e c t a n t / p l a s t i c i z e r ( g l y c e r o l ) 5 % 

C o l o r a n t s 3 % 
F l a v o r a d d i t i v e s 2% 

c a n b u r n d u r i n g s m o k i n g . T a k i n g 3 0 % o f 57% g i v e s 17%, w h i c h 
s h o u l d b e the d e l i v e r y o f a n y g i v e n c o m p o n e n t i f no c h a n g e i n 
c o m b u s t i o n o c c u r s . 

B e f o r e e x a m i n i n g
p o n e n t s f r o m C y t r e l a n d t o b a c c o , i t i s n e c e s s a r y to r e f e r to the 
m e t h o d s e m p l o y e d a n d t h e g e n e r a l p a t t e r n o f d e l i v e r i e s . T h e 
m e t h o d s u t i l i z e d a n d t h e d e l i v e r i e s o f 2 5 0 c o m p o u n d s a n d 75 e l e ­
m e n t s f r o m t h e s e c i g a r e t t e s h a v e b e e n r e p o r t e d i n a s e r i e s o f 
p a p e r s b y V i c k r o y , M a u l d i n , a n d A l l e n i n the B e i t r a g e z u r T a b a k -
f o r s c h u n g (4, j>, 6). B r i e f l y r e c a p i t u l a t i n g , the v o l a t i l e s m o k e 
c o m p o n e n t s , w h i c h a r e t h o s e w h i c h p a s s t h r o u g h the g l a s s f i b e r 
s m o k e c o l l e c t i o n t r a p , w e r e m e a s u r e d b y e i t h e r g a s c h r o m a t o ­
g r a p h i c t e c h n i q u e s o r s p e c i f i c t e s t s f o r i n d i v i d u a l c o m p o n e n t s 
(e . g . , h y d r o g e n c y a n i d e , n i t r i c o x i d e ) . T h e s e m i v o l a t i l e c o m ­
p o n e n t s a r e t h o s e w h i c h c a n b e d i s t i l l e d f r o m the c o l l e c t i o n p a d 
a t a t e m p e r a t u r e o f 1 3 0 ° C . T h e s e w e r e a n a l y z e d b y a c o m b i n a ­
t i o n o f g a s c h r o m a t o g r a p h y a n d m a s s s p e c t r o m e t r y . T h e c o n ­
d e n s e d p h a s e c o m p o n e n t s ( i . e . , t h o s e r e m a i n i n g o n t h e c o l l e c t i o n 
p a d ) w e r e m e a s u r e d b y a v a r i e t y o f g a s c h r o m a t o g r a p h i c a n d 
s p e c i f i c t e c h n i q u e s . T h e e l e m e n t s w e r e m e a s u r e d b y s p a r k 
s o u r c e m a s s s p e c t o g r a p h y e x c e p t f o r m e r c u r y , w h i c h w a s m e a ­
s u r e d b y a t o m i c f l o u r e s c e n c e s p e c t r o s c o p y . F i g u r e s 1 , 2 , a n d 
3 i l l u s t r a t e the g e n e r a l d e l i v e r y p a t t e r n o b s e r v e d f o r a l m o s t 
e v e r y c o m p o n e n t , a s u b s t a n t i a l l i n e a r d e c r e a s e i n d e l i v e r y a s 
the a m o u n t o f C y t r e l i n the b l e n d i s i n c r e a s e d . F i g u r e 1 s h o w s 
the d e c l i n e i n M t a r M w h i c h i s d e f i n e d a s t o t a l p a r t i c u l a t e m a t t e r 
c o l l e c t e d o n the f i l t e r p a d m i n u s w a t e r a n d n i c o t i n e . I t i s e v i ­
d e n t t h a t t h e r e i s m o r e t h a n a f o u r f o l d d e c r e a s e i n t h i s m i x t u r e 
o f m a t e r i a l s f r o m 1 5 . 8 to 3 . 6 m i l l i g r a m s / c i g a r e t t e . F i g u r e 2 
i s a s i m i l a r g r a p h f o r a n o t h e r i m p o r t a n t s m o k e c o m p o n e n t , n i c o ­
t i n e . I n t h i s c a s e the l i n e g o e s to z e r o f o r 100% C y t r e l , a s n i c o ­
t i n e i s a b s e n t f r o m t h e C y t r e l f o r m u l a t i o n . T h i s p a t t e r n i s 
c h a r a c t e r i s t i c o f a n u m b e r o f n i t r o g e n - c o n t a i n i n g s m o k e c o n s t i ­
t u e n t s b e c a u s e o f the r a t h e r l o w n i t r o g e n c o n t e n t o f C y t r e l . 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



S O L V E N T SPUN R A Y O N , MODIFIED C E L L U L O S E FIBERS 

0 50 100 % C y t r e l 
100 50 0 % T o b a c c o 

Figure 1. Tar delivery 
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Figure 2. Nicotine delivery 
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F i g u r e 3 s h o w s a s i m i l a r d e l i v e r y p a t t e r n f o r a n i m p o r t a n t g a s 
p h a s e c o n s t i t u e n t , c a r b o n m o n o x i d e . 

I n F i g u r e 4 w e h a v e a n e x a m p l e o f o n e o f the r a r e i n s t a n c e s 
w h e r e a d i f f e r e n t p a t t e r n i s o b s e r v e d . I n t h i s c a s e , g l y c e r o l i n ­
c r e a s e s l i n e a r l y a s the a m o u n t o f C y t r e l i n the b l e n d i s i n c r e a s e d , 
g o i n g f r o m z e r o i n the u n c a s e d t o b a c c o c i g a r e t t e to 2 . 1 m i l l i ­
g r a m s i n the 1 0 0 % C y t r e l c i g a r e t t e . I n c a s e d c i g a r e t t e s ( s u c h a s 
t h o s e u s e d i n t h e U n i t e d S t a t e s ) w h e r e g l y c e r o l i s c o m m o n l y a d d ­
e d a s a h u m e c t a n t , t h i s c h a n g e i s n o t n e a r l y s o m a r k e d . I t i s 
k n o w n t h a t g l y c e r o l i s d i s t i l l e d i n t o the s m o k e s t r e a m a s a C y t r e l 
c i g a r e t t e c o m b u s t s , a n d c o m p r i s e s a b o u t 58% o f the t a r c o l l e c t e d . 
O n l y t w o o t h e r c o m p o u n d s o f the 250 e x a m i n e d s h o w a n i n c r e a s e 
i n d e l i v e r y a s the C y t r e l c o n t e n t i n t h e b l e n d i s i n c r e a s e d . T h e s e 
a r e : (1) h y d r o g e n s u l f i d e
55 m i c r o g r a m s / c i g a r e t t e , a n d (2) a m m o n i a , w h i c h r e m a i n s c o n ­
s t a n t a t 2 0 - 2 2 m i c r o g r a m s / c i g a r e t t e u p to a 5 0 % b l e n d i n c l u s i o n 
o f C y t r e l , b u t t h e n i n c r e a s e s to 50 m i c r o g r a m s / c i g a r e t t e f o r a n 
a l l - C y t r e l c i g a r e t t e . T h e s e m a t e r i a l s a r e k n o w n to b e d e r i v e d 
f r o m r e s i d u a l s u l f u r i n the c o l o r a n t u s e d a n d d e c o m p o s i t i o n o f a 
n i t r o g e n e o u s f l a v o r a d d i t i v e , r e s p e c t i v e l y . A m o n g the e l e m e n t s , 
a l l b u t s o d i u m m a r k e d l y d e c r e a s e a s the C y t r e l c o n t e n t o f the 
b l e n d i s i n c r e a s e d . S o d i u m , w h i c h c a n b e d e r i v e d f r o m the s o ­
d i u m c a r b o x y m e t h y l c e l l u l o s e b i n d e r , s h o w s a s e r r a t i c i n c r e a s e 
w i t h i n c r e a s i n g C y t r e l c o n t e n t ; b u t t h i s i s n o t n e a r l y a s m a r k e d 
a s the d e c r e a s e i n p o t a s s i u m , w h i c h i s a m a j o r e l e m e n t i n t o b a c ­
c o . 

A s i n d i c a t e d i n the p r e v i o u s d i s c u s s i o n , a c o m p a r i s o n o f 
s m o k e c o m p o n e n t d e l i v e r i e s c a n b e s t b e d o n e c o n s i d e r i n g the 
c o m p o s i t i o n s o f C y t r e l a n d t o b a c c o . It t h e r e f o r e i s o f i n t e r e s t to 
e x a m i n e t h e r e l a t i v e d e l i v e r i e s o f a n u m b e r o f s m o k e c o m p o n e n t s 
to s e e i f the o v e r a l l c o m b u s t i o n p r o c e s s c a n b e b e t t e r u n d e r s t o o d . 
F r o m the d i f f e r e n c e s i n p u f f c o u n t s a n d the i n o r g a n i c c o n t e n t o f 
C y t r e l , i t i s e x p e c t e d t h a t t h e C y t r e l c i g a r e t t e s h o u l d d e l i v e r 17% 
o f the a m o u n t o f a n y c o m p o n e n t i n t o b a c c o s m o k e i f a l l o t h e r f a c ­
t o r s w e r e e q u a l . I n T a b l e I I the r e l a t i v e d e l i v e r i e s o f g a s e s a n d 
v a p o r p h a s e c o m p o n e n t s a r e l i s t e d a s c a l c u l a t e d f r o m the V i c k -
r o y d a t a (4) . F o r m o s t o f t h e s e c o m p o n e n t s , the d e l i v e r i e s a r e 
n e a r o r b e l o w the e x p e c t e d 17% d e l i v e r y ( w i t h the e x c e p t i o n s p r e ­
v i o u s l y n o t e d f o r a m m o n i a a n d h y d r o g e n s u l f i d e ) . T h e l o w l e v e l s 
o f a l k a n e s , a l k e n e s , b e n z e n e , a n d t o l u e n e i n C y t r e l s m o k e r e ­
f l e c t the a b s e n c e o f s a t u r a t e d h y d r o c a r b o n s s u c h a s t o b a c c o w a x e s 
i n C y t r e l . T h e r e l a t i v e l y h i g h e r l e v e l s o f a l k y n e s , p r i n c i p a l l y 
a c e t y l e n e , s u g g e s t t h a t f r e e r a d i c a l r e a c t i o n s a r e o c c u r r i n g i n 
the p y r o l y s i s p r o c e s s . T h e v e r y l o w l e v e l s o f a l c o h o l s , f u r a n s , 
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Figurée. Glycerol delivery 
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T a b l e II: R e l a t i v e D e l i v e r i e s o f V a p o r P h a s e C o m p o n e n t s 

N u m b e r D e l i v e r y D e l i v e r y 
o f f r o m Tobacco f r o m C y t r e l R e l a ­

M a t e r i a l Compounds ( u g / c i g ) ( p g / c i g ) t ive (%) 

H y d r o c a r b o n s 
C j - C ^ a l k a n e s 6 2165 312 1 4 . 4 

C i - C D a l k e n e s 10 1106 169 1 5 . 3 

C 1 - C 5 a l k y n e s 2 48 18 3 7 . 5 

B e n z e n e 1 104 13 1 2 . 5 

T o l u e n e 1 163 12 7 . 4 

M e t h a n o l a n d e t h a n o l 2 560 < 4 0 . 7 

S a t u r a t e d a l d e h y d e s 
( C 2 - C 5 ) 

164 2 9 . 3 U n s a t u r a t e d a l d e h y d e s 2 164 4 8 2 9 . 3 

( C 3 - C 4 ) 

K e t o n e s ( C 3 - C 5 ) 5 1219 238 1 9 . 5 
F u r a n s ( C 4 - C 6 ) 3 287 29 10 . 1 

N i t r o l e s ( C 2 - C 4 ) 4 < 3 1 5 < 3 5 1 1 . 1 
C a r b o n m o n o x i d e 1 17600 6 0 0 0 3 4 . 1 

C a r b o n d i o x i d e 1 6 7 7 0 0 4 8 2 0 0 7 1 . 2 

H y d r o g e n c y a n i d e 1 2 8 0 25 8 . 9 
N i t r i c o x i d e 1 93 31 3 3 . 3 
A m m o n i a 1 22 50 227 

A m i n e s ( C 1 - C 4 ) 8 < 9 . 5 <1·. 5 1 5 . 8 

H y d r o g e n s u l f i d e 1 46 55 119 
S u l f u r d i o x i d e 1 4 . 2 1 . 2 2 8 . 6 

a n d n i t r i l e s , a n d the n o r m a l a n d e l e v a t e d r e l a t i v e l e v e l s o f a l d e ­
h y d e s a n d k e t o n e s , s u g g e s t t h a t a s o m e w h a t h i g h e r d e g r e e o f 
o x i d a t i o n i s o c c u r r i n g i n the m o r e d i l u t e s m o k e f r o m the C y t r e l 
c i g a r e t t e . T h e s e o x y g e n a t e d m a t e r i a l s a r e o f c o u r s e e x p e c t e d 
f r o m the d e g r a d a t i o n o f the c e l l u l o s i c b i n d e r . T h e h i g h e r r e l a ­
t i v e l e v e l o f c a r b o n d i o x i d e a g a i n s u g g e s t s a m o r e o x i d a t i v e c o m ­
b u s t i o n p r o c e s s , a l t h o u g h s o m e c o n t r i b u t i o n to t h i s c o m p o n e n t 
c o u l d b e e x p e c t e d f r o m a s i m p l e t h e r m a l d e c o m p o s i t i o n o f the 
c a r b o n a t e f i l l e r m a t e r i a l . W i t h the a l r e a d y n o t e d e x c e p t i o n o f 
a m m o n i a , n i t r o g e n c o n t a i n i n g c o n s t i t u e n t s i n t h i s p h a s e a n d e l s e ­
w h e r e a r e g e n e r a l l y r e d u c e d i n C y t r e l s m o k e b e l o w the e x p e c t e d 
d e l i v e r y l e v e l s , p r i m a r i l y b e c a u s e o f the l o w n i t r o g e n l e v e l i n 
the f o r m u l a t i o n . N i t r i c o x i d e i s a n e x c e p t i o n to t h i s r u l e i n t h a t 
i t s d e l i v e r y i s n o t r e d u c e d a s m u c h a s m i g h t b e p r e d i c t e d . F r o m 
e x a m i n a t i o n of a n u m b e r o f C y t r e l f o r m u l a t i o n s , t h e r e i s a s u g ­
g e s t i o n t h a t t h i s c o m p o u n d m a y b e p a r t i a l l y c o m i n g f r o m a n o x i -
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d a t i v e d e g r a d a t i o n o f a n i t r o g e n e o u s f l a v o r a d d i t i v e . 
T u r n i n g n o w to the s e m i v o l a t i l e f r a c t i o n o f s m o k e , m a n y 

m a t e r i a l s , p a r t i c u l a r l y t h o s e c o n t a i n i n g n i t r o g e n , a r e u n d e t e c ­
t a b l e o r a b s e n t i n C y t r e l s m o k e . F r o m M a u l d i n ' s (j>) s e m i q u a n ­
t i t a t i v e d a t a , r e l a t i v e d e l i v e r i e s c a n b e e s t i m a t e d f o r s e v e r a l 
m a t e r i a l s w h i c h a r e b o t h d e t e c t e d a n d r e s o l v a b l e i n C y t r e l a n d 
t o b a c c o s m o k e . T h e s e a r e p r e s e n t e d i n T a b l e I I I . I n t h i s t a b l e 
m a n y of the r e l a t i v e d e l i v e r i e s a r e s h o w n to b e b e l o w the e x p e c ­
t e d 17% l e v e l , i n d i c a t i n g the g e n e r a l t r e n d o f l e s s c o m p l e x i t y i n 
the C y t r e l s m o k e . T h e s u b s t i t u t e d p y r a z i n e s s h o w s o m e w h a t 
h i g h e r r e l a t i v e d e l i v e r i e s t h a n m a n y o t h e r c o m p o n e n t s . I t i s 
thought t h a t t h e s e a r i s e f r o m r e a c t i o n s o f a m m o n i a w i t h a l d e h y d e s 
p r o d u c e d b y the d e g r a d a t i o n o f c e l l u l o s e . S i m i l a r l y , the s u b s t i ­
t u t e d a n d u n s u b s t i t u t e
a b u n d a n t . T h e s e c a n c o m e f r o m p y r o l y s i s o f the a n h y d r o g l u c o s e 
u n i t s i n the c e l l u l o s i c b i n d e r . 

T a b l e I I I : R e l a t i v e D e l i v e r i e s o f S e m i v o l a t i l e C o m p o n e n t s 

D e l i v e r y f r o m D e l i v e r y f r o m R e l a t i v e 
T o b a c c o C y t r e l D e l i v e r y 

M a t e r i a l ( a r b i t r a r y uni ts ) ( a r b i t r a r y u n i t s ) (%) 

D i m e t h y l p y r a z i n e 10 1 1 0 . 0 
Τ r i m e t h y l p y r a z i n e 14 3 2 1 . 4 
2 - C y c l o p e n t e n - 1 - o n e 216 17 7 . 9 
2 - M e t h y l - 2 - c y c l o p e n t e n - 1 - o n e 203 17 8 . 4 
2 , 3 - D i m e t h y l - 2 - c y c l o p e n t e n -

1 - o n e 126 22 17 . 5 
2 - E t h y l - 3 - m e t h y l - 2 - c y c l o p e n -

t e n - 1 - o n e 16 5 3 1 . 3 
T e t r a d e c a n e 37 1 2 . 7 
3 - F u r f u r a l 4 0 4 10 . 0 
2 - F u r f u r a l 143 14 9 . 8 
5 - M e t h y l f u r f u r a l 96 2 2 . 1 
M e t h y l i n d e n e 8 1 12., 5 
D i m e t h y l i n d e n e 31 2 6 . 5 
A c e t o p h e n o n e 38 5 1 3 . 2 
N a p t h a i e n e 59 2 3 . 4 
M e t h y l n a p t h a l e n e 36 3 8 . 3 
N o n a d e c e n e 46 2 4 . 3 
1 - I n d a n o n e 23 3 1 3 . 1 
3 - M e t h y l - 1 - i n d a n o n e 48 1 2 . 1 
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T u r n i n g n o w to the l e s s v o l a t i l e m a t e r i a l s i n the c o n d e n s e d 
p h a s e , T a b l e I V p r e s e n t s r e l a t i v e d e l i v e r i e s c o m p u t e d f r o m 
A l l e n ' s d a t a (6). A s w a s e v i d e n t f o r the v o l a t i l e a n d s e m i v o l a t i l e 
m a t e r i a l s , the r e l a t i v e d e l i v e r i e s a r e c l o s e to o r b e l o w the e x ­
p e c t e d l e v e l . T h e o n l y v a l u e a p p a r e n t l y a b o v e the e x p e c t e d v a l u e 
o f 17% i s t h a t f o r n t a r . M O t h e r a n a l y s e s o n d i f f e r e n t c i g a r e t t e s 
h a v e s h o w n e i t h e r the e x p e c t e d o r b e l o w - e x p e c t e d d e l i v e r i e s f o r 
t a r . A s i n d i c a t e d p r e v i o u s l y , g l y c e r o l i s a m a j o r t a r c o m p o n e n t 
i n C y t r e l s m o k e w h i c h i s d i r e c t l y d i s t i l l e d o u t o f the f o r m u l a t i o n . 
If the g l y c e r o l c o n t r i b u t i o n i s r e m o v e d f r o m the t a r f i g u r e , the 
r e l a t i v e d e l i v e r y o f the r e m a i n i n g m a t e r i a l s d e c r e a s e s to 9. 5%. 
T h e d e l i v e r i e s o f p h e n o l i c c o n s t i t u e n t s a p p e a r s to b e g r e a t l y r e ­
d u c e d . T h i s i s a n i n d i c a t i o n t h a t p y r o l y s i s o f c e l l u l o s i c m a t e r ­
i a l s d o e s n o t l e a d to p h e n o l i
p r o b a b l e s o u r c e o f t h e s e m a t e r i a l s i n t o b a c c o s m o k e i s a b r e a k ­
d o w n o f the c o m p l e x p h e n o l i c s p r e s e n t i n t o b a c c o l e a f s u c h a s 
s c o p o l e t i n , c h l o r o g e n i c a c i d , a n d r u t i n . 

T a b l e I V : R e l a t i v e D e l i v e r i e s o f P a r t i c u l a t e P h a s e C o m p o n e n t s 

D e l i v e r y D e l i v e r y R e l a t i v e 
f r o m Tobacco f r o m C y t r e l D e l i v e r y 

M a t e r i a l ( p e r c i g ) ( p e r c i g ) (%) 

T a r 15. 8 m g 3. 6 m g 22. 8 
N i c o t i n e 1. 1 m g 0. 0 m g 0. 0 
G l y c e r o l <0. 1 m g 2. 1 m g 
P h e n o l 52 y g < 0 . 5 y g 1. 0 
o - C r e s o l 14 y g < 0. 5 y g 3.6 
m - a n d p - C r e s o l 27 y g < 0. 5 y g 1.9 
P h e n a n t h r e n e + a n t h r a c e n e 370 ng 22 ng 5.9 
3 - M e t h y l p h e n a n t h r e n e 2 0 0 ng 6 ng 3.0 
F l o u r a n t h e n e 130 ng 19 ng 14.6 
P y r e n e 91 ng 9ng 9.9 
B e n z o ( a ) p y r e n e 20 ng 4 ng 20. 0 
D i m e t h y l n i t r o s a m i n e 21 ng N D 0. 0 
C a l c i u m 150 ng H ng 7. 3 
S i l i c o n loo ng 14 ng 14. 0 
A r s e n i c 21 ng 0.07 ng 0.3 
C a d m i u m 250 ng 0. 53 ng 0. 2 
M e r c u r y 0.46 ng 0. 028 ng 6. 1 
N i c k e l 1.4 ng o. 02 ng 1.4 

N D = n o t d e t e c t e d 
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T h e r e l a t i v e d e l i v e r i e s o f p o l y n u c l e a r h y d r o c a r b o n s a l s o 
a p p e a r to b e a t o r b e l o w the e x p e c t e d l e v e l s . T h e v e r y s m a l l 
a m o u n t s o f t h e s e m a t e r i a l s a n d the c o n s i d e r a b l e d i f f i c u l t y i n t h e i r 
a n a l y s i s m a k e the r e l a t i v e d e l i v e r y n u m b e r s v a r i a b l e a n d i m p r e ­
c i s e . D i m e t h y l n i t r o s a m i n e i s e s s e n t i a l l y a b s e n t i n C y t r e l s m o k e . 
T h i s i s n o t s u r p r i s i n g s i n c e t h e s e c o m p o u n d s a r e t h o u g h t to b e 
d e r i v e d f r o m the r e a c t i o n o f s e c o n d a r y a m i n e s w i t h n i t r i c o x i d e , 
b o t h o f w h i c h a r e p r e s e n t to a l e s s e r e x t e n t i n C y t r e l s m o k e a s 
c o m p a r e d to t o b a c c o s m o k e . C a l c i u m a n d s i l i c o n , the m e t a l l i c 
e l e m e n t s p r e s e n t i n the f o r m u l a t i o n , h a v e r e l a t i v e d e l i v e r i e s 
s o m e w h a t b e l o w the e x p e c t e d l e v e l . O t h e r t r a c e e l e m e n t s a r e 
g r e a t l y r e d u c e d i n r e l a t i v e d e l i v e r y . 

T h u s , f o r a v a r i e t y o f c o m p o n e n t s i n e a c h p h a s e o f s m o k e , 
the d e l i v e r y f r o m C y t r e
w o u l d b e e x p e c t e d f r o m the d i f f e r i n g p u f f c o u n t s a n d i n o r g a n i c 
c o n t e n t o f the m a t e r i a l . I n a r e l a t i v e l y f e w i n s t a n c e s , g r e a t e r -
t h a n - e x p e c t e d y i e l d s a r e o b t a i n e d , a n d t h e s e c a n b e r e l a t e d to 
s p e c i f i c c o m p o n e n t s o f the f o r m u l a t i o n . T h e g e n e r a l l y r e d u c e d 
d e l i v e r i e s f o r m o s t c o m p o n e n t s s u g g e s t t h a t the C y t r e l i s b e i n g 
m o r e c o m p l e t e l y c o m b u s t e d i n t o s i m p l e m o l e c u l e s ( s u c h a s c a r ­
b o n d i o x i d e ) b e c a u s e o f the d i l u t i o n o f the b u r n a b l e m a t e r i a l w i t h 
i n o r g a n i c s , w h i c h p r o v i d e a c o n s i d e r a b l e s u r f a c e f o r p y r o l y s i s . 

T o f u r t h e r i l l u s t r a t e t h e u n i q u e p r o p e r t i e s o f C y t r e l , i t i s 
o f i n t e r e s t to r e l a t e i t s c h e m i c a l p r o p e r t i e s to s o m e o b s e r v e d 
b i o l o g i c a l e f f e c t s . A s s h o w n i n T a b l e V , t h e r e a p p e a r s to b e a 
c o r r e l a t i o n b e t w e e n the c a r b o n m o n o x i d e c o n t e n t o f the s m o k e 
a n d the c a r b o x y h e m o g l o b i n l e v e l s i n a n i m a l s e x p o s e d to the 
s m o k e (7, 8, 9). A l i n e a r r e g r e s s i o n o f c a r b o x y h e m o g l o b i n v s . 
c a r b o n m o n o x i d e f o r t h e s e d a t a g i v e s a l i n e w i t h a s l o p e o f 1 . 4 2 
a n d a n i n t e r c e p t o f 7 . 7 1 . T h e c o r r e l a t i o n c o e f f i c i e n t i s 0 . 8 4 , 
w h i c h i s q u i t e g o o d c o n s i d e r i n g the d i f f e r e n c e s i n s p e c i e s u n d e r 
t e s t a n d the d i f f e r e n c e s i n e x p o s u r e s y s t e m s . 

v e l s 

t e s t a n a tne a m e r e n c e s i n e x p o s i 

T a b l e V : C a r b o x y h e m o g l o b i n L e . 

C a r b o x y h e m o g l o b i n (%)* 
D u r a t i o n T o b a c c o 50/50Blend C y t r e l 

S m o k i n g o f 17.6 m g / 1 1 . 5 m g / 6 m g / 
S p e c i e s C o n d i t i o n s E x p o s u r e c i g C O c i g C O c i g C O 

M a l e a n d 3% s m o k e f o r 8 w e e k s 2 7 . 4 3 0 . 9 1 4 . 4 
f e m a l e r a t s 1 h r / d a y 

M a l e 24puffs/day 9 w e e k s 3 1 . 3 1 9 . 3 1 1 . 3 
h a m s t e r s of 2 2% s m o k e 

M a l e 10 c i g / d a y 8 w e e k s 3 6 . 7 3 2 . 4 1 8 . 7 
m o n k e y s 

F e m a l e 10 c i g / d a y 8 w e e k s 3 0 . 6 2 4 . 4 1 5 . 0 
m o n k e y s 

• M e a s u r e d i m m e d i a t e l y a f t e r l a s t e x p o s u r e 
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With the g r e a t l y reduced l e v e l s of i r r i t a n t s i n C y t r e l smoke, 
i t i s to be expected that the m a t e r i a l would give a l ower response 
i n tests of c i l i a r y t r ansport, macrophage i n h i b i t i o n , and cyto­
t o x i c i t y (10). These i n v i t r o tests e s s e n t i a l l y measure the i n a c t i -
v a t i o n of two important lung defense mechanisms by smoke and 
the general t o x i c i t y of water soluble smoke components towards 
c e l l c u l t u r e s . Table V I l i s t s the r e s u l t s obtained by the National 
Cancer Institute f o r tobacco, a C y t r e l variant, and a 50/50 blend 
of the two. In Table V I i t i s evident that more than eight puffs of 
C y t r e l and blend smoke a r e r e q u i r e d to give a 50% i n h i b i t i o n of 
c i l i a r y transport, while only 2. 5 puffs of tobacco achieve this 
l e v e l of i n h i b i t i o n . C o n s i d e r a b l y l a r g e r quantities of C y t r e l and 
blend smoke are r e q u i r e
by a suspension of a l v e o l a
p r o p e r t i e s of C y t r e l and, to a l e s s e r extent, blend smoke, are 
also apparent as only 13 to 18 5 0 % toxic doses are found i n a puff 
of these smokes, whereas 22 such doses are contained i n a puff 
of c o n t r o l tobacco smoke. F u r t h e r , more extensive b i o l o g i c a l 
testing has o r i s being conducted on C y t r e l and tobacco smoke 
and w i l l be eventually published. The general r e s u l t s are: 

1. A f t e r acute and c h r o n i c inhalation, C y t r e l smoke gives 
a reduced i r r i t a t i n g response as measured by established 
histopathological c r i t e r i a . 

2. M i n i m a l and s i m i l a r effects are found i n reproductive 
tests on C y t r e l and tobacco. These appear to be r e l a t e d 
to carbon monoxide l e v e l s . 

3. The tumorigenic a c t i v i t y of C y t r e l and blend smokes i s 
reduced when compared to a l l - t o b a c c o smoke on a per 
cigarette b a s i s , both i n d e r m a l and inhalation test s y s ­
tems. 

Table VI: In v i t r o B i o l o g i c a l Responses 

M a t e r i a l 

C i l i a r y Macrophage 
Inhibition Inhibition 

(puffs/ED50) (ml smoke/ID50) 
C y t o t o x i c i t y 
(ED50s/puff) 

Tobacco 2.5 4.4 22. 0 
50/50 Bl e n d > 8. 0 7.2 18. 1 
C y t r e l > 8. 0 7.8 13. 1 

W i t h this extensive background of improvements i n the chemi­
c a l and b i o l o g i c a l p r o p e r t i e s of C y t r e l smoke, i t i s of i n t e r e s t to 
estimate what C y t r e l i n c l u s i o n could do for e x i s t i n g types of c i g a -
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rettes. In this country the most popular brands of cigarettes 
have a tar delivery of around 17 mi l l ig rams , a nicotine delivery 
of about 1. 2 mi l l i g rams , and a carbon monoxide delivery of 15 
mi l l ig rams per cigarette. Replacing 30% of the tobacco with 
Cyt re l should reduce these deliveries to 13. 1, 0. 8, and 13 m i l l i ­
grams per cigarette, respectively. Thus, a medium tar brand 
can be changed to a lower tar brand by inclusion of 30% Cyt re l . 
S imi l a r ly , a ventilated low tar brand might have tar, nicotine, 
and CO deliveries of 8. 0, 0. 6, and 9. 9 mi l l ig rams per cigarette. 
Inclusion of 30% Cytre l in the blend could further reduce these to 
6.5, 0.4, and 8. 6 mi l l ig rams per cigarette, respectively. 

In conclusion, we have shown that Cyt re l tobacco supplement 
offers a means to reduc  deliverie f vir tual l  a l l smok
ponents of a cigarette
greater than would be expected on the basis of the burning rate 
of the mater ial and its composition. The s impler smoke compo­
sition and the reduced deliveries of Cytrel-containing cigarettes 
appear to translate into a reduction in biological response in 
animal test systems. Inclusion of Cyt re l in cigarettes can be 
readily uti l ized with other existing techniques to provide lower 
delivery cigarettes. 

Abstract 

Cyt re l is a tobacco supplement consisting of mineral com­
ponents, combustion modifiers, and organoleptic-active materials 
bound together by a f i lm-forming cellulose ether. Cyt re l is being 
used in several brands of cigarettes on the European market at a 
20-25% level blended with tobacco. The amount of "tar" contr i ­
buted to the "mainstream" smoke by Cyt re l is one-fourth to one­
-seventh of that from tobacco. There are s imi la r reductions for 
other non-nitrogeneous smoke constituents relative to tobacco. 
Neither Cyt re l nor Cyt re l smoke contains nicotine, and the num­
ber and amount of nitrogen-containing compounds in Cyt re l smoke 
are drast ical ly reduced. S imi l a r ly , the amount and complexity 
of the combustion products i n Cyt re l "sidestream" smoke are 
significantly reduced. It has been shown that the delivery of 
smoke components from blends of Cyt re l and tobacco is reduced 
in direct proportion to the level of Cyt re l in the blend with tobac­
co. This relationship has been demonstrated for vir tually all the 
components of smoke studied to date. Cyt re l can be readily 
blended with tobacco in conventional cigarette making equipment. 
Further , Cytrel/tobacco blend technology is fully compatible with 
other means currently being used to modify cigarette smoke, such 
as various cigarette fi l ters and high porosity cigarette papers. 
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Characterization of Insoluble Cellulose Acetate Residues 

W. B. RUSSO 

Fiber Industries, Inc., Charlotte, N.C. 28237 

G. A. SERAD 

Celanese Fibers Co., Charlotte, N.C. 28232 

Commercia l cellulos
using a very high purity wood pulp because its applications have 
very c r i t i ca l processing and product requirements. Cellulose 
acetate fi lms must be clear and free of imperfections that could 
be caused by undissolved particles during solvent film castings. 
The preparation of cellulose acetate fibers requires the polymer 
solution to flow unobstructed through spinneret capil laries that 
have extremely smal l diameters. Any undissolved particulate 
matter that would cause disruptions in fiber extrusion cannot be 
tolerated. Since cellulose derived from wood pulp contains im­
purities which do not form acetate esters soluble in commercial 
cellulose acetate solvents (e .g . , acetone), these impurit ies 
must be reduced to an acceptable leve l . Consequently, wood 
pulps used to manufacture cellulose acetate contain 94 to 99 per­
cent alpha-cellulose, the remainder being hemicelluloses. This 
α-ce l lu lose level is higher than that required for the preparation 
of rayon, cellulose nitrate, or cellulose ethers. Of course, the 
increased purity results in an increased cost. Hence, it has 
long been a goal to develop means to reduce the wood pulp purity 
requirements for the commercia l preparation of cellulose ace­
tate. This is desirable for the acetate manufacturer, the pulp 
manufacturer, and the ecology since the higher purity comes at 
a sacrifice in wood yie ld and increased pulp mill effluent treat­
ment requirements. 

It is wel l known that insoluble residues obtained from the 
dissolution of cellulose acetate in acetone are enriched in hemi­
cellulose acetates (1-4). However, our program to investigate 
the use of lower purity wood pulps to prepare cellulose acetate 
by either modifying the pulps or the process required quanti-
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t a t i v e c h a r a c t e r i z a t i o n s . H e n c e , t h i s s t u d y w a s u n d e r t a k e n to 
i s o l a t e , q u a n t i f y , a n d c h a r a c t e r i z e b o t h s o l u b l e a n d i n s o l u b l e 
f r a c t i o n s o f c e l l u l o s e a c e t a t e i n a c e t o n e . 

F o u r g e n e r a l c l a s s e s o f p u l p , r e p r e s e n t i n g v a r i o u s c o m b i ­
n a t i o n s o f w o o d f u r n i s h a n d p u l p i n g p r o c e s s , w e r e e x a m i n e d . 
T h e s e i n c l u d e d a s o f t w o o d k r a f t , s o f t w o o d s u l f i t e , h a r d w o o d 
k r a f t , a n d h a r d w o o d s u l f i t e . T h e p u r i t y o f t h e v a r i o u s p u l p s , 
a l o n g w i t h t y p i c a l a c e t y l a t i o n g r a d e p u l p s , a r e g i v e n i n T a b l e I . 

T A B L E I : P u r i t y o f A c e t y l a t i o n G r a d e a n d " L o w P u r i t y " W o o d 
P u l p s 

G l u c o s e M a n n o s e X y l o s e P u r i t y - R j Q % 

" L o w P u r i t y " G r a d e s 
S o f t w o o d K r a f t 8 5 . 6 6 . 1 8 . 3 84 
S o f t w o o d S u l f i t e 9 1 . 2 6 . 9 1 . 9 85 
H a r d w o o d K r a f t 8 3 . 5 0 . 6 1 5 . 9 89 
H a r d w o o d S u l f i t e 9 1 . 5 2 . 4 6 . 1 87 

T y p i c a l A c e t y l a t i o n G r a d e 
S o f t w o o d S u l f i t e 9 8 . 1 1 . 4 0 . 5 96 
H a r d w o o d P r e h y d r o l y z e d 

K r a f t 9 7 . 5 0 . 3 1 . 2 97 

F r a c t i o n a t i o n S e q u e n c e 

A c e t o n e , t h e c o n v e n t i o n a l s o l v e n t u s e d to m a n u f a c t u r e 
c e l l u l o s e a c e t a t e f i b e r s a n d f i l m s , w a s u s e d to p r e p a r e the 
s t a r t i n g s o l u t i o n s . T h e e x a c t s o l v e n t c o m p o s i t i o n u s e d w a s 95/5 
(wt/wt) a c e t o n e / w a t e r . T h e w a t e r i n c l u d e s t h a t c o n t a i n e d i n b o t h 
t h e s o l v e n t a n d the c e l l u l o s e a c e t a t e f l a k e . A 6 g/100 c c s o l u t i o n 
o f the c e l l u l o s e a c e t a t e (bone d r y b a s i s ) w a s u s e d . T h e f i r s t s t ep 
i n t h e f r a c t i o n a t i o n ( F i g u r e 1) w a s u l t r a c e n t r i f u g a t i o n a t 1 5 , 0 0 0 
r p m f o r f o u r h o u r s . A f t e r d e c a n t i n g o f f the s u p e r n a t e , a f r e s h 
a c e t o n e / w a t e r s o l u t i o n w a s a d d e d to the r e s i d u e s a n d u l t r a ­
c e n t r i f u g a t i o n r e p e a t e d u n d e r s i m i l a r c o n d i t i o n s . T h e c o m b i n e d 
s u p e r n a t e s , c a l l e d the a c e t o n e / w a t e r s o l u b l e s ( A W S ) , w e r e 
s a v e d f o r a n a l y s i s . T h e r e s i d u e w a s w e i g h e d a n d l i k e w i s e s a v e d 
f o r a n a l y s i s . A p o r t i o n o f the r e s i d u e w a s s u b s e q u e n t l y p r e ­
p a r e d a s a 6 g/100 c c s o l u t i o n i n 91/9 m e t h y l e n e c h l o r i d e / 
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Acetone/ 
Water 

Acetone Water 
Soluble 

Acetone Water 
Insoluble Methyle 

C h l o r i d e / 
Methanol 

Methylene C h l o r i d e / 
Methanol Soluble 

Methylene C h l o r i d e / 
Methanol Insoluble 

6 gms of bone d r y f l a k e " per 100 cc 
Ult racentr i fugat ion (1 5,000 rpm fo- 4 hrs) 
Decant supcrnate 
Add 150 cc of f resh acetone/wate
Repeat steps 2 and 3 
Col lec t l i q u i d , weigh solids 

D r y residue 
P r e p a r e 6% (wt/vol) solution in 

Repeat steps 3 and 4 
Col lec t l i q u i d , weigh solids 

Figure 1. Fractionation sequence 

1.0 1.2 1.4 1.6 

Intrinsic V i s c o s i t y 

Figure 2. Relationship of cellulose acetate intrinsic 
viscosity and 6% solution viscosity 
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m e t h a n o l . T h e s o l u t i o n w a s u l t r a c e n t r i f u g e d a t 1 5 , 000 r p m f o r 
t w o h o u r s . T h e s u p e r n a t e w a s d e c a n t e d , f r e s h m e t h y l e n e c h l o r ­
i d e / m e t h a n o l a d d e d , a n d the c e n t r i f u g a t i o n r e p e a t e d . T h e c o m ­
b i n e d s u p e r n a t e , d e s i g n a t e d m e t h y l e n e c h l o r i d e / m e t h a n o l s o l u b l e 
( M C M S ) , w a s s a v e d f o r a n a l y s i s . T h e f i n a l r e s i d u e , d e s i g n a t e d 
m e t h y l e n e c h l o r i d e / m e t h a n o l i n s o l u b l e s ( M C M I ) , w a s w e i g h e d 
a n d s a v e d . 

A n a l y t i c a l P r o c e d u r e s 

A c e t y l V a l u e ( d e f i n e d a s p e r c e n t c o m b i n e d a c e t i c a c i d ) . 
A f i v e w t . p e r c e n t s o l u t i o n o f the c e l l u l o s e a c e t a t e f l a k e w a s 
p r e p a r e d i n a 91/9 (wt/wt) m e t h y l e n e c h l o r i d e / m e t h a n o l s o l v e n t . 
A f i l m a p p r o x i m a t e l y 0
a n d a l l o w e d to a i r d r y . It w a s p l a c e d i n a c u r v e d f i l m h o l d e r , 
h e a t e d to r e m o v e r e s i d u a l w a t e r , a n d s c a n n e d i n a n i n f r a r e d 
s p e c t r o p h o t o m e t e r o v e r t h e 2 . 5 to 4 . 5 m i c r o n r a n g e . T h e r a t i o 
o f the O H a b s o r b e n c e a t 2 . 9 m i c r o n s a n d the C - H a b s o r b e n c e a t 
2 . 4 m i c r o n s w a s c a l c u l a t e d . T h i s r a t i o w a s c o r r e l a t e d to a c e t y l 
v a l u e b y m e a n s o f a c a l i b r a t i o n p r o c e d u r e u s i n g a k n o w n s t a n ­
d a r d . F o r a c e l l u l o s e a c e t a t e o f 5 5 . 07 a c e t y l v a l u e , the s a m p l e 
s t a n d a r d d e v i a t i o n ( ten a n a l y s e s ) w a s 0 . 0 2 . 

F i l t r a t i o n V a l u e . M o i s t u r e c o n t e n t o f c e l l u l o s e a c e t a t e 
s a m p l e s w a s d e t e r m i n e d b y o v e n d r y i n g . A 6 g/100 c c s o l u t i o n 
o f the s a m p l e w a s p r e p a r e d u s i n g e i t h e r a 95/5 (wt b a s i s ) a c e ­
t o n e / w a t e r s o l v e n t o r a 91/9 m e t h y l e n e c h l o r i d e / m e t h a n o l s o l ­
v e n t . T h i s w a s s h a k e n f o r t w o h o u r s to a s s u r e d i s s o l u t i o n . T h e 
s o l u t i o n w a s f i l t e r e d t h r o u g h 3 0 - p l y K i m p a k a n d C a n t o n f l a n n e l 
a t 2 0 0 p s i g n i t r o g e n p r e s s u r e u n t i l the f i l t e r w a s c o m p l e t e l y 
p l u g g e d . A f i l t r a t i o n v a l u e w a s d e f i n e d a s the g r a m s o f d r y 
c e l l u l o s e a c e t a t e p e r c m ^ o f f i l t e r a r e a w h i c h c a n b e f i l t e r e d 
b e f o r e b l o c k a g e o c c u r s . 

C a t i o n A n a l y s i s . C a l c i u m , m a g n e s i u m , a n d s o d i u m w e r e 
d e t e r m i n e d b y a t o m i c a b s o r p t i o n u s i n g c o n v e n t i o n a l t e c h n i q u e s . 

I n t r i n s i c V i s c o s i t y . I n t r i n s i c v i s c o s i t y o f c e l l u l o s e a c e t a t e 
f l a k e s w a s d e t e r m i n e d b y m e a s u r i n g the v i s c o s i t y o f a 6 g/100 c c 
s o l u t i o n o f the f l a k e i n a c e t o n e / w a t e r a n d u s i n g the c o r r e l a t i o n o f 
F i g u r e 2 . S o l u t i o n v i s c o s i t y w a s d e t e r m i n e d u s i n g a N a m e t r e 
d i r e c t r e a d o u t v i s c o m e t e r ( M o d e l 7 - 0 0 6 ) a t 2 5 ° C . 
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C a r b o x y l C o n t e n t . A n i o n e x c h a n g e p r o c e d u r e w a s u s e d 
f o r the d e t e r m i n a t i o n o f t h e c a r b o x y l c o n t e n t . F l a k e w a s t r e a t e d 
w i t h H C 1 to c o n v e r t the c a r b o x y l g r o u p s to t h e i r a c i d f o r m . 
C a r b o x y l p r o t o n s w e r e t h e n l i b e r a t e d b y e x c h a n g e w i t h c a l c i u m 
a c e t a t e a n d s u b s e q u e n t l y t i t r a t e d . 

S u g a r A n a l y s i s . Q u a n t i f i c a t i o n o f the c a r b o h y d r a t e c o n ­
t e n t w a s a c c o m p l i s h e d b y g a s c h r o m a t o g r a p h y o f the t r i m e t h y l -
s i l a t e d s u g a r m o n o m e r s w h i c h w e r e o b t a i n e d b y h y d r o l y s i s o f 
the c e l l u l o s e a c e t a t e o r w o o d p u l p (_5, 6 ) . S p e c i a l p r o c e d u r e s 
w e r e d e v e l o p e d to c h a r a c t e r i z e 7 0 - 1 0 0 m g s a m p l e s . A n a c c u ­
r a t e d r y s a m p l e w e i g h t a n d a c e t y l v a l u e w e r e f i r s t o b t a i n e d a n d 
the f o l l o w i n g h y d r o l y s i s p r o c e d u r e u s e d : 

1 . T h e s a m p l e
f o r a b o u t t w o h o u r s , c o o l e d i n a d e s s i c a t o r to r o o m t e m p e r a t u r e , 
t h e n w e i g h e d . 

2 . O n e m l o f 77 p e r c e n t s u l f u r i c a c i d w a s a d d e d f o r s o l ­
v a t i o n a n d s h a k e n f o r o n e to t h r e e h o u r s . E x t r e m e l y d i s c o l o r e d 
s a m p l e s w e r e d i s c a r d e d . 

3 . T h e s o l v a t e d s a m p l e w a s d i l u t e d w i t h 25 m l o f d i s t i l l e d 
w a t e r a n d 5 m l o f a 2 . 0 m g / m l m y o - i n o s i t o l s o l u t i o n ( r e f e r e n c e 
s u g a r ) . 

4 . T h e s o l u t i o n w a s t h e n r e f l u x e d f o r f o u r h o u r s . 

N e x t , a n e u t r a l i z a t i o n s t e p c o n s i s t e d o f p l a c i n g . a 5 m l 
a l i q u o t o f the h y d r o l y z e d s a m p l e i n a c e n t r i f u g e t u b e , a d d i n g 0 . 7 
g o f b a r i u m c a r b o n a t e p o w d e r , a n d p l a c i n g the c o n t e n t s i n t o a 
v a c u u m o v e n a t 6 5 ° C . A f t e r n e u t r a l i z a t i o n , c o i n c i d e n t w i t h the 
c e s s a t i o n o f b u b b l e s , the m i x t u r e w a s c e n t r i f u g e d (2 , 0 0 0 r p m f o r 
1 0 - 1 5 m i n u t e s ) . T h e r e s u l t a n t s u p e r n a t e w a s p l a c e d i n t o a 10 m l 
p e a r - s h a p e d f l a s k a n d e v a p o r a t e d to d r y n e s s u n d e r r e d u c e d 
p r e s s u r e w i t h a r o t a r y e v a p o r a t o r ( b a t h t e m p e r a t u r e 2 5 - 3 5 ° C ) . 

T r i m e t h y l s i l a t i o n w a s a c c o m p l i s h e d b y a d d i n g a 1 m l a m ­
p u l e o f T R I - S I L ( P i e r c e C h e m i c a l C o m p a n y ) i n t o the f l a s k a n d 
p e r m i t t i n g i t to r e a c t f o r o n e h o u r a t 5 0 ° C . T h e r e a c t i o n v i a l 
w a s c e n t r i f u g e d to s e t t l e the p r e c i p i t a t e . A 1 - 2 m i c r o n s a m p l e 
o f s u p e r n a t e w a s u s e d f o r g a s c h r o m a t o g r a p h i c a n a l y s i s . G a s 
c h r o m a t o g r a p h c o n d i t i o n s w e r e : 

1 . A 4 0 - f o o t , 1/8 i n c h O . D . s t a i n l e s s s t e e l t u b e p a c k e d 
w i t h D e x s i l 3 0 0 G C (5 p e r c e n t ) o n C h r o m a s o r b W . 

2 . I n j e c t i o n p o r t t e m p e r a t u r e o f 2 5 0 ° C , d e t e c t o r t e m ­
p e r a t u r e o f 2 8 0 ° C . 

3 . P r o g r a m s e q u e n c e w a s to i n j e c t a t 1 6 0 ° C w i t h a 12 
m i n u t e h o l d t i m e , f o l l o w e d b y a 1 ° C / m i n u t e p r o g r a m r a t e to 
2 5 0 ° C . 
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Response f a c t o r s were determined f o r a v a r i e t y of sugars, as 
shown i n Table II· 

T A B L E II: Response F a c t o r s f o r Gas Chromatography 

Sugar R F 

α Glucose 1.23 
3 Glucose 1. 22 
Y Glucose 1.22 
ot, β X y l o s e 1. 24 
<*, 3 Mannose 1.24 
ct, β Ribos

A r a b i n o s
So r b i t o l /Mannitol 1. 00 
Methyl Glucose 1. 20 
G l u c o n i c A c i d 1. 50 
G l u c u r o n i c A c i d 1. 50 
Glue uronolac tone 1. 50 
M y o - i n o s i t o l define 1.00 

R e s u l t s a r e reported as the percentage of a l l sugars that 
a r e glucose, mannose, o r x y l o s e . T h i s does not give the per­
centage of the pulp o r c e l l u l o s e acetate that i s other than the 
sugar. F o r example, i f the pulp contained l a r g e amounts of 
r e s i n , l i g n i n , ash, etc. , the actual sugar content could be much 
l e s s than that given by the sugar a n a l y s i s . With acetate grade 
wood pulps, the amount of other i m p u r i t i e s i s e x t r e m e l y low and 
the sugar a n a l y s i s can be taken as a good approximation of the 
sugar content of the pulp. 

M o l e c u l a r Weight D i s t r i b u t i o n . T e t r a h y d r o f u r a n has been 
the most commonly used solvent f o r determining the m o l e c u l a r 
weight d i s t r i b u t i o n s of c e l l u l o s e and c e l l u l o s e acetate by gel 
permeation chromatography. However, i t i s a m a r g i n a l solvent 
f o r c e l l u l o s e acetate having a broad a c e t y l value range. F o r 
c e l l u l o s e acetate made f r o m wood pulp, a prehump appears 
(eluting at the solvent front) which represents the highest mole­
c u l a r weight f r a c t i o n . T h i s prehump has been a s s o c i a t e d w i t h 
the amount of h e m i c e l l u l o s e i n the pulp and has been produced 
a r t i f i c i a l l y by adding mannan at the s t a r t of acetylation of cotton 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



102 SOLVENT SPUN R A Y O N , MODIFIED C E L L U L O S E FD3ERS 

l i n t e r s . I t w a s f e l t tha t a G P C m e t h o d t h a t w o u l d g i v e r e p r o d u ­
c i b l e d a t a u s i n g a g o o d c e l l u l o s e a c e t a t e s o l v e n t w o u l d b e o f 
v a l u e . F r o m p r e v i o u s s t u d i e s o f the o p t i c a l p r o p e r t i e s o f c e l l u ­
l o s e a c e t a t e s o l u t i o n s , i t w a s k n o w n t h a t a 91/9 r a t i o o f m e t h y ­
l e n e c h l o r i d e / m e t h a n o l w a s a p a r t i c u l a r l y e f f e c t i v e s o l v e n t . 

U s e o f a b i n a r y s o l v e n t i n G P C i s g e n e r a l l y n o t p r a c t i c e d 
b e c a u s e o f the e x t r e m e s e n s i t i v i t y o f the d e t e c t o r s to c o n c e n ­
t r a t i o n c h a n g e s . I n i t i a l l y , s w i t c h i n g f r o m t e t r a h y d r o f u r a n to 
m e t h y l e n e c h l o r i d e / m e t h a n o l p r o d u c e d a b a s e l i n e d r i f t . T h e 
d r i f t m a d e a r e a c a l c u l a t i o n s p r e c a r i o u s , so the f o l l o w i n g 
i n s t r u m e n t m o d i f i c a t i o n s w e r e m a d e . 

1 . R e f r a c t o m e t e r t e m p e r a t u r e w a s r e d u c e d to 2 5 ° C . 
2 . S u r g e t a n k a n
3 . C o n t i n u o u s s t i r r i n

c a r r i e d o u t . 
4 . A l l s o l v e n t w a s d i s t i l l e d a n d s t a n d a r d i z e d b y r e f r a c ­

t i v e i n d e x a n d a d d e d a t o n e t i m e to the r e s e r v o i r . 
5 . N a r r o w b o r e t u b i n g w a s a d d e d to the e x i t l i n e s o f the 

d e t e c t o r to m a i n t a i n a b a c k p r e s s u r e o n t h e d e t e c t o r . 
6 . A s t a g n a n t s o l u t i o n o f s o l v e n t w a s u s e d i n the r e f e r ­

e n c e s i d e o f t h e d e t e c t o r d u r i n g o p e r a t i o n to r e d u c e p r e s s u r e 
c h a n g e s . A f r e s h s o l v e n t w a s r e c i r c u l a t e d t h r o u g h the s y s t e m 
d a i l y p r i o r to m a k i n g m e a s u r e m e n t s . C a l i b r a t i o n c u r v e s w e r e 
r u n f r e q u e n t l y . 

T h e m e t h y l e n e c h l o r i d e / m e t h a n o l s o l v e n t w a s o b t a i n e d b y 
p r e p a r i n g a 9 2 . 7 / 7 . 3 (wt/wt) a z e o t r o p i c d i s t i l l a t e a n d c o r r e c t i n g 
i t to 91/9 b y the a d d i t i o n o f m e t h a n o l . T h e 91/9 r a t i o w a s u s e d 
s i n c e i t i s a b e t t e r s o l v e n t c o m p o s i t i o n t h a n the a z e o t r o p e c o m ­
p o s i t i o n . R e f r a c t i v e i n d e x w a s u s e d to a s s u r e the c o r r e c t c o m ­
p o s i t i o n u s i n g a c a l i b r a t i o n c u r v e o f k n o w n s o l v e n t r a t i o s . 

G e l p e r m e a t i o n c h r o m a t o g r a p h i c c o l u m n s (3/8 i n c h b y 
4 i n c h e s ) w e r e p a c k e d w i t h W a t e r s A s s o c i a t e s 1 S T Y R A G E L o f 
1 χ 1 0 6 , 3 χ 10 , 1 . 5 χ 1 0 4 , a n d 1 χ 1 0 4 Â p o r o s i t y . S a m p l e s 
w e r e r u n a s 0.25 p e r c e n t s o l u t i o n s i n e i t h e r t e t r a h y d r o f u r a n o r 
m e t h y l e n e c h l o r i d e / m e t h a n o l . C o l u m n s w e r e at a m b i e n t t e m ­
p e r a t u r e a n d t h e f l o w r a t e w a s 1 m l / m i n u t e . M o l e c u l a r s i z e -
e l u t i o n t i m e c a l i b r a t i o n w a s m a d e w i t h p o l y s t y r e n e s t a n d a r d s . 
T h e s e s t a n d a r d s a r e p r o b a b l y n o t o p t i m u m f o r t h i s s o l v e n t 
s y s t e m . 

A l t h o u g h a s t e a d y b a s e l i n e w a s r e t a i n e d f o r o v e r a t w o -
m o n t h p e r i o d , the c a l i b r a t i o n c u r v e s l o w l y a n d c o n t i n u o u s l y 
s h i f t e d . The shi f t was p r o b a b l y d u e to c h a n g e s i n S T Y R A G E L 
s w e l l i n g c h a r a c t e r i s t i c s , w h i c h a r e r e l a t e d to the p o r e size a n d 
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r e s o l u t i o n of the column. Changes i n r e s o l u t i o n have been m i n i ­
mal, with only a s m a l l change at the higher counts (lowest mole­
c u l a r weights). 

T y p i c a l chromatograms of c e l l u l o s e acetate i n tetrahydro-
fura n and methylene chloride/methanol a r e shown i n F i g u r e 3. 
What was si g n i f i c a n t was the l a c k of the prehump and the "high" 
m o l e c u l a r weight t a i l i n the methylene chloride/methanol s y s t e m 
sample. This difference was due to the better o v e r a l l s o l u b i l i t y 
of the sample i n methylene chloride/methanol compared to t e t r a -
hydrofuran. 

The slight change i n average m o l e c u l a r s i z e on changing 
f r o m tetrahydrofuran to methylene chloride/methanol was not 
fel t to be due to the i n c l u s i o
d i s t r i b u t i o n . It was b e l i e v e
rates and adsorptive effects of the solute towards the Sty r a g e l 
column and methylene chloride/methanol solvent. T h e r e f o r e , 
c o r r e l a t i o n between G P C parameters and conventional m o l e c u l a r 
weight measurments should be s l i g h t l y i m p r o v e d compared to the 
tetrahydrofuran system. This improvement was due to i n c l u s i o n 
of the prehump f r a c t i o n i n the d i s t r i b u t i o n curve. A c o r r e l a t i o n 
of the m o l e c u l a r s i z e as determined by G P C i n both the t e t r a ­
h ydrofuran and methylene c h l o r i d e /methanol solvents i s shown i n 
F i g u r e 4. In the D i s c u s s i o n section, the G P C r e s u l t s with methy­
lene chloride/methanol w i l l be d i s c u s s e d i n t erms of r e l a t i v e 
degree of p o l y m e r i z a t i o n , recognizing the r e l a t i o n s h i p n o r m a l l y 
used with tetrahydrofuran data. 

L i g n i n . The procedure used was a mo d i f i c a t i o n of that of 
C h i n c h o l i (7). The sample, i n i t i a l l y d r i e d under vacuum, was 
d i s s o l v e d i n cadoxen to make at le a s t four different concentration 
solutions (e.g., 1. 5-12 m g / l i t e r ) . The solutions, a f t e r being 
stored overnight i n a r e f r i g e r a t o r , were t r a n s f e r r e d to a quartz 
u l t r a v i o l e t c e l l and the adsorption r e c o r d e d at 190-330 nm. The 
absorption f r o m a cadoxen reference blank was also mea­
sured. Knowing the weight of dry sample, concentration 
of solutions, the absorptions measured, and the extinction co­
efficient of l i g n i n , the weight percentage of l i g n i n was calculat e d 
f r o m Beer's law. The exti n c t i o n c o e f f i c i e n t of l i g n i n was deter­
mined using a wood pulp having a K l a s o n l i g n i n content of 0. 14 
percent. 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



Figure 4. Comparative degree of polymerization of cellu­
lose acetate in tetrahydrofuran and methylene chloride-

methanol 
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C e l l u l o s e A c e t a t e P r e p a r a t i o n 

C e l l u l o s e a c e t a t e w a s p r e p a r e d f r o m e a c h l o w p u r i t y w o o d 
p u l p a c c o r d i n g to s t a n d a r d p r a c t i c e s f o r the a c e t i c a c i d - a c e t i c 
a n h y d r i d e - s u l f u r i c a c i d p r o c e s s . K e y p o i n t s i n c l u d e d : 

1 . T h e u s e o f a 1 2 - i n c h S p r o u t - W a l d r o n d i s k r e f i n e r to 
f l u f f the w o o d p u l p s h e e t . 

2 . A 14 p e r c e n t s u l f u r i c a c i d c a t a l y s t c o n c e n t r a t i o n b a s e d 
o n b o n e - d r y c e l l u l o s e . 

3 . A H e l i c o n e r e a c t o r ( A t l a n t i c R e s e a r c h C o m p a n y ) f o r 
the a c e t y l a t i o n a n d h y d r o l y s i s . 

4 . S u l f u r i c a c i d n e u t r a l i z a t i o n w i t h m a g n e s i u m a c e t a t e . 

R e s u l t s a n d D i s c u s s i o n 

S o f t w o o d K r a f t P u l p s . F l a k e p r o d u c e d f r o m s o f t w o o d k r a f t 
p u l p s ( T a b l e III) h a d a v e r y l o w f i l t r a t i o n v a l u e i n the a c e t o n e / 
w a t e r s o l u t i o n (< 1 g / c m ^ ) b e c a u s e o f the 30 p e r c e n t i n s o l u b l e 
r e s i d u e . A l t h o u g h the a c e t y l v a l u e w a s h i g h e r t h a n t a r g e t (56 . 3 
v e r s u s 5 5 . 0 t a r g e t ) i t w a s n o t f e l t to b e a c o n t r i b u t o r to the p o o r 
f i l t e r a b i l i t y s i n c e a c e t y l a t i o n g r a d e p u l p s p r o d u c e s a t i s f a c t o r y 
c e l l u l o s e a c e t a t e s o l u t i o n s e v e n a t t h i s a c e t y l v a l u e . 

T h e a c e t o n e / w a t e r s o l u b l e f r a c t i o n , h o w e v e r , h a d a m u c h 
i m p r o v e d f i l t e r a b i l i t y ( 2 3 . 1 v e r s u s <1 g / c m f o r the o r i g i n a l 
f l a k e ) . I t s a v e r a g e a c e t y l v a l u e w a s s i g n i f i c a n t l y l o w e r ( 5 5 . 2 
p e r c e n t ) . S u g a r a n a l y s i s s h o w e d t h a t a b o u t 75 p e r c e n t o f the 
g l u c o s e p r e s e n t i n t h e o r i g i n a l f l a k e w a s p r e s e n t i n the a c e t o n e 
s o l u b l e f r a c t i o n . I n c o n t r a s t , o n l y a b o u t 40 p e r c e n t o f the m a n -
n a n a n d 35 p e r c e n t o f the x y l a n w e r e p r e s e n t . H e n c e , t h e r e i s a 
p r e f e r e n t i a l e x c l u s i o n o f h e m i c e l l u l o s e a c e t a t e s v i a a c e t o n e 
s o l u b i l i t y . T h e a v e r a g e d e g r e e o f p o l y m e r i z a t i o n o f the s o l u b l e 
p o r t i o n d e c r e a s e d s l i g h t l y a s c o m p a r e d to the o r i g i n a l f l a k e (433 
v e r s u s 4 4 4 ) . T h e r e a l s o w a s a s i g n i f i c a n t d e c r e a s e i n the d i v a ­
l e n t c a t i o n a n d c a r b o x y l c o n t e n t i n the s o l u b l e p o r t i o n . H e n c e , 
a l l o f the c h a n g e s e x p e c t e d w i t h i n c r e a s e d s o l u b i l i t y i n a c e t o n e 
w e r e p r e s e n t . 

T h e a c e t o n e / w a t e r i n s o l u b l e r e s i d u e (30 p e r c e n t o f the 
o r i g i n a l f l a k e ) w a s e s s e n t i a l l y c o m p l e t e l y s o l u b l e i n m e t h y l e n e 
c h l o r i d e / m e t h a n o l . B o t h the a c e t y l v a l u e ( 5 6 . 6 p e r c e n t ) a n d 
d e g r e e o f p o l y m e r i z a t i o n (570) w e r e s i g n i f i c a n t l y h i g h e r t h a n 
the a c e t o n e / w a t e r s o l u b l e f r a c t i o n . T h e t r u e a c e t y l v a l u e m a y 
e v e n b e h i g h e r t h a n 5 6 . 6 p e r c e n t s i n c e the h i g h x y l a n c o n t e n t 
(17 p e r c e n t ) t e n d s to r e d u c e the m e a s u r e d a c e t y l v a l u e . T h i s i s 
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T A B L E I I I : A n a l y s i s o f C e l l u l o s e A c e t a t e P r e p a r e d f r o m a 
S o f t w o o d K r a f t W o o d P u l p 

P r o p e r t y 
O r i g i n a l 

F l a k e 

100 W e i g h t F r a c t i o n , % 

S u g a r A n a l y s i s , % 
G l u c o s e 8 0 . 2 
M a n n o s e 9. 5 
X y l o s e 7

I n t r i n s i c V i s c o s i t y 1 . 6 9 

D e g r e e o f P o l y m e r i ­
z a t i o n 4 4 4 

A c e t y l V a l u e , % 5 6 . 3 

C a r b o x y l C o n t e n t , 
m e q / k g 2 2 . 0 

C a t i o n C o n t e n t , p p m 
S o d i u m 60 
C a l c i u m 105 
M a g n e s i u m 436 

L i g n i n , % 

F i l t r a t i o n V a l u e , 
g / c m 2 

A c e t o n e / W a t e r <1 
M e t h y l e n e C h l o r i d e / 

M e t h a n o l 10 

A c e t o n e 
S o l u b l e 

F r a c t i o n 

6 9 . 9 

8 7 . 8 
5 . 3 

4 3 3 

5 5 . 2 

1 1 . 1 

93 
6 4 
71 

A c e t o n e I n s o l u b l e 
b u t 

M e t h y l e n e C h l o r i d e 
S o l u b l e F r a c t i o n 

3 0 . 0 

5 9 . 4 
1 8 . 6 

570 

5 6 . 6 

4 6 . 0 

92 
157 
965 

2 3 . 1 
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b e c a u s e the a c e t y l v a l u e a s c a l c u l a t e d a s s u m e s t h r e e p o s i t i o n s 
f o r a c e t y l s u b s t i t u t i o n , w h e r e a s x y l a n h a s o n l y two h y d r o x y l 
p o s i t i o n s * B o t h m a n n a n a n d x y l a n e n r i c h m e n t w a s a l s o c o n f i r m ­
e d . T h e m a t e r i a l b a l a n c e s h o w s a b o u t 60 p e r c e n t o f the o r i g i n a l 
m a n n a n a n d 65 p e r c e n t o f the o r i g i n a l x y l a n r e m a i n e d i n t h i s 
a c e t o n e i n s o l u b l e r e s i d u e . A l t h o u g h the c a t i o n a n a l y s i s d i d n o t 
p r o d u c e a n e x a c t m a t e r i a l b a l a n c e , i t d i d s h o w a m a r k e d e n r i c h ­
m e n t i n the d i v a l e n t c a t i o n s . C o m p a r e d to the o r i g i n a l f l a k e , 
the m a g n e s i u m c o n t e n t d o u b l e d a n d the c a l c i u m c o n t e n t i n c r e a s e d 
50 p e r c e n t . T h i s i s a l s o c o n s i s t e n t w i t h the 100 p e r c e n t i n c r e a s e 
i n c a r b o x y l c o n t e n t . 

T h e r e s i d u e i n s o l u b l e i n m e t h y l e n e c h l o r i d e / m e t h a n o l 
( a p p r o x i m a t e l y 0 . 1 p e r c e n t ) w a s too s m a l l f o r d e t a i l e d a n a l y s i s . 

S o f t w o o d S u l f i t e P u l p . T h e s o f t w o o d s u l f i t e p u l p ( T a b l e I V ) 
a l s o p r o d u c e d a c e l l u l o s e a c e t a t e f l a k e h a v i n g p o o r f i l t r a t i o n v a l ­
u e s ( < l g / c m 2 ) . A g a i n , t h e r e w a s a b o u t a 30 p e r c e n t i n s o l u b l e 
r e s i d u e i n the a c e t o n e / w a t e r s o l u t i o n w h i c h a c c o u n t e d f o r a b o u t 
25 p e r c e n t o f the g l u c o s e p r e s e n t i n the o r i g i n a l f l a k e . H o w e v e r , 
i n c o n t r a s t to the s o f t w o o d k r a f t , t h e r e w a s a l s o a h i g h e r r a t i o 
o f m a n n a n to x y l a n c o n t e n t i n the f l a k e t h a n i n the i n i t i a l w o o d 
p u l p . 

T h e a c e t o n e / w a t e r s o l u b l e p o r t i o n o f the f l a k e h a d a h i g h e r 
g l u c o s e c o n t e n t t h a n the o r i g i n a l f l a k e . W h e r e a s the a c e t o n e / 
w a t e r s o l u b l e p o r t i o n r e p r e s e n t e d a p p r o x i m a t e l y 70 p e r c e n t o f 
the o r i g i n a l f l a k e , i t c o n t a i n e d a p p r o x i m a t e l y 75 p e r c e n t o f the 
o r i g i n a l g l u c o s e c o n t e n t . T h e m a n n a n a n d x y l a n c o n t e n t r e p r e ­
s e n t e d o n l y 42 p e r c e n t a n d 46 p e r c e n t r e s p e c t i v e l y o f t h a t p r e s e n t 
i n the i n i t i a l f l a k e . H e n c e , a s w i t h the s o f t w o o d k r a f t , t h e r e i s 
a n e n r i c h m e n t i n g l u c o s e a n d r e j e c t i o n o f h e m i c e l l u l o s e c o m p o n ­
e n t s i n the a c e t o n e s o l u b l e p o r t i o n . A s e x p e c t e d , the f i l t r a t i o n 
q u a l i t y o f the a c e t o n e / w a t e r s o l u b l e p o r t i o n w a s g r e a t e r t h a n the 
o r i g i n a l (< 1 g / c m 2 c o m p a r e d to 2 0 . 2 g / c m 2 ) . T h e r e w a s a l s o 
a r e d u c e d a c e t y l v a l u e , c a r b o x y l c o n t e n t , a n d a v e r a g e d e g r e e o f 
p o l y m e r i z a t i o n i n the s o l u b l e f r a c t i o n . T h e r e w a s o n e a n o m a l y 
i n the d i v a l e n t c a t i o n c o n t e n t . A l t h o u g h the c a l c i u m l e v e l d r o p p e d 
a s a n t i c i p a t e d , the m a g n e s i u m l e v e l i n c r e a s e d . T h i s i s b e l i e v e d 
i n e r r o r s i n c e i t i s n o t c o n s i s t e n t w i t h the r e d u c e d c a r b o x y l c o n ­
t e n t o r the m a g n e s i u m i o n m a t e r i a l b a l a n c e . 

T h e 30 p e r c e n t f r a c t i o n o f the f l a k e that w a s i n s o l u b l e i n 
a c e t o n e w a s c o m p l e t e l y s o l u b l e i n m e t h y l e n e c h l o r i d e / m e t h a n o l . 
S u g a r a n a l y s i s c o n f i r m e d a n i n c r e a s e d h e m i c e l l u l o s e l e v e l . B o t h 
m a n n a n a n d x y l a n l e v e l s w e r e a p p r o x i m a t e l y d o u b l e tha t i n the 
o r i g i n a l f l a k e . A l l the p r o p e r t i e s o f the a c e t o n e i n s o l u b l e p o r t i o n 
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T A B L E I V : A n a l y s i s o f C e l l u l o s e A c e t a t e P r e p a r e d f r o m a 
S o f t w o o d S u l f i t e W o o d P u l p 

P r o p e r t y 

W e i g h t F r a c t i o n , % 

S u g a r A n a l y s i s , % 
G l u c o s e 
M a n n o s e 
X y l o s e 

I n t r i n s i c V i s c o s i t y 

D e g r e e o f P o l y m e r i ­
z a t i o n 

A c e t y l V a l u e , % 

C a r b o x y l C o n t e n t , 
m e q / k g 

C a t i o n C o n t e n t , p p m 
S o d i u m 
C a l c i u m 
M a g n e s i u m 

L i g n i n , % 

A c e t o n e 
O r i g i n a l S o l u b l e 

F l a k e F r a c t i o n 

100 7 0 . 8 

8 7 . 7 9 2 . 2 
1 0 . 4 6 . 0 

1 . 6 4 

378 3 3 4 

5 5 . 5 5 5 . 3 

1 5 . 9 7 . 3 

69 149 
116 90 
57 2 7 5 

0 . 3 4 0 . 6 3 

2 0 . 2 

A c e t o n e I n s o l u b l e 
b u t 

M e t h y l e n e C h l o r i d e 
S o l u b l e F r a c t i o n 

2 9 . 1 

7 2 . 3 
2 0 . 1 

4 2 0 

5 6 . 3 

1 4 . 8 

145 
197 
354 

0 . 7 0 

F i l t r a t i o n V a l u e , 
g / c m 2 

A c e t o n e / W a t e r 1 
M e t h y l e n e C h l o r i d e / 
M e t h a n o l 37 
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h a d c h a n g e d f r o m the o r i g i n a l f l a k e c o n s i s t e n t w i t h h i n d e r e d 
s o l u b i l i t y . T h e r e w a s a n i n c r e a s e i n a c e t y l v a l u e , c a r b o x y l c o n ­
t e n t , a v e r a g e d e g r e e o f p o l y m e r i z a t i o n , a n d d i v a l e n t c a t i o n c o n ­
t e n t . 

H a r d w o o d K r a f t P u l p . T h i s p u l p p r o d u c e d a c e l l u l o s e a c e ­
t a t e f l a k e w i t h s i g n i f i c a n t l y d i f f e r e n t s o l u b i l i t y c h a r a c t e r i s t i c s 
t h a n e i t h e r o f the s o f t w o o d p u l p s ( T a b l e V ) . T h e p u l p a n d the 
r e s u l t a n t f l a k e a r e h i g h i n x y l a n c o n t e n t , r e f l e c t i n g the c h a r a c ­
t e r i s t i c s o f the h a r d w o o d f u r n i s h . T h e r e w a s o n l y a o n e p e r c e n t 
m a n n a n c o n t e n t i n the f l a k e , w h e r e a s the x y l a n c o n t e n t w a s 1 6 . 7 
p e r c e n t . T h e i n t r i n s i c v i s c o s i t y a n d t h e a v e r a g e d e g r e e o f p o l y ­
m e r i z a t i o n w a s h i g h e r t h a n f l a k e s f r o m the t w o s o f t w o o d p u l p s . 
T h i s i s m e r e l y a c o n s e q u e n c
s i c v i s c o s i t y . A p p r o x i m a t e l y 80 p e r c e n t o f the f l a k e w a s s o l u b l e 
i n the a c e t o n e / w a t e r s o l u t i o n . E v e n t h o u g h t h i s w a s a p p r o x i ­
m a t e l y 10 p e r c e n t m o r e t h a n f l a k e f r o m the s o f t w o o d p u l p s , the 
s l i g h t i n c r e a s e i n f i l t e r a b i l i t y ( 1 . 2 g / c m 2 v e r s u s 1 g / c m r ) w a s 
n o t o f p r a c t i c a l s i g n i f i c a n c e . 

T h e a c e t o n e / w a t e r s o l u b l e p o r t i o n o f the f l a k e c o n t a i n e d a n 
i n c r e a s e d g l u c o s e c o n t e n t a n d a r e d u c e d m a n n a n a n d x y l a n c o n ­
t e n t . A p p r o x i m a t e l y 90 p e r c e n t o f the g l u c o s e i n the o r i g i n a l 
f l a k e w a s i n the a c e t o n e / w a t e r s o l u b l e p o r t i o n , w h e r e a s o n l y 
a b o u t 60 p e r c e n t o f the m a n n o s e a n d 30 p e r c e n t o f the x y l o s e w a s 
p r e s e n t . H e n c e , t h e r e w a s a s i g n i f i c a n t x y l o s e r e j e c t i o n i n the 
a c e t o n e / w a t e r s o l u b l e f r a c t i o n . T h e r e l a t i v e l y s m a l l , t o t a l 
m a n n o s e c o n t e n t a c t u a l l y h a d l i t t l e i m p a c t . A s w i t h the o t h e r 
p u l p s , t h e r e w a s a r e d u c t i o n i n c a r b o x y l c o n t e n t , a v e r a g e d e g r e e 
o f p o l y m e r i z a t i o n , a n d d i v a l e n t c a t i o n c o n t e n t i n t h e a c e t o n e / 
w a t e r s o l u b l e p o r t i o n . T h e f i l t e r a b i l i t y , a s e x p e c t e d , a l s o i n ­
c r e a s e d to a r e s p e c t a b l e 3 7 . 5 g / c m 2 . 

B e h a v i o r i n the m e t h y l e n e c h l o r i d e s o l u t i o n a l s o w a s d i f ­
f e r e n t f r o m c e l l u l o s e a c e t a t e p r o d u c e d b y the s o f t w o o d p u l p s . 
W h e r e a s a l l the a c e t o n e / w a t e r i n s o l u b l e f r a c t i o n w a s s o l u b l e i n 
m e t h y l e n e c h l o r i d e u s i n g the s o f t w o o d p u l p s , o n l y a b o u t t w o - t h i r d s 
w a s s o l u b l e w i t h the h a r d w o o d k r a f t . T h e m e t h y l e n e c h l o r i d e 
s o l u b l e f r a c t i o n r e p r e s e n t e d o n l y 1 3 . 2 p e r c e n t o f the o r i g i n a l 
f l a k e , a n d the i n s o l u b l e p o r t i o n r e p r e s e n t e d 6 . 3 p e r c e n t . T h e 
m e t h y l e n e c h l o r i d e s o l u b l e p o r t i o n c o n t a i n e d a v e r y l o w g l u c o s e 
c o n t e n t ( 2 7 . 4 p e r c e n t ) a n d t h e r e m a i n d e r o f the m a n n o s e . T h e 
x y l o s e c o n t e n t w a s a p p r o x i m a t e l y 62 p e r c e n t . T h e r e w a s a f u r ­
t h e r i n c r e a s e i n d i v a l e n t c a t i o n c o n t e n t a n d l i g n i n c o n t e n t . T h e 
m e t h y l e n e c h l o r i d e i n s o l u b l e f r a c t i o n h a d a n e v e n f u r t h e r d e ­
c r e a s e i n g l u c o s e c o n t e n t w i t h a n a c c o r d a n t i n c r e a s e d x y l o s e 
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c o n t e n t . T h e c a r b o x y l c o n t e n t o f b o t h the s o l u b l e a n d i n s o l u b l e 
m e t h y l e n e c h l o r i d e f r a c t i o n w a s e x t r e m e l y h i g h a t 1 4 4 - 1 5 9 m e q / 
k g . 

H a r d w o o d S u l f i t e P u l p . T h i s p u l p w a s q u i t e d i s t i n c t f r o m 
the o t h e r t h r e e . W h e r e a s the o t h e r s p r o d u c e d a c e l l u l o s e a c e t a t e 
h a v i n g a f i l t r a t i o n v a l u e no g r e a t e r t h a n 1 g / c m 2 , t h i s p u l p g a v e 
a f l a k e w i t h 11 g / c m 2 f i l t r a t i o n v a l u e . T h e r e l a t i v e l y g o o d p e r ­
f o r m a n c e o f t h i s p u l p w a s c o n s i s t e n t w i t h p r e v i o u s l i t e r a t u r e (2, 
3). T h e s u l f i t e p r o c e s s d e g r a d e s the x y l a n b u t d o e s n o t l i n e a r ­
i z e i t . T h e h a r d w o o d s i n h e r e n t l y h a v e a l o w e r m a n n a n c o n t e n t . 
H e n c e , a h a r d w o o d s u l f i t e p u l p e x h i b i t s the l e a s t e f f e c t o f h e m i ­
c e l l u l o s e c o n t e n t o n a c e t y l a t i o n p r o d u c t p e r f o r m a n c e . T h e g e n ­
e r a l c o m m e r c i a l a v a i l a b i l i t
q u i t e l i m i t e d s i n c e t h e y u s u a l l y h a v e p o o r e r y i e l d s f o r the p u l p 
m a n u f a c t u r e r . 

D e t a i l e d c h e m i c a l a n a l y s i s o f the i n s o l u b l e p o r t i o n s w a s n o t 
a t t e m p t e d s i n c e the a c e t o n e i n s o l u b l e p o r t i o n (< 2 p e r c e n t ) w a s 
too s m a l l f o r a n a l y s i s . 

S u g a r D i s t r i b u t i o n - P u l p to F i b e r . C e l l u l o s e a c e t a t e p r e ­
p a r e d f r o m a l o w p u r i t y s o f t w o o d s u l f i t e w a s u s e d to p r e p a r e f i b e r 
u s i n g a 91/9 m e t h y l e n e c h l o r i d e / m e t h a n o l s o l v e n t s y s t e m . T h e 
p u r p o s e w a s to f o l l o w the s u g a r c o n t e n t d i s t r i b u t i o n i n p u l p , f l a k e , 
f i b e r , a n d f i l t r a t i o n r e s i d u e s . 

A s e x p e c t e d , t h e r e w a s a s i g n i f i c a n t d r o p i n x y l a n c o n t e n t 
i n g o i n g f r o m p u l p to f l a k e ( T a b l e V I ) . T h e s u l f i t e p u l p i n g p r o ­
c e s s d e g r a d e s x y l a n s , a l l o w i n g t h e m to b e c o m e m o r e s o l u b l e i n 
the a c e t y l a t i o n p r o c e s s . T h e f l a k e w a s d i s s o l v e d i n m e t h y l e n e 
c h l o r i d e / m e t h a n o l (91/9) a n d f i l t e r e d t h r o u g h a c o m p r e s s i b l e 
f a b r i c m e d i u m . T h e r e s i d u e f i l t e r e d o u t h a d t h e s a m e s u g a r 
a n a l y s i s a s the o r i g i n a l f l a k e . H e n c e , f i l t r a t i o n d i d n o t p r e f e r e n ­
t i a l l y r e m o v e a h e m i c e l l u l o s e f r a c t i o n . F i b e r p r e p a r e d f r o m the 
s o l u t i o n a l s o h a d a c o m p o s i t i o n s i m i l a r to the o r i g i n a l f l a k e . 
F i b e r p h y s i c a l p r o p e r t i e s w e r e c o m p a r a b l e to t h a t m a d e w i t h 
s t a n d a r d a c e t y l a t i o n g r a d e w o o d p u l p s . 

L i g n i n C o n t e n t s . T h e p r o c e d u r e f o r l i g n i n c o n t e n t w a s u s e d 
w i t h c e l l u l o s e a c e t a t e p r e p a r e d f r o m the s o f t w o o d s u l f i t e a n d 
h a r d w o o d k r a f t p u l p s . S i n c e the m e t h o d w a s b a s e d o n U V a b s o r p ­
t i o n a t a s p e c i f i c w a v e l e n g t h , i t i s p o s s i b l e to h a v e i n t e r f e r e n c e 
f r o m o t h e r c o m p o u n d s . H e n c e , a l t h o u g h the r e s u l t s w e r e c o r r e ­
l a t e d w i t h K l a s o n l i g n i n , t h e y m a y n o t t r u l y b e l i g n i n b u t w i l l b e 
c a l l e d s o . I n a n y c a s e , t h e t w o l o w p u r i t y p u l p s p r o d u c e d f l a k e 
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T A B L E V I : S u g a r A n a l y s i s a t V a r i o u s P r o d u c t S t a g e s U s i n g 
a S o f t w o o d S u l f i t e W o o d P u l p * 

C e l l u l o s e C e l l u l o s e 
A c e t a t e A c e t a t e F i l t r a t i o n 

C o m p o n e n t P u l p F l a k e Y a r n R e s i d u e 

G l u c o s e , % 9 0 . 9 8 8 . 6 8 9 . 9 8 8 . 7 

M a n n o s e , % 6 . 1 8 . 5 7 . 7 8 . 2 

X y l o s e , % 2 . 0 0 . 8 0 . 8 0 . 9 

* N o t e : T h i s i s a d i f f e r e n
the f r a c t i o n a t i o n s t u d y . 

w i t h l i g n i n c o n t e n t s o f 0 . 34 p e r c e n t ( s o f t w o o d ) a n d 0 . 52 p e r c e n t 
( h a r d w o o d ) . T h e l i g n i n r e s u l t s f o r the s o f t w o o d w e r e n o t c o n s i s ­
t e n t w i t h the f r a c t i o n a t i o n s e q u e n c e m a t e r i a l b a l a n c e b u t t h e y 
w e r e f o r t h e h a r d w o o d p u l p . T h e a c e t o n e / w a t e r s o l u b l e p o r t i o n 
o f the l a t t e r h a d a l o w e r l i g n i n c o n t e n t , w h e r e a s the i n s o l u b l e 
p o r t i o n h a d a s i g n i f i c a n t l y h i g h e r l e v e l . 

T h e l i g n i n p r o c e d u r e w a s a l s o a p p l i e d to a s e r i e s o f o t h e r 
p u l p s a n d f l a k e s ( T a b l e V I I ) . A c e t y l a t i o n g r a d e p u l p s a n d a c e t a t e 
f l a k e s p r e p a r e d f r o m t h e m w e r e a p p r o x i m a t e l y e q u a l (0 . 36 to 
0 . 4 2 p e r c e n t ) . F l a k e p r e p a r e d f r o m a l o w e r p u r i t y p u l p w a s 
q u i t e s i m i l a r . T o b e s u r e t h e m e t h o d w a s c a p a b l e o f m a k i n g 
d i s t i n c t i o n s , a p l a s t i c s g r a d e p u l p a n d a v e r y i m p u r e p u l p 
( K a p p a n u m b e r o f 45) w e r e e v a l u a t e d . T h e f o r m e r w a s 0 . 15 p e r ­
c e n t , w h e r e a s the l a t t e r w a s 7 . 7 p e r c e n t . H e n c e , i t i s f e l t t h a t 
t h e r e s u l t s f o r t h e a c e t y l a t i o n a n d l o w e r p u r i t y p u l p s a r e c o n s i s ­
t e n t . 

C o n c l u s i o n s 

C e l l u l o s e a c e t a t e , p r e p a r e d f r o m c e l l u l o s e h a v i n g a l o w e r 
p u r i t y than a c e t y l a t i o n g r a d e w o o d p u l p s , i s k n o w n to p r o d u c e 
a c e t o n e s o l u t i o n s o f u n s a t i s f a c t o r y q u a l i t y . P r o p e r t i e s o f b o t h 
t h e s o l u b l e a n d i n s o l u b l e p o r t i o n s o f c e l l u l o s e a c e t a t e i n a c e t o n e 
h a v e b e e n q u a n t i t a t i v e l y c h a r a c t e r i z e d . 

S o f t w o o d p u l p s , p r e p a r e d b y e i t h e r the k r a f t o r s u l f i t e p r o ­
c e s s , p r o d u c e a p p r o x i m a t e l y a 30 p e r c e n t i n s o l u b l e r e s i d u e i n 
a c e t o n e s o l u t i o n s . T h e r e s i d u e i s a l m o s t c o m p l e t e l y s o l u b l e i n 
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T A B L E V I I : C o m p a r a t i v e " L i g n i n " C o n t e n t 

W e i g h t P e r c e n t " L i g n i n " 
S a m p l e ( B a s e d o n P u l p W e i g h t ) 

H a r d w o o d , P r e h y d r o l y z e d K r a f t P u l p 0 . 38 
( A c e t y l a t i o n G r a d e ) 

S o f t w o o d , S u l f i t e P u l p ( A c e t y l a t i o n 0 . 37 
G r a d e ) 

C e l l u l o s e A c e t a t e F l a k e f r o m a S o f t - 0 . 36 
w o o d K r a f t P u l p 

C e l l u l o s e A c e t a t e F l a k
w o o d , P r e h y d r o l y z e d K r a f t P u l p 
( A c e t y l a t i o n G r a d e ) 

S o f t w o o d S u l f i t e P u l p ( P l a s t i c s G r a d e ) 0 . 15 

K a p p a 4 5 W o o d P u l p 7. 7 

a m e t h y l e n e c h l o r i d e / m e t h a n o l s o l u t i o n . H a r d w o o d k r a f t p u l p s 
h a v e a 20 p e r c e n t r e s i d u e , o f w h i c h o n l y t w o - t h i r d s i s s o l u b l e i n 
m e t h y l e n e c h l o r i d e / m e t h a n o l . T h e r e m a i n i n g o n e - t h i r d i s p r i ­
m a r i l y i n s o l u b l e l i n e a r i z e d x y l a n s . H a r d w o o d s u l f i t e p u l p s a r e 
r a t h e r u n i q u e i n t h a t the c e l l u l o s e a c e t a t e p r o d u c e d h a s a r e l a ­
t i v e l y h i g h a c e t o n e s o l u b i l i t y (>98 p e r c e n t ) . 

S u g a r a n a l y s i s i n d i c a t e s a n e n r i c h m e n t i n g l u c o s e (5 to 15 
p e r c e n t ) a n d a r e d u c t i o n o f m a n n o s e (30 to 4 0 p e r c e n t ) a n d x y l o s e 
(20 to 65 p e r c e n t ) i n the a c e t o n e s o l u b l e p o r t i o n o f the c e l l u l o s e 
a c e t a t e . 

A g e l p e r m e a t i o n c h r o m a t o g r a p h y p r o c e d u r e t o p r o v i d e a 
m o l e c u l a r s i z e d i s t r i b u t i o n u s i n g a m e t h y l e n e c h l o r i d e / m e t h a n o l 
s o l v e n t s y s t e m w a s d e v e l o p e d . T h e a v e r a g e d e g r e e o f p o l y m e r i ­
z a t i o n o f t h e a c e t o n e s o l u b l e p o r t i o n o f the f l a k e w a s l o w e r (2 to 
20 p e r c e n t ) t h a n the o r i g i n a l f l a k e . 

T h e a c e t o n e s o l u b l e p o r t i o n o f the f l a k e p r e p a r e d f r o m e a c h 
w o o d p u l p a l s o s h o w e d the f o l l o w i n g i d e n t i c a l p a t t e r n s : 

1 . L o w e r a v e r a g e a c e t y l v a l u e ( 0 . 2 to 1 . 1 u n i t s l o w e r ) 
2 . L o w e r c a l c i u m i o n c o n t e n t (20 to 50 p e r c e n t l o w e r ) 
3 . L o w e r c a r b o x y l c o n t e n t (50 p e r c e n t l o w e r f o r t h e 

s o f t w o o d a n d 75 p e r c e n t l o w e r f o r the h a r d w o o d ) 
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The apparent l ignin content of pulp and the cellulose acetate 
prepared from it are s imi l a r . However, the acetone soluble por­
tion of the flake has a lower l ignin content. 

Both cellulose acetate flake and fiber prepared from a low 
purity wood pulp retain s imi l a r sugar contents. F ibe r physical 
properties, obtained by extruding a methylene chloride/methanol 
solution, are s imi l a r to that obtained with an acetylation grade 
wood pulp. 
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9 
Acetylation of Homogeneously Sulfated Cellulose 

W. B. RUSSO and G. A. SERAD 

Celanese Fibers Co., Charlotte, N.C. 28232 

The most common method for the preparation of cellulose 
acetate involves the heterogeneou
an acetic anhydride-aceti
sulfuric acid catalyst. The heterogeniety of the reaction is 
reflected in that the interior regions of the cellulose become 
available to the reagents only as accessible regions in the 
cellulose react and become soluble. A consequence is that to 
prepare a useful cellulose acetate the cellulose must be 
completely esterified to a soluble triacetate and then sub­
sequently hydrolyzed to the desired acetyl value. 

A desirable alternative to prepare cellulose acetate would 
be to dissolve the cellulose in a suitable solvent, react it 
homogeneously to the desired acetyl value, and quench the 
reaction to give the product. Unfortunately the traditional 
solvents for cellulose do not lend themselves to direct acetyla­
tion. 

Recently a dimethyl formamide/dinitrogen tetroxide solvent 
system was reported for cellulose (1). It was also reported 
that cellulose could be sulfated to give a water soluble, homo­
geneous cellulose sulfate in this solvent. With this former 
work as a basis, a program was initiated to prepare secondary 
cellulose acetate using a cellulose solvent system. 

Results and Discussion 

Direct Acetylation of Dissolved Cellulose. Based on the 
published reports (1). a variety of wood pulps were dissolved by 
bubbling N2O4 gas into a dimethyl formamide - pulp slurry. A 
clear viscous solution and color from light yellow to blue-green 
indicated complete solutioning. 

Attempts were made to acetylate the dissolved cellulose 
directly using a variety of reagents (see Table I). The reagents 
were used with and without added catalysts, at room temperature 
and at elevated temperatures. In all cases the regenerated 
material showed no evidence of acetylation. As a final attempt, 
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cellulose solutions were treated with ketene. Although color 
changes suggested reaction, no evidence of acetylation was 
observed after regeneration. We believe that none of these 
reagents was capable of replacing the nitrite groups attached 
to the cellulose to form an acetate* Instead, i t was decided 
to concentrate efforts on the regenerated cellulose to circum­
vent this problem. 

Table I: Attempted Acetylation of DMF-N^ 

Reagent Result 

Acetic Anhydride No Reaction 
Acetic Anhydride/Sulfuric Acid No Reaction 
Acetic Anhydride/Pyridin
Sodium Acetate No Reaction 
Potassium Acetate No Reaction 
Acetyl Chloride No Reaction 
Ketene No Reaction 

Acetylation of Regenerated Cellulose, The accessibility 
of the cellulose to reagents i s a major consideration in the 
preparation of cellulose acetate. A study was made to determine 
the combined effects of dissolution of cellulose in a DMF-N20if 

solution and regeneration as a pretreatment for acetylation. 
An acetate grade wood pulp was dissolved in a DMF-N20it solution 
and then regenerated with acetic acid. It was further solvent 
exchanged with acetic acid to remove residual DMF-N20it by 
products. Acetylation of the regenerated pulp at a low consis­
tency ( 2 ) (2% solids) was much faster than for the same pulp 
pretreated under standard conditions. However, the turbidity 
of the final solution was much higher (see Figure 1 ) . This 
Indicated that although the rate of acetylation substantially 
improved, the triacetate product quality was poorer. Thus, 
merely increasing the accessibility of the cellulose to reagents 
is not sufficient to produce a good acetylation product. Since 
this was felt not to be a viable route to preparing useful 
cellulose esters, i t was decided to explore more uniform sulfa­
tion of the cellulose. 

Acetylation of Regenerated Cellulose with Homogeneous 
Sulfation, The mechanism for the dissolution of cellulose in 
DMF-N20it is reported to be due to the formation of a nitrite 
ester. It has also been reported that sulfur trioxide is capable 
of displacing the nitrite groups to form cellulose nitrite 
sulfate, with cellulose sulfate obtained after regeneration ( 1 ) . 
The high solubility of this regenerated material in water was 
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Figure 2. Comparative 
acetlyations of an acetyl­
ation grade wood pulp 
processed with standard 
and homogeneous sulfa­
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Figure 3. Comparative acetulations of a homogeneously sul­
fated, acetylation grade wood pulp having different equivalent 

sulfuric acid concentrations 
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Figure 4. Comparative acetylations of a softwood sulfite 
pulp processed with standard and homogeneous sulfation 
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cited as evidence of the homogeneous nature of the sulfate 
distribution. The acetylation behavior of cellulose sulfate 
prepared in this manner became the main focus of this study. 

To provide samples for acetylation, an acetate grade wood 
pulp was dissolved in D M F - ^ O i * and treated with sufficient sulfur 
trioxide (3) to provide an equivalence of 6% or 12% sulfuric 
acid. These samples were regenerated with acetic acid to form 
a gelatinous solid, then solvent exchanged with additional acetic 
acid. The gelatinous solid obtained was acetylated at a 2% 
consistency using a standard acetylation test (except for the 
omission of sulfuric acid.) The reaction was very rapid and 
gave a final solution turbidity normally associated with good 
fi l t e r a b i l i t y . Figure 2 shows a comparison of the same pulp 
acetylated by the homogeneous sulfation procedure (12% equiva­
lent sulfuric acid) an
The rate of esterificatio
(containing a 6% sulfuric acid equivalency) was also very rapid 
(see Figure 3). It was observed that the viscosity of the final 
cellulose triacetate was unusually high, when either a 6 or 12% 
equivalent sulfuric acid level was used. Thus i t appeared that 
acetylation grade wood pulps could be acetylated to an equiva­
lent product quality. However, the acetylation occured more 
rapid than by the traditional process and i t occurred with less 
degradation of the pulp intrinsic viscosity. 

Acetylation via the homogeneous sulfation process was 
examined with several pulps having purities below that of a 
dissolving grade. Properties of the pulps and cellulose acetate 
flake prepared from them by conventional procedures have been 
described previously (4). A softwood sulfite pulp (α-cellulose, 
^85%) showed improved acetylation performance (see Figure 4). 
The acetylation time was substantially reduced (from eighteen 
minutes to four minutes). The solution turbidity was lower and 
increased only slightly with time, in contrast to the same pulp 
acetylated by standard procedures. In fact, i t performed only 
slightly poorer than the acetylation pulp prepared by the homo­
geneous acetylation conditions. A softwood kraft pulp (α-cellu­
lose, ^80%) also showed a markedly improved acetylation perfor­
mance (see Figure 5). There was a large reduction in solution 
turbidity as compared to conventional acetylation. The 
reactivity was also significantly improved. The solution 
turbidity was better than that obtained using the softwood 
sulfite pulp. 

A hardwood kraft pulp showed an unusual result (see Fig­
ure 6). The reaction of this type of pulp with conventional 
acetylation conditions is slow and the reaction mixture remains 
quite turbid. The homogeneous sulfation procedure increased the 
rate of acetylation as with the other pulps and led to a much 
lower i n i t i a l turbidity. However, as the reaction continued 
the turbidity suddenly increased rapidly. The high xylan fraction 
of the hardwood pulp, linearized by the pulping process 
crystallized from solution leading to an observable turbidity. 
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Figure 6. Comparative 
acetylations of a hard­
wood Kraft pulp proc­
essed with standard and 
homogeneous sulfation 
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This i s s i m i l a r to the behavior of acetylated hardwood xylans 
described by Gardner and Chang (5) and consistent with the 
s i g n i f i c a n t q u a l t i t y of xylans found i n i n s o l u b l e acetate 
residues with acetone and methylene chloride (4). 

The low consistency a c e t y l a t i o n t e s t i s excellent f o r 
p r e d i c t i n g a c e t y l a t i o n performance at higher consistency f o r 
a c e t y l a t i o n grade wood pulps. However, because of the high 
t u r b i d i t y l e v e l s with lower p u r i t y pulps, i t s value f o r these 
pulps i s sometimes questionable. In a d d i t i o n , i t i s d i f f i c u l t 
to i s o l a t e e i t h e r a secondary or t r i a c e t a t e product from the 
reaction f o r further c h a r a c t e r i z a t i o n . For t h i s reason further 
evaluations were conducted with a small-scale, high consistency 
(6% s o l i d s ) a c e t y l a t i o n procedure to produce a secondary acetate 
f l a k e product. A.hydrolysi  ste  included t h  target 
55.0% combined a c e t i c a c i d

An a c e t y l a t i o n grad  pulp
attempts to prepare a secondary acetate f l a k e using the homo­
geneous s u l f a t i o n process. Flake was prepared using standard 
procedures f o r hydrolyzing the t r i a c e t a t e to a secondary acetate 
but the r e s u l t s were not successful. The a c e t y l values (combined 
a c e t i c acid) were co n s i s t e n t l y lower than expected. Longer 
a c e t y l a t i o n times did not improve the s i t u a t i o n . A reduction 
i n the h y d r o l y s i s time was successful i n increasing a c e t y l 
value. However, the h y d r o l y s i s time required to reach target 
a c e t y l value was so short that l i t t l e more than d e s u l f a t i o n 
occurred. Hence, based on these data, i t was concluded that 
a secondary acetate was prepared d i r e c t l y . The s o l u t i o n 
properties of t h i s f l a k e i n acetone were quite good (see Table I I ) 
compared to that obtained by standard a c e t y l a t i o n procedures 
i n the same equipment. 

An experiment was conducted using DMF as a pret r e a t i n g 
agent to a c t i v a t e the pulp p r i o r to conventional a c e t y l a t i o n . 
This was done to assure that i t was the homogeneous s u l f a t i o n 
process that was a c t u a l l y responsible f o r the improved a c e t y l a ­
t i o n and not the DMF pretreatment. A sample of the softwood 
s u l f i t e pulp was pretreated by s l u r r y i n g i t i n DMF, solvent 
exchanging with a c e t i c a c i d , and ac e t y l a t i n g by the normal 
process using s u l f u r i c a cid as c a t a l y s t . A second sample was 
dissolved i n DMF-^Oi*, regenerated as c e l l u l o s e , and acetylated 
using s u l f u r i c a c i d as the c a t a l y s t . In both cases, the products 
obtained were insoluble i n acetone and could not be evaluated. 
Thus, as i n the low consistency a c e t y l a t i o n s , making the c e l l u ­
lose accessible was not the major factor i n improving the 
a c e t y l a t i o n . 

Further evaluations with the homogeneous s u l f a t i o n technique 
were made with the softwood s u l f i t e and the softwood k r a f t 
pulps which performed w e l l i n low consistency t e s t s . A c e t y l a t i o n 
of e i t h e r pulp under standard conditions has always provided a 
fl a k e which gave cloudy dope solutions and which blocked 
f i l t r a t i o n media very r a p i d l y (4). A c e t y l a t i o n of the regene­
rated c e l l u l o s e s u l f a t e prepared from these pulps provided 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



Ta
bl

e 
II

 

Ce
ll

ul
os

e 
Ac

et
at

e 
Fl

ak
e 
Pr

op
er

ti
es

 
Sm

al
l 

Sc
al

e,
 H
ig
h 
Co

ns
is

te
nc

y 
Ac

et
yl

at
io

n 

Ac
et

at
e 

Fl
ak

e 
Pr

op
er

ti
es

 

Gr
ad
e 

Wo
od
 

Ac
et

yl
at

io
n 

Pr
oc

es
s 

Pr
oc

es
s 

Ac
et

yl
at

io
n 

So
ft
wo
od

 
Su

lf
it

e 
St
an
da
rd
 

Ac
et

yl
at

io
n 

So
ft
wo
od

 
Su

lf
it

e 
Ho
mo
ge
ne
ou
s 

Su
lf

at
io

n 

Co
mb
in
ed
 

Ac
et

ic
 

Ac
id
 X
 

55
.5
 

54
.1
 

6 
We
ig
ht
 %
 

So
lu

ti
on

 
Vi

sc
os

it
y 
- 

c
p

8 

10
1 

14
3 

Fi
lt

er
ab

il
it

y 
in
 9
5/
5 

Ac
et
on
e/
Wa
te
r 

gm
/c
m2

 

8 10
3 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



RUSSO A N D SERAD Acetylation of Cellulose 

4-> 
(0 cd Φ ιΗ 

• Η >% 
4 J 4 J 
Μ Φ 
Φ υ α < ο 
Μ 

Ο α 
M ke

 Φ 
4-1 

M CO CO 
H ιΗ •Η η Φ Η Φ ο 
. Û ο 
(U cd Η u 

φ 00 ο • Η 
<! » Φ 
00 Φ ο ιΗ 

ιΗ cd ο 
ιΗ co 
ιΗ Φ ιΗ 
CJ ιΗ 

1 

8* 
U 

φ 
4 J 

cd 
4 J 
Φ 
Ο 

4 J Q) 
•H 4 J 

iH m cd 
•H ^ 
^ m ^ N 6 
cd ON Φ α 
M C ^ 
Φ ti ο 6. 
u «H 4 J c4 
ιΗ φ 
•H Ο 

CO 
α υ 

α ι 

Φ ιΗ ) £ o Ο 
en Ο 

vo 

Vi
s 

Φ Ο 
0 «Η 

• Η 4 J Ό 
Λ φ « Η S ο Ο 

•ο ο 

•s 

0 00 09 
ο 0 9 0 •Η 09 ο ο Ο Ο 
4 J 00 φ • Η Φ Ή 
cd Φ 0 4 J 0 4 J 

ιΗ Ο φ cd Φ cd >* Ο 60 «4-1 
4-1 Μ g ιΗ g ιΗ Φ ÇU 6 i 3 

ο ο CO Ο CO 
< Β 

09 Φ 
09 4-> 4-1 
Φ • Η «4-1 
Ο ΜΙ cd 
Ο rH M 

CO 

4 J 

Ο 
CO 

4 J 
•H 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



124 SOLVENT SPUN R A Y O N , MODIFIED C E L L U L O S E FIBERS 

c e l l u l o s e acetate f l a k e which was almost comparable to that 
obtained from the a c e t y l a t l o n pulp (see Table 111)· 

Conclusions 

I t has been shown that I t I s possible to prepare an acetone 
soluble secondary c e l l u l o s e acetate d i r e c t l y without the need to 
f i r s t prepare c e l l u l o s e t r i a c e t a t e . To accomplish t h i s , i t i s 
necessary to d i s t r i b u t e the c a t a l y s t uniformly on the c e l l u l o s e . 
This i s r e a d i l y accomplished by d i s s o l v i n g the c e l l u l o s e i n 
DMF-^Oit and adding s u f f i c i e n t s u l f u r t r i o x i d e . This technique 
i s applicable to a wide range of α-cellulose content wood pulps. 
For an ac e t y l a t l o n grade pulp, the rate of r e a c t i o n i s increased 
probably as a r e s u l t of making the c e l l u l o s e highly accessible 
to the reagents. However
c e l l u l o s e acetate wer
a c e t y l a t l o n techniques. 

For low p u r i t y pulps (α-cellulose, 80-90%), there i s a 
dual advantage. F i r s t , a c e t y l a t l o n rate i s more rapid due to 
the a c c e s s i b i l i t y of the c e l l u l o s e . Secondly, improved s o l u t i o n 
properties r e s u l t from the uniform d i s t r i b u t i o n of the s u l f a t e 
c a t a l y s t . I t i s believed that i n the standard a c e t y l a t l o n 
procedure a disproportionate amount of the c a t a l y s t i s absorbed 
by the hemicelluloses, leaving the c e l l u l o s e with i n s u f f i c i e n t 
c a t a l y s t f o r a good reaction. This i s overcome by d i s t r i b u t i n g 
the c a t a l y s t uniformly on the dissolved c e l l u l o s e . 
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10 
Acetylation Behavior of Hydroxyethylated Wood Pulp 

JESSE L. RILEY 

Celanese Fibers Co., Research and Development Dept.,Charlotte, N.C. 28232 

Not all cellulose sources are suitable for acetylation. When 
conventional acetylatio
purified wood pulps containin
produce satisfactory products. The higher hemicellulose content 
of these pulps results in acetone solutions with higher "false 
v iscos i t ies , " dopes with poorer filtration characterist ics, and 
end-products that are yellower. 

On the other hand, increases in the prices of acetylation­
-grade pulps over the past five or six years provide a strong 
incentive for using lower cost, less highly purified wood pulps. 
A possible solution to this ongoing dilemma of quality versus 
price involves structurally modifying lower grade pulps to produce 
treated pulps that acetylate sa t i s fac tor i ly . 

Since a number of alterations in the properties of cellulose 
and cellulose esters are reported to result from hydroxyethylation, 
the f eas ib i l i t y of modifying and improving low-purity wood pulps 
by hydroxyethylation with ethylene oxide was investigated. 

Experimental 

The hydroxyethylated pulps were prepared by adding 2.5, 5.0, 
and 7.5% ethylene oxide (on an oven-dried basis) to a ni trat ion­
-grade (~8-9% hemicellulose) pulp solution containing 50% pulp in 
2% sodium hydroxide. The reaction time was one hour at ambient 
temperature. The estimated conversion efficiency of ethylene 
oxide to a hydroxyethyl substituent on the pulp was 50%; the rest 
of the ethylene oxide reacted with water to form ethylene g lyco l . 

A laboratory-scale acetylation procedure developed by 
Celanese Fibers Company to re l iably simulate production-scale 
acetylation was used to characterize the hydroxyethylated pulps 
along with control (untreated) nitration-grade pulps. In this 
test procedure, glacial acetic acid (35% by weight) is added to a 
4.00-gram sample of pulp; the pulp is usually conditioned to 6% 
moisture but it can be bone-dry. The pulp solution is then placed 
in a t ight ly sealed 1-l i ter polyolefin container equipped with 
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Figure 1. Turbidity, yellowness coefficient, and intrinsic viscosity measurements char­
acterizing the bench acetylation of a nitration-grade pulp that was moisture conditioned 
to 6.4%, hammered during pretreatment, and modified by the addition of 2.5% ethylene 
oxide. Turbidity and absorbance measurements are for a 1-cm cell length at a solids 
concentration of 2 gm pulp/dl. Turbidity and absorbance are expressed throughout in 
arbitrary units 104 times the actual value. The yellowness coefficient, Cy, is determined 

on the supernate at 2 gm pulp/dl and a cell length of 5 cm. 
Cy = 1 — (A 660 m^/A 440 m^) — 7 , log A 660 mp 
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e i g h t T e f l o n - c o a t e d hammers and m o d e r a t e l y a g i t a t e d f o r one 
h o u r a t a m b i e n t t e m p e r a t u r e and p r e s s u r e . F o l l o w i n g t h i s p r e -
t r e a t m e n t , a b e n c h a c e t y l a t l o n i s c o n d u c t e d a t 5 0 ° C w i t h a t o t a l 
s y s t e m volume o f 200 m l . An e x c e s s o f a c e t i c a n h y d r i d e s i m i l a r t o 
t h a t u s e d i n c o m m e r c i a l o p e r a t i o n s i s a d d e d , and t h e l e v e l o f s u l ­
f u r i c a c i d c a t a l y s t i s 14%. S a m p l e s a r e w i t h d r a w n f r o m t h e 
r e a c t i n g a c e t y l a t i o n s y s t e m a t 5 - t o 1 0 - m i n u t e i n t e r v a l s , enough 
w a t e r added t o q u e n c h t h e r e a c t i o n a n d i n c r e a s e t h e w a t e r c o n t e n t 
t o 10%, and c h a r a c t e r i z e d o p t i c a l l y u s i n g a L u m e t r o n 4 0 2 - E c o l o r i ­
m e t e r ; t u r b i d i t y and a b s o r b a n c e * a r e m e a s u r e d on j u s t - a g i t a t e d 
s a m p l e s s o a s n o t t o l o s e t h e c o n t r i b u t i o n o f u n d i s s o l v e d f i b e r s . 
A minimum o r a l o w p l a t e a u ( s e e F i g u r e s 1 and 2) i s o b s e r v e d i n 
b o t h t u r b i d i t y and a b s o r b a n c e a s t h e r e a c t i o n p r o c e e d s . T h i s 
minimum ( t h e i n c e p t i o n o f t h e p l a t e a u ) c o r r e s p o n d s t o r e a c h i n g 
" p e a k " t e m p e r a t u r e i n a
p r e s e n t s t u d y , t h e minimu
m i n u t e s i n t o t h e r e a c t i o n . 

A c e t y l a t i o n p r o d u c t e v a l u a t i o n s a r e b a s e d on two s a m p l e s , one 
t a k e n n e a r peak a n d one t a k e n 10 m i n u t e s l a t e r . T u r b i d i t y (T) and 
a b s o r b a n c e (A) a r e m e a s u r e d i m m e d i a t e l y a f t e r s a m p l e c o l l e c t i o n 
(Tod) and a g a i n one day l a t e r ( Τ χ ^ ) . The s a m p l e s a r e t h e n c e n t r i -
f u g e d , and t h e s u p e r n a t a n t f l u i d s a r e c a r e f u l l y s e p a r a t e d . Im­
m e d i a t e l y a f t e r c e n t r i f u g a t i o n , t h e t u r b i d i t y (Tid C ) , a b s o r b a n c e 
( A l d c ) > y e l l o w n e s s c o e f f i c i e n t ( C y ) , and i n t r i n s i c v i s c o s i t y 
( [ y ] ) » o f t h e s u p e r n a t a n t f l u i d s a r e d e t e r m i n e d . F i n a l l y , t h e 
t u r b i d i t y and a b s o r b a n c e o f t h e s u p e r n a t a n t f l u i d s a r e m e a s u r e d 
a g a i n s i x d a y s l a t e r ( T ^ and A 7 d c ) « H i g h l y p u r i f i e d p u l p s y i e l d 
a c e t y l a t i o n p r o d u c t s w h i c h show c o m p l e t e s t a b i l i t y o v e r t i m e , b u t 
h a z e i n c r e a s e s d u r i n g p e r i o d s o f s t a n d i n g a t a m b i e n t t e m p e r a t u r e 
i n t h e a c e t y l a t i o n p r o d u c t s o f l e s s p u r e p u l p s . 

The r e l a t i o n s h i p between t h e t u r b i d i t y o f s a m p l e s c o l l e c t e d 
d u r i n g b e n c h a c e t y l a t i o n and r e a c t i o n t i m e i s l o g l i n e a r b e c a u s e 
a c e t y l a t i o n 1s a f i r s t - o r d e r r e a c t i o n when a c e t i c a n h y d r i d e i s 
p r e s e n t i n e x c e s s ( i . e . i s n o t r a t e - l i m i t i n g ) . The r a t e - d e t e r ­
m i n i n g s t e p a p p e a r s t o be t h e r e a c t i o n a t t h e c r y s t a l l i n e c e l l u ­
l o s e / l i q u i d medium i n t e r f a c e w h i c h f o r m s a s o l u b l e a c e t i c / s u l f u r i c 
t r i e s t e r . A l t h o u g h one m i g h t assume t h a t t h e a c c e s s i b l e s u r f a c e 
c e l l u l o s e w o u l d be p r o p o r t i o n a l t o an e x p o n e n t i a l f u n c t i o n o f mass, 
i t i s , i n f a c t , l i n e a r l y r e l a t e d t o mass a s shown by t h e p r o ­
p o r t i o n a l i t y o f t u r b i d i t y t o t h e amount o f u n a c e t y l a t e d f i b e r s . 

* T h e t u r b i d i t y , T , i s h e r e d e f i n e d a s l o g Ι β / l R w h e r e I A i s 
i n t e n s i t y o f t r a n s m i t t a n c e w i t h t h e o p t i c a l c e l l a d j a c e n t t o t h e 
d e t e c t o r , l e i s t h e c o r r e s p o n d i n g i n t e n s i t y w i t h t h e c e l l a d j a c e n t 
t o t h e s o u r c e . The a b s o r b a n c e , A , i s d e f i n e d a s l o g I s / I n where 
I S i s t h e i n t e n s i t y o f t r a n s m i t t a n c e f o r t h e s o l v e n t i n t h e c e l l 
p o s i t i o n a d j a c e n t t h e d e t e c t o r and I F T i s as f o r e g o i n g . 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



128 SOLVENT SPUN R A Y O N , MODIFIED C E L L U L O S E FIBERS 

Ο ο 

25 

Time ( m i n ) 

30 35 40 

Figure 2. Absorbance measurements characterizing the bench acetylation considered 
in Figure 1 
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R e s u l t s 

The r e s u l t s o f a b e n c h a c e t y l a t i o n o f a n i t r a t i o n - g r a d e p u l p 
t r e a t e d w i t h 2 . 5 % e t h y l e n e o x i d e a r e shown i n F i g u r e s 1 and 2 . As 
c a n be s e e n i n F i g u r e 1 , t h e i n i t i a l t u r b i d i t y , TQ^, o f t h e a c e t y ­
l a t i o n s o l u t i o n d e c l i n e d l i n e a r l y f o r t h e f i r s t 30 m i n u t e s o f t h e 
r e a c t i o n and t h e n l e v e l l e d o f f . When t h e s a m p l e s c o l l e c t e d a t 30 
and 40 m i n u t e s - a t peak and 10 m i n u t e s l a t e r - w e r e a l l o w e d t o 
s t a n d f o r one d a y , t h e t u r b i d i t y ( l i n e l a b e l l e d I d i n F i g u r e 1) 
i n c r e a s e d 10-15%. The l i n e l a b e l l e d l d c i n F i g u r e 1 shows t h e 
t u r b i d i t y o f t h e s u p e r n a t a n t f l u i d s o b t a i n e d by c e n t r i f u g i n g t h e 
1 - d a y - o l d a c e t y l a t i o n p r o d u c t s c o l l e c t e d 30 and 40 m i n u t e s i n t o 
t h e r e a c t i o n . The d i f f e r e n c e ( A T c ) between t h e t u r b i d i t y o f 
1 - d a y - o l d w h o l e s a m p l e s ( l i n e I d ) and t h a t o f s u p e r n a t a n t f l u i d s 
o b t a i n e d f r o m them ( l i n
c o m m e r c i a l l y a c e t y l a t e
a l l o w e d t o s t a n d s i x more d a y s , t h e t u r b i d i t y a g a i n i n c r e a s e d 
( l i n e l a b e l l e d 7 d c ) . 

F i g u r e 1 a l s o shows t h e i n t r i n s i c v i s c o s i t y ( [ *?]) and t h e 
y e l l o w n e s s c o e f f i c i e n t ( C y ) o f t h e s u p e r n a t a n t f l u i d s o b t a i n e d 
f r o m t h e 1 - d a y - o l d s a m p l e s . I n t r i n s i c v i s c o s i t y a p p e a r s t o have 
i n c r e a s e d d u r i n g t h e l a s t 10 m i n u t e s o f t h e r e a c t i o n , b u t t h i s 
f i n d i n g i s p r o b a b l y an a r t i f a c t s i n c e [v] n o r m a l l y d e c r e a s e s w i t h 
t i m e . The y e l l o w n e s s c o e f f i c i e n t a l s o i n c r e a s e d a s t h e r e a c t i o n 
p r o c e e d e d . 

F i g u r e 2 p r e s e n t s t h e a b s o r b a n c e s o f t h e a c e t y l a t i o n s a m p l e s ; 
t h e l i n e s a r e l a b e l l e d l i k e t h o s e f o r t u r b i d i t y i n F i g u r e 1 . I n 
g e n e r a l , t h e a b s o r b a n c e o f t h e s a m p l e c o l l e c t e d 4 0 m i n u t e s i n t o 
t h e r e a c t i o n was g r e a t e r t h a n t h a t o f t h e s a m p l e t a k e n a f t e r 30 
m i n u t e s , b u t t h e r a n g e o f a b s o r b a n c e s i s s m a l l . A b s o r b a n c e d o e s 
n o t t r a c k r e a c t i o n c o m p l e t e n e s s . The t i m e r e q u i r e d t o r e a c h 100 
u n i t s o f t u r b i d i t y ( i n d i c a t e d by tioo = 2 8 . 5 m i η i n F i g u r e 1) i s a 
m e a s u r e o f t h e s p e e d o f t h e a c e t y l a t i o n r e a c t i o n . The e f f e c t s o f 
h y d r o x y e t h y l a t i o n , m o i s t u r e c o n d i t i o n i n g , and hammering d u r i n g 
p r e t r e a t m e n t on r e a c t i o n r a t e a r e i l l u s t r a t e d i n F i g u r e 3 . B o n e -
d r y n i t r a t i o n - g r a d e p u l p , w i t h o r w i t h o u t hammering d u r i n g p r e ­
t r e a t m e n t , r e q u i r e s 114 m i n u t e s o r more t o r e a c h 100 u n i t s 
t u r b i d i t y . H y d r o x y e t h y l a t i o n w i t h 2 . 5 % e t h y l e n e o x i d e b r i n g s t h i s 
t i m e down t o t h e r e g i o n o f 50 t o 60 m i n u t e s f o r b o n e - d r y p u l p s ; 
a t 7 . 5 % e t h y l e n e o x i d e , t h e t i m e s a r e 35 t o 40 m i n u t e s . A t a l l 
t h r e e l e v e l s o f h y d r o x y e t h y l a t i o n , hammered b o n e - d r y p u l p s r e a c t 
a b o u t 10% more r a p i d l y t h a n p u l p s t h a t a r e n o t hammered d u r i n g 
p r e t r e a t m e n t . M o i s t u r e - c o n d i t i o n e d p u l p s u n i f o r m l y r e a c t more 
r a p i d l y t h a n b o n e - d r y p u l p s . M o r e o v e r , m o i s t u r e - c o n d i t i o n e d 
c o n t r o l p u l p s , w i t h o r w i t h o u t hammering d u r i n g p r e t r e a t m e n t , 
r e a c t somewhat f a s t e r t h a n hammered b o n e - d r y p u l p t r e a t e d w i t h 
7 . 5 % e t h y l e n e o x i d e . Hammered m o i s t u r e - c o n d i t i o n e d c o n t r o l p u l p 
a l s o r e a c t s f a s t e r t h a n m o i s t u r e - c o n d i t i o n e d c o n t r o l p u l p t h a t i s 
n o t hammered d u r i n g p r e t r e a t m e n t . In c o n t r a s t , a l l h y d r o x y e t h y ­
l a t e d m o i s t u r e - c o n d i t i o n e d p u l p s r e a c t more r a p i d l y when t h e y a r e 
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n o t hammered. The f a s t e s t r e a c t i n g h y d r o x y e t h y l a t e d p u l p -
m o i s t u r e - c o n d i t i o n e d unhammered p u l p t r e a t e d w i t h 7 . 5 % e t h y l e n e 
o x i d e - a c e t y l a t e s two t o t h r e e t i m e s f a s t e r t h a n t h e m o i s t u r e -
c o n d i t i o n e d c o n t r o l p u l p s . 

The e f f e c t s o f h y d r o x y e t h y l a t i o n , m o i s t u r e c o n d i t i o n i n g , and 
hammering on i n i t i a l t u r b i d i t y , T Q ^ , o f t h e a c e t y l a t i o n p r o d u c t 
a r e i l l u s t r a t e d i n F i g u r e 4 . The m o i s t u r e - c o n d i t i o n e d hammered 
c o n t r o l y i e l d s a p r o d u c t w i t h an i n i t i a l t u r b i d i t y o f 1 0 5 . When 
hammering i s o m i t t e d d u r i n g p r e t r e a t m e n t , Tod i n c r e a s e s t o 5 3 0 . 
D r y i n g t h e c o n t r o l p u l p f u r t h e r i n c r e a s e s i n i t i a l t u r b i d i t y t o 
more t h a n 1 3 , 0 0 0 . The a c e t y l a t i o n p r o d u c t o f m o i s t u r e - c o n d i t i o n e d 
unhammered h y d r o x y e t h y l a t e d p u l p t r e a t e d w i t h 7 . 5 % e t h y l e n e o x i d e 
has t h e l o w e s t i n i t i a l t u r b i d i t y ; i t i s a b o u t 20% o f t h a t o f t h e 
m o i s t u r e - c o n d i t i o n e d hammered c o n t r o l . Hammering i m p r o v e s t h e 
p e r f o r m a n c e o f a l l b o n e - d r
m o i s t u r e - c o n d i t i o n e d h y d r o x y e t h y l a t e
h y d r o x y e t h y l a t e d p u l p t r e a t e d w i t h 7 . 5 % e t h y l e n e o x i d e r e s u l t s i n 
an a c e t y l a t i o n p r o d u c t w i t h an i n i t i a l t u r b i d i t y e q u a l t o t h a t o f 
t h e m o i s t u r e - c o n d i t i o n e d hammered c o n t r o l . 

F i l t r a t i o n c h a r a c t e r i s t i c s a r e m o s t s t r o n g l y a s s o c i a t e d w i t h 
t h e d i f f e r e n c e between t h e t u r b i d i t y o f t h e w h o l e a c e t y l a t i o n 
s o l u t i o n and t h a t o f t h e s u p e r n a t a n t f l u i d s e p a r a t e d f r o m i t by 
c e n t r i f u g a t i o n ( Δ Τ Γ ) . The l o w e r Δ Τ Σ , t h e l o w e r t h e c o n c e n t r a t i o n 
o f f i l t e r a b l e p a r t i c l e s . F i g u r e 5 shows Δ Τ 0 f o r t h e p u l p s t e s t e d 
i n t h i s i n v e s t i g a t i o n . The c o n t r o l p u l p must be hammered and 
m o i s t u r e - c o n d i t i o n e d t o y i e l d a p r o d u c t w i t h a l o w Δ Τ Α . The 
p a r t i c l e p o p u l a t i o n , as m e a s u r e d by Δ Τ Σ , i s more t h a n two o r d e r s 
o f m a g n i t u d e h i g h e r f o r t h e a c e t y l a t e d b o n e - d r y c o n t r o l p u l p . 
H o w e v e r , t h e ATC o f b o n e - d r y p u l p t r e a t e d w i t h 7 . 5 % e t h y l e n e o x i d e , 
w i t h o r w i t h o u t hammering d u r i n g p r e t r e a t m e n t , a p p r o x i m a t e s t h e 
Δ Τ 0 o f t h e m o i s t u r e - c o n d i t i o n e d hammered c o n t r o l . When m o i s t u r e -
c o n d i t i o n e d p u l p t r e a t e d w i t h 7 . 5 % e t h y l e n e o x i d e i s n o t s u b j e c t e d 
t o h a m m e r i n g , i t s ùJc i s 75% l o w e r t h a n t h a t o f t h e c o n t r o l . 
Hammering t h e h y d r o x y e t h y l a t e d p u l p s i s o b v i o u s l y d e l e t e r i o u s ; f o r 
p u l p s t r e a t e d w i t h 5 and 7 . 5 % e t h y l e n e o x i d e , hammering 
a p p r o x i m a t e l y t r i p l e s Δ Τ Σ . 

The t u r b i d i t y o f t h e s u p e r n a t a n t f l u i d i m m e d i a t e l y a f t e r 
c e n t r i f u g a t i o n , T i < j C , i s an i n d e x o f t h e p o p u l a t i o n o f p a r t i c l e s 
l e s s t h a n 1 0 μ i n d i a m e t e r . F i g u r e 6 shows t h a t m o i s t u r e c o n ­
d i t i o n i n g i s t h e m a j o r p r o c e s s v a r i a b l e a f f e c t i n g t h i s p r o p e r t y . 
A l t h o u g h hammering has a l a r g e e f f e c t on T i d e o f t h e c o n t r o l p u l p , 
i t has a r e l a t i v e l y s m a l l e f f e c t on TiHç o f m o i s t u r e - c o n d i t i o n e d 
h y d r o x y e t h y l a t e d p u l p s . M o i s t u r e c o n d i t i o n i n g c o m b i n e d w i t h 
h y d r o x y e t h y l a t i o n g r e a t l y r e d u c e s t h e amount o f s e c o n d - p h a s e 
m a t e r i a l s p r e s e n t i n t h e s u p e r n a t a n t f l u i d . P r o d u c t s f r o m 
m o i s t u r e - c o n d i t i o n e d p u l p s t r e a t e d w i t h 5 . 0 and 7 . 5 % e t h y l e n e 
o x i d e have Τ ^ ς v a l u e s t h a t a r e 10% o r l e s s o f t h e v a l u e f o r t h e 
m o i s t u r e - c o n d i t i o n e d hammered c o n t r o l . The same r e l a t i o n s h i p 
e x i s t s when T ] d c f o r p r o d u c t s f r o m b o n e - d r y h y d r o x y e t h y l a t e d p u l p s 
i s compared w i t h Τ η d c f o r t h e b o n e - d r y hammered c o n t r o l . 
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Figure 4. Effect of hydroxyethyhtion, moisture conditioning, and hammering 
on the initial turbidity·, T 0 ( f , of acetulation products produced from a nitration-

grade pulp (samples collected 40 min into the acetylation reaction) 
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Figure 5. Effect of hydroxyethyhtion, moisture conditioning, and hammering on cen-
trtfugable particles, ATldc, of acetylation products produced from a nitration-grade 

pulp (samples collected 40 min into the acetylation reaction) 
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Figure 6. Effect of hydroxyethylation, moisture conditioning, and hammering on super-
nate haze after one day, Tldc, of acetulation products produced from a nitration-grade 

pulp (samples collected 40 min into the acetylation reaction) 
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Hammering b o n e - d r y h y d r o x y e t h y l a t e d p u l p s i s c o n s i s t e n t l y a s s o c i ­
a t e d w i t h l o w e r s u p e r n a t a n t t u r b i d i t i e s . 

The s t a b i l i t y o f t h e s m a l l p a r t i c l e p o p u l a t i o n i n a c e t y l a t i o n 
p r o d u c t s o v e r t i m e c o r r e l a t e s w i t h t h e s t a b i l i t y o f f i l t r a t i o n 
c h a r a c t e r i s t i c s ; a p r o d u c t p o o r i n t h i s r e s p e c t w i l l s e r i o u s l y 
d e t e r i o r a t e a f t e r an i n i t i a l f i l t r a t i o n . M o r e o v e r , when s o l u t i o n s 
w i t h u n s t a b l e s m a l l p a r t i c l e p o p u l a t i o n s a r e e x t r u d e d , t h e r e ­
s u l t a n t y a r n s a r e u n s t a b l e w i t h r e s p e c t t o d y e i n g c h a r a c t e r i s t i c s . 

The t u r b i d i t y c h a n g e i n an a c e t y l a t i o n p r o d u c t on s t a n d i n g , 
u n c e n t r i f u g e d , f o r one d a y p l u s t h e t u r b i d i t y c h a n g e o f t h e s u p e r ­
n a t a n t f l u i d s e p a r a t e d f r o m t h a t p r o d u c t a f t e r one d a y on s t a n d i n g 
f o r s i x more d a y s i s u s e d t o c h a r a c t e r i z e s t a b i l i t y . F i g u r e 7 
shows t h e e f f e c t s o f h y d r o x y e t h y l a t i o n on t h e s t a b i l i t y o f t h e 
s m a l l p a r t i c l e p o p u l a t i o n s i n a c e t y l a t i o n p r o d u c t s o f t h e t e s t 
p u l p s . The m o i s t u r e - c o n d i t i o n e
t o t h e unhammered o r t h
o f o n l y 2 . 5 % e t h y l e n e o x i d e r e s u l t s i n p r o d u c t s e q u a l t o o r b e t t e r 
t h a n t h o s e f r o m t h e o p t i m a l l y t r e a t e d c o n t r o l . P r o d u c t s o f p u l p s 
t r e a t e d w i t h 5 . 0 and 7 . 5 % e t h y l e n e o x i d e a r e a l m o s t p e r f e c t l y 
s t a b l e , u n l e s s t h e y a r e m o i s t u r e - c o n d i t i o n e d and hammered. T h i s 
f i n d i n g i s c o n s i s t e n t w i t h t h e r e l a t i v e d i s a d v a n t a g e s , m e n t i o n e d 
e a r l i e r , o f hammering m o i s t u r e - c o n d i t i o n e d h y d r o x y e t h y l a t e d p u l p s . 
M o s t o f t h e d i f f e r e n c e between hammered m o i s t u r e - c o n d i t i o n e d 
h y d r o x y e t h y l a t e d p u l p s and t h e o t h e r h y d r o x y e t h y l a t e d p u l p s 
d e v e l o p s d u r i n g t h e f i r s t d a y o f s t a n d i n g ( F i g u r e 8 ) . No f u r t h e r 
a p p r e c i a b l e c h a n g e s o c c u r up t o t h e s e v e n t h day ( F i g u r e 9 ) . 

The r e l a t i o n o f t u r b i d i t y t o a b s o r b a n c e e n a b l e s one t o i n f e r 
s o m e t h i n g a b o u t t h e n a t u r e o f p a r t i c l e p o p u l a t i o n s i n a c e t y l a t i o n 
p r o d u c t s . T u r b i d i t y i s , o f c o u r s e , t h e m e a s u r e o f l i g h t s c a t t e r e d 
by s u s p e n d e d p a r t i c l e s ; a b s o r b a n c e i s t h e m e a s u r e o f t h e r e d u c t i o n 
i n l i g h t t r a n s m i t t a n c e f r o m a l l c a u s e s i n c l u d i n g l i g h t s c a t t e r i n g . 
B e c a u s e o f s p a c e l i m i t a t i o n s , a b s o r b a n c e d a t a c o r r e s p o n d i n g t o t h e 
t u r b i d i t y d a t a w i l l n o t be p r e s e n t e d . I n s t e a d , t h e r a t i o o f 
t u r b i d i t y t o a b s o r b a n c e , T / A , w i l l be d i s c u s s e d . 

A t r a n s p a r e n t p a r t i c l e w i l l s c a t t e r a s much l i g h t a s an 
opaque p a r t i c l e o f t h e same s i z e w h i c h d i f f e r s i n r e f r a c t i v e i n d e x 
f r o m t h e medium by t h e same a m o u n t , and t h e r e f o r e w i l l have t h e 
same t u r b i d i t y . H o w e v e r , t h e a b s o r b a n c e w i l l be h i g h e r f o r t h e 
opaque p a r t i c l e . C o n s e q u e n t l y , T/A w i l l be h i g h f o r t h e t r a n s ­
p a r e n t p a r t i c l e and l o w f o r t h e opaque p a r t i c l e s ; i n t h i s c a s e i t 
w i l l b e h a v e a s i f i t i s somewhat opaque and i t s T/A v a l u e w i l l be 
h i g h e r . An u n a c e t y l a t e d f i b e r , w h i c h h a s a h i g h e r r e f r a c t i v e 
i n d e x , w i l l s c a t t e r more l i g h t and h a v e a h i g h e r T/A t h a n a 
c o r r e s p o n d i n g a c e t y l a t e d , b u t u n d i s s o l v e d , f i b e r o f l o w e r r e ­
f r a c t i v e i n d e x . A c o m p o s i t e p a r t i c l e o r a g g l o m e r a t e , c h a r a c t e r ­
i z e d by r e g i o n s o f d i f f e r e n t r e f r a c t i v e i n d e x , w i l l have a h i g h e r 
a b s o r b a n c e a n d h e n c e a l o w e r T / A . The more n e a r l y a g i v e n 
p a r t i c u l a t e mass i s m o n o - d i s p e r s e a t j u s t o v e r h a l f mean λ 
d i a m e t e r , t h e g r e a t e r t h e s c a t t e r i n g , i . e . , t h e h i g h e r t h e Τ t h e 
h i g h e r t h e c o n c e n t r a t i o n o f p a r t i c l e s , t h e h i g h e r t h e p r o b a b i l i t y 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 7. Effect of hydroxyethylation, moisture conditioning, and ham­
mering on overall change in supernate haze in one week, (Tld — T0d) + 
(T7dc — Tide), oi acetulation products produced from a nitration-grade pulp 

(samples collected 40 min into the acetylation reaction) 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 8. Effect of hydroxyethylation, moisture conditioning, and hammering 
on haze change in prst day of standing, (T J d — Ton), of acetylation products pro­
duced from a nitration-grade pulp (samples collected 40 min into the acetylation 

reaction) 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Ο = bone-dry; hammered 

® * mois ture-condi t ioned; hammered 

Λ 3 bone-dry; unhammered 

A = mois ture-condi t ioned; unhammered 
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Figure 9. Effect of hydroxyethylation moisture conditioning, and hammering on late 
haze development in supernate, (Ύ7Λο — T W , of acetylation products produced from a 

nitration-grade pulp (samples collected 40 min into the acetylation reaction) 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



10. R I L E Y Hydroxyethyfoted Wood Pulp 139 

o f s c a t t e r e d l i g h t e n c o u n t e r i n g a p a r t i c l e and r e s u l t a n t 
s e c o n d a r y s c a t t e r i n g . S c a t t e r i n g i n t h e d i r e c t i o n o f t h e beam 
w i l l be d e t e c t e d a s a " r e d u c t i o n i n a b s o r b a n c e " ; t h e r e s u l t i s a 
d e c r e a s e i n T / A . T h e o r e t i c a l t r e a t m e n t s o f s c a t t e r i n g a r e l a r g e l y 
c o n f i n e d t o r e g u l a r s h a p e s , u s u a l l y s p h e r e s , t h a t a r e homogeneous 
i n r e f r a c t i v e i n d e x . I n t e r p r e t a t i o n o f d a t a i s n o t t o be 
a p p r o a c h e d w i t h s i m p l i s t i c m o d e l s . The r e l a t i v e l y l o w c o n c e n t r a ­
t i o n o f p a r t i c l e s i n m o s t s a m p l e s a f t e r t h i r t y m i n u t e s o f 
a c e t y l a t i o n m i n i m i z e s c o i n c i d e n c e e f f e c t s , s u c h a s s h a d o w i n g o f 
one p a r t i c l e b y a n o t h e r , and s e c o n d a r y s c a t t e r i n g . 

W i t h t h e s e c o n c e p t s i n m i n d , i t i s i n t e r e s t i n g t o s e e w h a t 
e f f e c t s m o i s t u r e c o n d i t i o n i n g , h a m m e r i n g , and h y d r o x y e t h y l a t i o n 
have on t h e p a r t i c l e p o p u l a t i o n o f a c e t y l a t i o n p r o d u c t s . F o r t h e 
c o n t r o l p u l p , t h e r a t i o o f t u r b i d i t y t o a b s o r b a n c e f o r t h e 
m a t e r i a l s removed by c e n t r i f u g a t i o n
h i g h e r u n d e r b o n e - d r y c o n d i t i o n
d i t i o n i n g ( F i g u r e 10) b e c a u s e f i b e r s a r e p r e s e n t i n g r e a t e r 
amounts ( F i g u r e 4) and t h e y have a l o w e r d e g r e e o f a c e t y l a t i o n . 
Hammering has no e f f e c t on A T C / A A c f o r t h e m o i s t u r e - c o n d i t i o n e d 
c o n t r o l p u l p p r o d u c t and o n l y a s m a l l e f f e c t on t h e r a t i o f o r 
b o n e - d r y c o n t r o l p u l p . The l o w e s t Δ Τ ς / Δ Α ς v a l u e s a r e s e e n w i t h 
h y d r o x y e t h y l a t e d p u l p s p r o d u c e d by a d d i n g 5 . 0 and 7 . 5 % e t h y l e n e 
o x i d e and u s i n g m o i s t u r e c o n d i t i o n i n g b u t no h a m m e r i n g . Hammer­
i n g i s p a r t i c u l a r l y d e l e t e r i o u s f o r p u l p s t r e a t e d w i t h 7 . 5 % 
e t h y l e n e o x i d e . I n c o n t r a s t , f o r t h e b o n e - d r y h y d r o x y e t h y l a t e d 
p u l p s t r e a t e d w i t h 2 . 5 and 5 . 0 % e t h y l e n e o x i d e , hammering i s 
b e n e f i c i a l . The m o s t s t r i k i n g e f f e c t o f p r o c e s s c o n d i t i o n s on 
Δ Τ ς / Δ Α ς i s o b s e r v e d f o r t h e unhammered h y d r o x y e t h y l a t e d p u l p 
t r e a t e d w i t h 7 . 5 % e t h y l e n e o x i d e ; m o i s t u r e c o n d i t i o n i n g c a u s e s a 
f i v e f o l d d e c r e a s e i n T/A f o r t h i s p u l p . 

The n a t u r e o f t h e p a r t i c l e s t h a t r e m a i n s u s p e n d e d i n t h e 
a c e t y l a t i o n p r o d u c t a f t e r c e n t r i f u g a t i o n i s d i f f e r e n t f r o m t h a t 
o f t h e p a r t i c l e s t h a t s e t t l e o u t ( F i g u r e 1 1 ) . B o n e - d r y p u l p s 
y i e l d s u p e r n a t a n t f l u i d s w i t h t h e h i g h e s t T/A v a l u e s , b u t o n l y 
f o r t h e c o n t r o l p u l p d o e s T/A e x c e e d 2 . 2 . F o r c e n t r i f u g a b l e 
p a r t i c l e s , Δ Τ 0 / Δ Α Γ e x c e e d e d 2 . 2 i n 13 o u t o f 16 c a s e s ( F i g u r e 1 0 ) . 
The m o i s t u r e - c o n d i t i o n e d p u l p s y i e l d s u p e r n a t a n t f l u i d s w i t h t h e 
l o w e s t T/A v a l u e s . F o r h y d r o x y e t h y l a t e d m o i s t u r e d - c o n d i t i o n e d 
p u l p s t h e r a n g e i s 0 . 3 t o 0 . 7 . The hammered m o i s t u r e - c o n d i t i o n e d 
h y d r o x y e t h y l a t e d p u l p s have T/A v a l u e s a b o u t 0 . 2 5 l o w e r t h a n 
t h e i r unhammered c o u n t e r p a r t s . 

The n a t u r e o f t h e p a r t i c l e s f o r m e d on s t a n d i n g i s e v a l u a t e d 
by s u b t r a c t i n g t h e T/A r a t i o f o r t h e 1 - d a y - o l d s u p e r n a t a n t f l u i d 
f r o m t h a t f o r t h e 7 - d a y - o l d s u p e r n a t a n t f l u i d ( F i g u r e 1 2 ) . F o r 
t h e h y d r o x y e t h y l a t e d p u l p s , t h e m a t e r i a l s f o r m e d on s t a n d i n g 
g e n e r a l l y have a s l i g h t l y h i g h e r T/A r a t i o t h a n t h e p a r t i c l e s 
i n i t i a l l y p r e s e n t . T h i s i s n o t t h e c a s e f o r t h e c o n t r o l p u l p s . 
A l t h o u g h s t a n d i n g has l i t t l e o r no e f f e c t on T/A f o r t h e 
m o i s t u r e - c o n d i t i o n e d c o n t r o l s a m p l e s , a p p r e c i a b l e d i f f e r e n c e s 
a r e o b s e r v e d f o r t h e b o n e - d r y c o n t r o l s a m p l e s . L a t e f o r m e d 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 10. Effect of hydroxyethylation, moisture conditioning, and hammenng 
on optical character, Δ Τ 0 / Δ Α 0 , of acetylation products produced from a nitration-

grade pulp (samples collected 40 min into the acetylation reaction) 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 11. Effect of hydroxyethylation, moisture conditioning, and hammer­
ing on optical character of haze, TJdc/AJdc, of acetylation products produced 
from a nitration-grade pulp (samples collected 40 min into the acetylation 

reaction) 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 12. Effect of hudroxyethuhtion, moisture conditioning, and hammering 
on optical character of late haze l(T7dc/A7dc) — (Tlic/Aidc)l of acetylation prod­
ucts produced from a nitration-grade pulp (samples collected 40 min into the 

acetylation reaction) 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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p a r t i c l e s have a l o w e r T/A v a l u e f o r hammered b o n e - d r y p u l p s a n d 
a h i g h e r v a l u e when hammering i s n o t u s e d . 

As p r e v i o u s l y m e n t i o n e d , a h i g h T/A r a t i o i n d i c a t e s a 
p a r t i c l e o f r e l a t i v e l y h i g h r e f r a c t i v e i n d e x . The r e f r a c t i v e 
i n d e x o f u n a c e t y l a t e d c e l l u l o s e i s 1 . 5 4 ; t h a t o f c e l l u l o s e 
a c e t a t e i s 1 . 4 7 . F o r t h e m e d i u m , w h i c h i s p r e d o m i n a n t l y a c e t i c 
a c i d , i t i s 1 . 3 7 . The c e n t r l f u g a b l e p a r t i c l e s , w h i c h have a T/A 
v a l u e o f 2 t o 4 , a r e h i g h 1n u n a c e t y l a t e d c e l l u l o s e . The s m a l l 
d i s p e r s e p a r t i c l e s i n t h e s u p e r n a t a n t f l u i d , w h i c h have a T/A 
v a l u e o f 0 . 5 t o 2 , a r e a c e t y l a t e d and p r o b a b l y p a r t l y s o l v a t e d . 
The I n c r e a s e 1n t h e T/A v a l u e o f t h e s u p e r n a t a n t f l u i d on s t a n d i n g 
may be due t o a d e c r e a s e i n s o l v a t i o n ; s u c h a c h a n g e w o u l d r e s u l t 
i n p a r t i c l e s w i t h a h i g h e r o p t i c a l d e n s i t y . 

B a s e d on t h e h i g h T/A v a l u e o f 6 ( F i g u r e 1 0 ) , t h e c e n t r i -
f u g a b l e p a r t i c l e s f r o m unhammere
t r e a t e d w i t h 7 . 5 % e t h y l e n
They a r e p r o b a b l y a g g r e g a t i o n s o f c r y s t a l l i n e c e l l u l o s e m i c r o ­
f i b r i l s w i t h a m i n i m a l m a t r i x o f e s t e r i f i e d c e l l u l o s e . F i g u r e 13 
i s an e l e c t r o n m i c r o g r a p h o f s i m i l a r r e s i d u e s o b t a i n e d f r o m an 
a c e t y l a t e d d i s s o l v i n g - g r a d e p u l p . The l o w A T C / A A c f o u n d f o r t h e 
c e n t r i f u g a b l e p a r t i c l e s f r o m m o i s t u r e - c o n d i t i o n e d unhammered 
h y d r o x y e t h y l a t e d p u l p t r e a t e d w i t h 7 . 5 % e t h y l e n e o x i d e s u g g e s t s 
t h a t t h e s e p a r t i c l e s a r e m o s t l y e s t e r i f i e d m a t e r i a l s w i t h 
s u f f i c i e n t i n t e r c o n n e c t i o n s between e l e m e n t s t o p r o v i d e a s t r u c ­
t u r a l i n t e g r i t y w h i c h i s n o t s u s c e p t i b l e t o a c e t i c a c i d . C e l l u l o s e 
t r i a c e t a t e c r y s t a l l i t e s a r e n o t s o l u b l e i n a c e t i c a c i d and may a c t 
a s t i e p o i n t s . C r o s s - l i n k s i n v o l v i n g t h e h y d r o x y e t h y l g r o u p a r e 
a l s o a p o s s i b i l i t y . 

The i n t r i n s i c v i s c o s i t y o f t h e a c e t y l a t i o n p r o d u c t 30 m i n u t e s 
i n t o t h e r e a c t i o n i s i n d e p e n d e n t o f t h e d e g r e e o f h y d r o x y e t h y -
l a t i o n f o r m o i s t u r e - c o n d i t i o n e d unhammered p u l p s ( F i g u r e 1 4 ) . 
Hammering r e d u c e s t h e a p p a r e n t i n t r i n s i c v i s c o s i t y * a s t h e d e g r e e 
o f h y d r o x y e t h y l a t i o n i n c r e a s e s . The a c e t y l a t i o n o f b o n e - d r y 
c o n t r o l p u l p a n d o f b o n e - d r y p u l p t r e a t e d w i t h 2 . 5 % e t h y l e n e o x i d e 
had n o t p r o g r e s s e d s u f f i c i e n t l y i n 30 m i n u t e s t o p r o v i d e s o l u t i o n s 
s u i t a b l e f o r i n t r i n s i c v i s c o s i t y m e a s u r e m e n t . F o r b o n e - d r y p u l p s 
w i t h n o r m a l r e a c t i v i t y , s u c h a s one t r e a t e d w i t h 5% e t h y l e n e o x i d e , 
t h e i n t r i n s i c v i s c o s i t y i s c o m p a r a b l e t o t h a t o f m o i s t u r e - c o n d i t ­
i o n e d s a m p l e s . The h i g h e r i n t r i n s i c v i s c o s i t y o f p u l p s t r e a t e d 
w i t h 7 . 5 % e t h y l e n e o x i d e s u g g e s t s t h a t i n t h e b o n e - d r y s y s t e m 
t h e r e may be an a p p r e c i a b l e amount o f c r o s s - l i n k i n g between t h e 
h y d r o x y l g r o u p o f t h e h y d r o x y e t h y l s u b s t i t u e n t and u r o n i c a c i d s . 
In t h e p r e s e n c e o f a c e t i c a n h y d r i d e and a c a t a l y s t , t h e m i x e d 
u r o n i c - a c e t i c a c i d e s t e r f o r m s r a p i d l y , m a k i n g t h i s a c h e m i c a l 
p o s s i b i l i t y . 

The y e l l o w n e s s o f a c e t y l a t i o n s o l u t i o n s i s p r i m a r i l y due t o 

• I n t r i n s i c v i s c o s i t i e s w e r e o b t a i n e d by c o n v e r s i o n o f p r o d u c t 
v i s c o s i t i e s ; i t was n o t d e t e r m i n e d w h e t h e r t h e c o n v e r s i o n f a c t o r 
d i f f e r e d f o r h y d r o x y e t h y l a t e d p u l p s . 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
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Figure 13. Transmission electron micrograph of film made from an acetylation mixture. 
Reference mark is 1μ. 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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Figure 14. Effect of hydroxyethylation, moisture conditioning, and hammer­
ing on intrinsic viscosity of acetylation products produced from a nitration-

grade pulp (samples collected 30 min into the acetylation reaction) 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 
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t h e s e l e c t i v e s c a t t e r i n g o f b l u e l i g h t by p a r t i c l e s a p p r o x i m a t e l y 
h a l f t h e w a v e l e n g t h o f b l u e l i g h t i n d i a m e t e r . A m e a s u r e o f t h e 
f o r m a t i o n o f s u c h p a r t i c l e s i n t h e p r o c e s s i s t h e r e f o r e p r o v i d e d 
by t h e y e l l o w n e s s c o e f f i c i e n t , Cy ( F i g u r e 1 5 ) . The h i g h e s t p o p u ­
l a t i o n o f t h e s e s m a l l p a r t i c l e s was m e a s u r e d i n t h e s u p e r n a t a n t 
f l u i d o f t h e b o n e - d r y c o n t r o l p u l p . The T/A v a l u e o f t h e s e 
p a r t i c l e s was h i g h ( a b o u t 6 ) , s u g g e s t i n g t h a t t h e p a r t i c l e s a r e 
p r o b a b l y f r a g m e n t s o f u n a c e t y l a t e d c e l l u l o s e , m o s t l i k e l y m i c r o ­
f i b r i l b u n d l e s 2 0 0 - 2 5 0 πΐμ i n d i a m e t e r ( F i g u r e 1 3 ) . T h e s e f r a g ­
ments s e p a r a t e as a r e s u l t o f t h e a c e t y l a t i o n and s o l v a t i o n o f t h e 
l o w - o r d e r h e m i c e l l u l o s e m a t r i x . The m i c r o f i b r i l b u n d l e s a r e d e n s e 
and u n r e a c t i v e b e c a u s e t h e f i b r i l l a r e l e m e n t s h a v e n o t been 
s e p a r a t e d by e i t h e r t h e w a t e r / a c e t i c a c i d p r e t r e a t i n g medium o r 
t h e h y d r o x y e t h y l w e d g e s . 

W i t h i n c r e a s i n g l e v e l
i m p r o v e s and a c t u a l c o n t a c
i n c r e a s e s . The more h i g h l y h y d r o x y e t h y l a t e d b o n e - d r y p r o d u c t s 
a p p r o a c h t h e m o i s t u r e - c o n d i t i o n e d p r o d u c t s i n t e r m s o f C y . The 
g e n e r a l l y l o w e r l e v e l s o f Cy f o r m o i s t u r e - c o n d i t i o n e d s a m p l e s 
p a r a l l e l t h e i m p r o v e d r e a c t i v i t i e s shown by tioo ( F i g u r e 3 ) . The 
m o i s t u r e - c o n d i t i o n e d c o n t r o l p u l p , w h i c h has a s i g n i f i c a n t l y 
h i g h e r Cy v a l u e t h a n do t h e m o i s t u r e - c o n d i t i o n e d h y d r o x y e t h y l a t e d 
p u l p s , i s an e x c e p t i o n i n h a v i n g h i g h r e a c t i v i t y . The r e a c t i v i t y 
r e t a i n e d i n m i c r o f i b r i l l e r b u n d l e s o f h y d r o x y e t h y l a t e d p u l p s i s 
h i g h e r t h a n t h a t w h i c h m o i s t u r e c o n d i t i o n i n g a l o n e c a n i n d u c e . 
The b a s e l e v e l o f C y , a b o u t 0 . 0 7 , i n d i c a t e s t h e c o n t r i b u t i o n t o 
y e l l o w n e s s o f e x t r a c t a b l e components w h i c h have a m o l e c u l a r 
a b s o r p t i o n f u n c t i o n . 

As c a n be s e e n i n F i g u r e 1 6 , Cy c h a n g e d between t h e 3 0 - and 
4 0 - m i n u t e a c e t y l a t i o n s a m p l e s . W i t h t h e e x c e p t i o n o f t h e b o n e - d r y , 
unhammered p u l p s , t h i s c h a n g e i n v o l v e d s u b s t a n t i a l i n c r e a s e s , 
s u g g e s t i n g t h a t t h e p a r t i c l e s s c a t t e r i n g b l u e l i g h t a t 30 m i n u t e s 
r e m a i n i n s o l u t i o n and t h a t a d d i t i o n a l p a r t i c l e s a r e g e n e r a t e d by 
f u r t h e r a t t a c k on l a r g e , c e n t r i f u g a b l e p a r t i c l e s . The r e l a t i v e l y 
s m a l l c h a n g e s o b s e r v e d f o r t h e b o n e - d r y , unhammered p u l p s s u g g e s t s 
t h a t t h e l a r g e r e s i d u e s i n t h o s e a c e t y l a t i o n s a r e l e s s v u l n e r a b l e 
t o a t t a c k . The v a l u e s o f A T c w e r e a l s o much h i g h e r f o r t h e b o n e -
d r y unhammered p u l p s . 

D i s c u s s i o n 

P u l p S t r u c t u r e . By what m e c h a n i s m d o e s p u l p h y d r o x y e t h y -
1 a t i o n s o p r o f o u n d l y m o d i f y p r e t r e a t m e n t r e q u i r e m e n t s and t h e 
a c e t y l a t i o n p r o c e s s p r o d u c t ? The f o r m u l a t i o n e v o l v e d f r o m t h e 
f i n d i n g s o f t h i s i n v e s t i g a t i o n i s b a s e d on t h e a s s u m p t i o n t h a t t h e 
u l t i m a t e e l e m e n t i n t h e c e l l u l o s i c s t r u c t u r e i s a m i c r o f i b r i l 
35 A i n d i a m e t e r . E l e c t r o n m i c r o g r a p h s o f t h e r e s i d u e s a f t e r peak 
a c e t y l a t i o n r e g u l a r l v show c o m p o s i t e r o d b u n d l e s whose d i a m e t e r s 
a r e m u l t i p l e s o f 35 A . A l s o p r e s e n t a r e p a r t i c l e s i n w h i c h an 
amorphous c e m e n t i n g a g e n t a p p a r e n t l y h o l d s t o g e t h e r d e n s e , r o u g h l y 
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Figure 15. Effect of hydroxyethylation, moisture conditioning, and hammer­
ing on yellowness coefficient, Cy, of acetylation products produced from a 
nitration-grade pulp (samples collected 30 min into the acetylation reaction) 
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Figure 16. Effect of hydroxyethylation, moisture conditioning, and hammer­
ing on the change in the yellowness coefficient, A C y , as the acetylation of a 
nitration-grade pulp progresses (samples collected 30 and 40 min into the 

acetylation reaction) 
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o v a l - s h a p e d p a r t i c l e s ( F i g u r e s 13 and 1 7 ) , T h e s e p a r t i c l e s a r e 
h e m i c e l l u l o s i c , i n t h a t t h e y a r e n o t o b s e r v e d i n a c e t y l a t e d 
c o t t o n f i b e r s . 

P r e t r e a t m e n t 

The optimum p r e t r e a t i n g l i q u i d i s a w a t e r / a c e t i c a c i d 
s o l u t i o n a t a 1/1 m o l a r r a t i o . I n t h e a b s e n c e o f w a t e r a c e t i c 
a c i d i s a d i m e r , b u t i n t h e p r e s e n c e o f w a t e r t h e d i m e r decompo­
s e s . The a c t u a l p r e t r e a t i n g a g e n t i s p r o b a b l y t h e m o n o - h y d r a t e 
o f a c e t i c a c i d . I t i s b u l k i e r t h a n H2O and t h e r e f o r e a b e t t e r 
w e d g e . I t 1 s , u n l i k e d i m e r i c a c e t i c a c i d , a h y d r o g e n d o n o r . I t 
c a n be p o s t u l a t e d t h a t t h e m o n o h y d r a t e o f a c e t i c a c i d i s e f f e c t i v e 
i n b r e a k i n g h y d r o g e n bonds i n d e l i g n i f i e d c e l l u l o s i c m a t e r i a l a n d 
t h e r e f o r e t h a t i t e f f e c t
m i c r o f i b r i l l a r u n i t s , t h e r e b
f o r t h e a t t a c k o f t h e a c e t y l a t i o n r e a g e n t . M e c h a n i c a l i n p u t 
(hammering) a i d s t h e p e n e t r a t i o n o f t h e a c e t i c a c i d m o n o h y d r a t e . 
O t h e r s t u d i e s have shown t h a t t h e r e a c t i v i t y o f a p u l p w i t h an 
e x t r e m e l y l o w h e m i c e l l u l o s e c o n t e n t i s n o t i m p r o v e d by m e c h a n i c a l 
i n p u t d u r i n g p r e t r e a t m e n t . H o w e v e r , where h e m i c e l l u l o s i c c e m e n t s 
a r e p r e s e n t , m e c h a n i c a l i n p u t b r e a k s t h e bonds o f t h e s e c e m e n t s 
and c r e a t e s b e t t e r a c c e s s f o r t h e a c e t i c a c i d m o n o h y d r a t e . 

H y d r o x y e t h y l a t i o n 

When u n d r i e d p u l p a t a c o n s i s t e n c y o f 100% i s t r e a t e d w i t h 
e t h y l e n e o x i d e , t h e a c c e s s i b l e s u r f a c e a r e a i s a t l e a s t as g r e a t 
a s t h a t r e s u l t i n g f r o m t h e p r e t r e a t m e n t o f d r i e d p u l p . E t h y l e n e 
o x i d e e n t e r s t h e i n t e r f i b r i l l a r s p a c e s , r a n d o m l y r e a c t s a t a 
number o f a c c e s s i b l e s i t e s , and p r o v i d e s a s e r i e s o f wedges w h i c h 
p r e v e n t s t r u c t u r a l c o l l a p s e a s d r y i n g t a k e s p l a c e . When t h e 
d e g r e e o f h y d r o x y e t h y l a t i o n i s s u f f i c i e n t , a b o n e - d r y h y d r o x y ­
e t h y l a t e d p u l p , w h i c h has a s open an i n t e r f i b r i l l a r s t r u c t u r e a s a 
p r e t r e a t e d p u l p , w i l l r e a c t a t a r a t e s i m i l a r t o t h a t c h a r a c t e r ­
i s t i c o f m o i s t u r e - c o n d i t i o n e d p u l p s . S u p p o r t i n g e v i d e n c e f o r t h i s 
t h e o r y c a n be f o u n d i n t h e s i g n i f i c a n t l y l o w e r number o f l a r g e 
r e s i d u e s , a s i n d i c a t e d by t h e l o w e r Δ Τ ς v a l u e s , i n h y d r o x y e t h y l a t e d 
p u l p s . Hammering a b o n e - d r y h y d r o x y e t h y l a t e d p u l p g e n e r a t e s e v e n 
more s u r f a c e a r e a and r e s u l t s r e s i d u a l p a r t i c l e s . 

M o i s t u r e c o n d i t i o n i n g p l a s t i c i z e s h y d r o x y e t h y l a t e d p u l p . 
Hammering t h e s e p l a s t i c i z e d p u l p s l e a d s t o a d h e s i o n s . w h e r e 
h y d r o g e n bonds d e v e l o p i n r e g i o n s w h i c h w e r e s e p a r a t e d b u t i n 
w h i c h t h e wedge i n c i d e n c e was s m a l l . The r e s u l t i s an i n c r e a s e i n 
l a r g e , c e n t r i f u g a b l e p a r t i c l e s , i n d i c a t e d by t h e h i g h i n i t i a l 
t u r b i d i t y and t h e h i g h A T c v a l u e s o f m o i s t u r e - c o n d i t i o n e d hammered 
h y d r o x y e t h y l a t e d p u l p s . 

The wedge e f f e c t o f h y d r o x y e t h y l a t i o n i n c o n j u n c t i o n w i t h 
t h e a c e t i c a c i d m o n o h y d r a t e p r e t r e a t m e n t a l s o r e s u l t s i n a 
r e d u c t i o n o f p a r t i c l e s i n t h e s i z e r a n g e o f 0 . 5 t o 1 0 μ . The b a s i s 
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Figure 17. Transmission electron micrograph of film made from an acetylation mixture. 
Reference mark is Ο.ΐμ. 
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f o r t h i s o b s e r v a t i o n i s t h e l o w t u r b i d i t i e s o f s u p e r n a t a n t f l u i d s 
f r o m h y d r o x y e t h y l a t e d p u l p s . T h i s m e c h a n i s m i s c o m p a t i b l e w i t h 
t h e o b s e r v a t i o n o f a h i g h e r c e l l u l o s e c o n t e n t i n p a r t i c l e s f o r m e d 
when b o n e - d r y p u l p s a r e a c e t y l a t e d . 

C o n c l u s i o n s 

A l l t h r e e l e v e l s o f e t h y l e n e o x i d e t r e a t m e n t o f a n i t r a t i o n 
g r a d e p u l p l e a d t o a c e t y l a t i o n p r o d u c t s w i t h i m p r o v e d f i l t r a t i o n 
p e r f o r m a n c e , r e d u c e d f a l s e v i s c o s i t y , and i n c r e a s e d a c e t o n e 
s o l u t i o n c l a r i t y . M o s t s t r i k i n g l y , t h e h y d r o x y l a t e d p u l p s c o u l d 
be a c e t y l a t e d b o n e - d r y w i t h o u t a c t i v a t i o n by m e c h a n i c a l i n p u t 
(hammering) d u r i n g p r e t r e a t m e n t . 

The w a t e r s o l u b i l i t y o f t h e h e m i c e l l u l o s e c o n s t i t u e n t s o f t h e 
h y d r o x y e t h y l a t e d p u l p s wa
u s u a l l y p r e c i p i t a t e d i
o f a c i d w i t h w a t e r , t h i s i n c r e a s e d w a t e r s o l u b i l i t y o f c o n t a m i n ­
a n t s r e s u l t s i n s e r i o u s y i e l d r e d u c t i o n s i n t h e p r e c i p i t a t i o n and 
w a s h i n g s t a g e s . 

A l t h o u g h i m p r o v e m e n t i n a c e t y l a t i o n p r o d u c t s p r o d u c e d f r o m a 
l o w e r q u a l i t y p u l p was a c h i e v e d by h y d r o x y e t h y l a t i o n , t h e e c o n o m i c 
and t e c h n i c a l l i m i t a t i o n s o f t h i s a p p r o a c h s u g g e s t t h a t t r e a t i n g 
l e s s p u r i f i e d p u l p s w i t h e t h y l e n e o x i d e i s n o t a v i a b l e c o m m e r c i a l 
p r o c e s s and d o e s n o t s o l v e t h e p r o b l e m a t h a n d . I n t h e c o n t e x t o f 
b a s i c s c i e n t i f i c k n o w l e d g e , h o w e v e r , t h e f i n d i n g s o f t h i s i n v e s t i ­
g a t i o n a r e c o n s i d e r a b l e . 

I n t e r m s o f a m e c h a n i s m , a s t r u c t u r a l l y m o d i f i e d l o w e r g r a d e 
p u l p a c e t y l a t e s r a p i d l y and f o r m s a b e t t e r p r o d u c t b e c a u s e much o f 
t h e i n i t i a l b e f o r e - d r y i n g i n t e r n a l s u r f a c e i s p r e s e r v e d by h y -
d r o x y e t h y l g r o u p s w h i c h a c t a s m o l e c u l a r w e d g e s , p r e v e n t i n g 
e x t e n s i v e h y d r o g e n b o n d i n g and a t t e n d a n t r e d u c t i o n i n s u r f a c e . 
The c u s t o m a r y p r e t r e a t m e n t w i t h a c e t i c a c i d m o n o h y d r a t e and 
m o d e r a t e m e c h a n i c a l t r e a t m e n t i m p r o v e t h e a c e t y l a t i o n r e s p o n s e o f 
t h e p a r e n t p u l p by r e g e n e r a t i n g i n t e r n a l s u r f a c e . In c o n t r a s t , 
m o d e r a t e m e c h a n i c a l t r e a t m e n t o f an a c e t i c m o n o h y d r a t e p r e t r e a t e d 
h y d r o x e t h y l a t e d p u l p r e d u c e d i n t e r n a l s u r f a c e by c r u s h i n g t h e 
s t r u c t u r e and e s t a b l i s h i n g h y d r o g e n b o n d s , t h e r e b y r e d u c i n g 
i n t e r n a l s u r f a c e and a c c e s s i b i l i t y t o a c e t y l a t i o n r e a g e n t s . 
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11 
Reactions of Cellulose With Amic Acids and 

Anhydride-Ammonia 

Part VI: Reaction Stoichiometry 

B. G. BOWMAN☼ and JOHN A. CUCULO 
Dept. of Textile Chemistry, North Carolina State University, Raleigh, N.C. 27607 

The chemical an
fabrics can be modified i n a pad-bake reaction with 
solut i o n s of c e r t a i n half-amides of d i c a r b o x y l i c acids 
(amic acids) (1, 2, 3). The products of the reaction 
are ammonia and cellulose half-acid esters (Equation 
1). Woven and nonwoven f a b r i c s composed of 

either viscose rayon or cotton (1, 2, 3) and wood pulp 
mats (4) have been modified by t h i s procedure. The 
reaction is specific for amic acids derived from 
dicarboxylic acids which form i n t e r n a l pentacyclic 
anhydrides (e.g., s u c c i n i c , maleic, p h t h a l i c acids, 
etc.) (3). The reaction also occurs when solutions of 
anhydrides and aqueous ammonia are reacted with the 
cellulosic f a b r i c s (Equation 2) (5). 

The reaction is moderately catalyzed by small 
amounts of a v a r i e t y of compounds and may be 
s u c c e s s f u l l y completed when the pad-bath solvent i s 
either water or formamide (4). The reaction does not 
appear to be successful when the pad-bath solvent i s an 
a p r o t i c medium such as N,N-dimethylformamide or 
N-methylpyrrolidone (4). 

•Present Address: High Point College,Department of 
Chemistry,High Point, Ν. C. 27262 
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ο Cc 
) 0 + N H 3 ( a q . ) 

C 
II 
0 

in s i t u 
Ο Ο 

C e l l O C - COH + N H -

The pad-bake process involves the a p p l i c a t i o n of 
the amic acid and c a t a l y s t in s o l u t i o n to the f a b r i c , 
squeezing to a predetermined pick-up, and placing i n a 
hot oven to remove th
r e a c t i o n . The solven
t y p i c a l l y i n about two minutes, leaving behind a s o l i d 
or l i q u i d residue on the f a b r i c . The rapid removal of 
the solvent, water, has been shown to be important (4̂ ) 

The f a b r i c modified by the pad-bake reaction with 
α , 3 -amic acids has increased base combining capacity 
and water s e n s i t i v i t y . This i n d i c a t e s that acid groups 
are indeed present on the f a b r i c . The s a p o n i f i c a t i o n 
equivalent of the f a b r i c i s generally twice the 
n e u t r a l i z a t i o n equivalent i n d i c a t i n g the presence of 
equal numbers of acid and ester groups. Longer 
reaction times or higher temperatures give r i s e to the 
formation of d i e s t e r c r o s s l i n k s (Equation 3) U , 4 i ) . 
Under these conditions the s a p o n i f i c a t i o n equivalent i s 
more than twice the n e u t r a l i z a t i o n equivalent. There i s 
some evidence that a small amount of half-amide 

o o o o 
C e l l 0 C C H 2 C H 2 C 0 H + C e l l O H ^ C e l l O C C H 2 C H 2 C O C e l l (3) 

ester i s formed (3, 4). Spectroscopic evidence for the 
formation of the ïïalF-acid ester of c e l l u l o s e by the 
pad-bake reaction with a, 3-amic acids i s given i n 
Figure 1. These i n f r a r e d spectra were obtained from 
cupraphane f i l m which was modified i n the pad-bake 
reaction with succinamic a c i d . Spectrum A represents 
i n f r a r e d absorption of the unmodified c e l l u l o s e i n the 
carbonyl absorption region. There i s one weak doublet 
near 1650 cm- 1 which i s due to the presence of water. 
The carbonyl absorption region of the c e l l u l o s e 
hemisuccinate i s shown i n spectrum B. The strong 
absorption at 1730 cm"1 i s due to the overlapping 
c a r b o x y l i c acid and ester carbonyl absorptions. The 
acid-ester combination peak i s resolved i n spectrum C 

υ 

c ' C ^ O H A 

Ç O H + C e l l O H * · 

Ο <2> 
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Figure 1. Carbonyl absorption region for (A) unmodified cellulose, (B) cellulose hemi-
succinate, and (C) cellulose hemisuccinate, sodium salt 
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when the c e l l u l o s e hemisuccinate i s neu t r a l i z e d with 
sodium bicarbonate. The peak at 1730 cm"1 decreases i n 
i n t e n s i t y and increases i n sharpness as a new peak due 
to carboxylate appears at 1570 cm"1 . These assignments 
are consistent with the l i t e r a t u r e (6, 2 ) · 

The reaction between the a, β-amic acids and 
c e l l u l o s e i s s i g n i f i c a n t because the d e r i v a t i v e , the 
c e l l u l o s e h a l f - a c i d e s t e r , can be r a p i d l y formed using 
r e l a t i v e l y inexpensive s t a r t i n g materials and aqueous 
systems. This i s not generally true for the other 
methods of preparation of c e l l u l o s e h a l f - a c i d esters 
which have been reported (8). 

I I . Discussion of
Reaction Betwee

The reaction of c e l l u l o s e w i t h a , 3 - a m i c acids 
represents an apparent departure from the t r a d i t i o n a l 
observations of amide chemistry. The reaction i s 
e s s e n t i a l l y an a l c o h o l y s i s of the amide group as the 
o v e r a l l stoichiometry i n d i c a t e s (Equation 1). The 
amide group i s a r e l a t i v e l y s e l e c t i v e acyl moiety and 
requires a strong nucleophile for attack at the 
t r i g o n a l carbon atom of the group. The attack of an 
alc o h o l , a weak nucleophile, on the amide group with 
subsequent los s of ammonia i s not a very favorable 
r e a c t i o n . Indeed, March states i n Advanced Organic 
Chemistry: Reactions, Mechanisms and Structure that 
"Alcoholysis of amides i s possible but i s seldom 
performed . . ." (£). The reason for the inertness of 
amides i s the high b a s i c i t y of the amide ion which i s 
the leaving group expected i n the uncatalyzed 
a l c o h o l y s i s (Equation 4 ) . 

e ο 
ο 

+ ROH —>- R 

0 

C I 
R \ ' + NH. 

L3 
(4) 

This i s the same reasoning used to explain the r e l a t i v e 
inertness of amides toward neutral hydrolysis (9). 
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The probable mechanism by which α,β-amic acids 
react with c e l l u l o s e can be divided into two general 
c l a s s e s : 

1. D i r e c t a l c o h o l y s i s by attack of the c e l l u l o s i c 
hydroxyls at the amide carbonyl; and 

2. A l c o h o l y s i s of a reactive intermediate formed 
by the i n i t i a l decomposition of the amic a c i d . 

The d i r e c t a l c o h o l y s i s may be either catalyzed by 
acid or uncatalyzed. The uncatalyzed reaction 
mechanism i s shown i n Equation 4 . The mechanism 
proposed by Johnson and Cuculo involves intermolecular 
acid c a t a l y s i s ( E q u a t i o
hydroxyl on the amid
protonation of the amide and by the formation of 

Φ 
Ο ÇOH 

C s H C - N H 2 

f l N f i
 + · _ ^ f 2 + C e l l 0 H 

C H , C H , OH 
t O. \ / 
\ C ' Ί 1 C 

H 
ο 0 

H 2 N C H -

HO — C s 

^ 2 
c 

Θ 
C e l l O 1 — ^ C e l l O - C - C H 2 C H 2 C 0 2 H + H >» 

OH 

0 Ο 

C e l l O C C B ^ C B ^ C O H + N H 2 

( 5 ) 

a hydrogen bond between the a l c o h o l i c proton and the 
carboxyl carbonyl. The j u s t i f i c a t i o n s given for t h i s 
r e a c t i o n mechanism were the apparent s p e c i f i c i t y of the 
reaction for a, β-amic acids derived from d i c a r b o x y l i c 
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acids which form i n t e r n a l p e n t a c y c l i c anhydrides and 
the c a t a l y t i c e f f e c t of acids. Another source of 
c a t a l y z i n g acid i s the adjacent carboxyl group. This 
leads to the p o s s i b i l i t y of intramolecular acid 
c a t a l y s i s as shown i n Equation 6. 

The second c l a s s i f i c a t i o n of mechanisms involves 
the formation of r e a c t i v e intermediates which can more 
e a s i l y undergo a l c o h o l y s i s . Since α , β-amic-acids are 
c h a r a c t e r i s t i c a l l y easy to hydrolyze (10^ 11_, 12, 13, 
14, 15, 1J6, Γ7, 18) there i s good reason to suspect 
tKat in an aqueous pad-bath, the amic acid could be 
hydrolyzed. This h y d r o l y s i s reaction would y i e l d both 
the d i a c i d and ammonia which could subsequently be 
deposited as the p a r t i a

ammonium s a l t when the water i s removed. E s t e r i f i c a -
t i o n of c e l l u l o s e by ammonium s a l t s has been reported 
(Equation 7) (19, 20, 21). 
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r ' O R 

, O H 

+ N H 3 + H 2 0 ( 7 ) 

While t h i s reaction could contribute to the formation 
of the c e l l u l o s e h a l f - a c i d ester, the experimental 
r e s u l t s of Cuculo and Johnson (2̂ ) have indicated that 
the ammonium s a l t r e a c t i o n i s not the major contributor 
i n reactions of succinamic acid with viscose rayon. 

An a l t e r n a t i v e r e a c t i v e intermediate i s the 
anhydride which has been proposed as the intermediate 
i n the h y d r o l y s i s (10, 11, 12, 13, 14, 1£, 16, Γ7, _18) 
and aminolysis (22) reactions oT^ a ,~T-amic acids. 
Anhydride might "Form i n the residue l e f t on the f a b r i c 
a f t e r the pad-bath solvent i s removed and subsequently 
react with the c e l l u l o s e (Equation 8). This mechanism 
i s 

a t t r a c t i v e for the following reasons: 

1. Formation of anhydride from a, 3-amic acids has 
been d i r e c t l y detected i n several cases (18, 
23, 24, 25) and 

2. Tïïe anhycfride i n much l e s s s e l e c t i v e than the 
amide i n s o l v o l y s i s reactions and e a s i l y under 
goes a l c o h o l y s i s at room tempeature (^6). 

This paper describes a study undertaken to 
determine the chemical changes which occur i n 
succinamic and phthalamic acids during the preparation 
of the pad-bath and the pad-bake r e a c t i o n . The 
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pad-bake procedure was simulated under conditions which 
allowed complete recovery of the residue of r e a c t i o n . 
The reactions were performed in the absence of 
c e l l u l o s i c substrate i n the hope that any stable 
intermediate which might be the precursor to the 
c e l l u l o s e h a l f - a c i d ester might be d i r e c t l y detected. 
Also sought were the products of reactions i n 
competition with the ester i f i c a t i o n . The composition 
of the residue was studied as a function of bake time 
and temperature, i n i t i a l concentration of the bath, 
presence of c a t a l y s t , solvent, and drying conditions 
(removal of s o l v e n t ) . 

Experimental 

Preparation of Amic Acid Solutions. Phthalamic 
acid or succinamic acid was prepared by the methods 
given i n references (4̂ ) and (21) . The amic acid 
s o l u t i o n was prepared i n a 10 ml volumetric f l a s k 
maintained at 60±3°C i n a water bath. The d i s t i l l e d 
water used to prepare the amic acid s o l u t i o n was 
incubated i n the water bath. When c a t a l y s t was used i t 
was added after the amic a c i d . 

Performing the Reaction. An a l i q u o t of amic acid 
s o l u t i o n was removed from the f l a s k with a preheated 
constant d e l i v e r y syringe and in j e c t e d through a rubber 
septum into a preheated 25 ml reaction f l a s k . The 
f l a s k was heated by a large volume o i l bath held at the 
reaction temperature ±1°C. The i n i t i a l amount of amic 
acid was determined from the s o l u t i o n concentration and 
ali q u o t volume. The reaction f l a s k was f i t t e d with a 
nitrogen i n l e t and condenser. Nitrogen at a s l i g h t 
p o s i t i v e pressure flowed through the reaction f l a s k and 
out through the condenser into a f l a s k containing 
standard acid to trap any v o l a t i l e ammonia. In some 
cases the acid trap was preceded by a chloroform trap. 
The duration of the reaction was taken as the time from 
i n j e c t i o n of the s o l u t i o n u n t i l the removal of the 
reaction f l a s k from the o i l bath for quenching i n a 
stream of acetone. The f l a s k was then cleaned, and 
dried under vacuum at 40°C for one hour, and i t s mass 
determined. Reactions from Ν, N-dimethylformamide and 
formamide required longer periods of drying. The 
residue mass was determined by d i f f e r e n c e . The 
conditions under which the reactions were performed are 
summarized i n Table I. 

Analysis of the Products. The reaction products 
were analyzed q u a l i t a t i v e l y by i n f r a r e d spectroscopy. 
The spectra were determined as KBr p e l l e t s using a 
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igure 2. Infrared spectra of (A) succinamic acid and (B) phthalamic 
acid in the region 4000-1200 cm'1 
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Perkin-Elmer Infracord 337 Recording Spectrophotometer. 
The p o s i t i o n of absorption maxima reported here were 
measured from polystyrene reference f i l m . 

The products were analyzed for ammonium ion by 
N e s s l e r i z a t i o n (2*8) using standards prepared from 
ammonium s u l f a t e . 

The n e u t r a l i z a t i o n equivalent of the reaction 
product was determined by potentiometric t i t r a t i o n with 
standard ammonium hydroxide. The endpoints were 
determined a n a l y t i c a l l y from values of the second 
d e r i v a t i v e curve i n the region of the endpoint. The 
analysis with the weak base was necessary because a 
portion of the residue was an ammonium s a l t . The 
determination of fre
of the acid with a wea
(29). 

The amount of chloroform soluble material i n the 
reaction product was determined by e x t r a c t i o n of a 
powdered sample of product with an a l i q u o t of 
chloroform. The e x t r a c t i o n was performed i n a f r i t t e d 
funnel. The e x t r a c t i o n was considered complete when 
the decrease i n mass of the residue on successive 
extractions was l e s s than 0.1% of the i n i t i a l mass. 
The chloroform extracts were recovered by evaporation 
and t h e i r i n f r a r e d spectra and melting ranges were 
determined. 

Total nitrogen i n the samples was determined by 
the micro-Kjeldahl technique (30). 

Determination of the S t a b i l i t y of the Amic Acid 
Solutions. The s t a b i l i t y of the solutions prepared as 
above was determined by following the appearance of 
ammonium ion with time and by examination of the 
i n f r a r e d spectrum of the material i n the s o l u t i o n . In 
both analyses an a l i q u o t of s o l u t i o n was withdrawn and 
Nesslerized for ammonium content or evaporated to 
dryness under vacuum for evaluation of the i n f r a r e d 
spectrum as described above. 

Results of the Experiments 

The i n f r a r e d spectra of succinamic and phthalamic 
acids are given i n Figure 2. The d i s t i n c t i v e features 
of the amic acid spectra are the carbonyl doublet near 
1700 cm"1 and the doublet in the region 3000 cm"1 to 
3500 cm"1 due to the nitrogen-hydrogen s t r e t c h i n g 
v i b r a t i o n s . The carbonyl peaks i n succinamic acid are 
at 1710 cm"1 and 1650 cm"1. In phthalamic acid the 
carbonyl peaks occur at 1695 cm"^ and 1645 cm'1. The 
high energy peak i s due to the c a r b o x y l i c acid carbonyl 
str e t c h i n g v i b r a t i o n and the low energy peak due to the 
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amide carbonyl s t r e t c h i n g v i b r a t i o n . The nitrogen-
hydrogen s t r e t c h i n g v i b r a t i o n peaks occur at 3375 cm-1 

and 3215 cm-1 i n succinamic acid and at 3355 cm"1 and 
3155 cm 4 i n phthalamic a c i d . This doublet corresponds 
to the asymmetric and symmetric N-H s t r e t c h i n g 
v i b r a t i o n s . These assignments are consistent with the 
l i t e r a t u r e (31, 2, 32). 

The spectra of the products of the reaction of 
succinamic acid for ten minutes at 150°C r 175°C, and 
200°C (reactions 1,2, and 3, Table I) are shown i n 
Figure 3. Comparison of these spectra with that of 
succinamic acid i n Figure 2 shows that s i g n i f i c a n t 
changes have occurred i n the nitrogen-hydrogen and 
carbonyl s t r e t c h i n
s t r e t c h i n g peaks ar
i n the pure amic acid the high energy peak i s by far 
the most intense. In spectra Β and C (175°C and 
200°C, res p e c t i v e l y ) the i n t e n s i t y of the low energy 
N-H st r e t c h i n g v i b r a t i o n i s the greatest. The amide 
carbonyl absorption which has begun to decrease i n 
spectrum A has become a shoulder i n spectra Β and C. 
This in d i c a t e s a progressive decrease i n the amount of 
amide i n the residue as the temperature of reaction 
increases. In addi t i o n the peak which appears near 
1575 cm"1 i n the pure amic acid (probably the amide 
II band (£, p.94,95) has broadened and the p o s i t i o n of 
the maximum has s h i f t e d to 1550 cm'1 i n spectra Β and C. 
This i s an i n d i c a t i o n of the formation of an ammonium 
s a l t i n the residue since the carbonyl s t r e t c h i n g 
absorption of the carboxylate anion occurs near 1550 
cm"1 (j>). This conclusion i s supported by the 
appearance of two broad peaks of medium i n t e n s i t y near 
2500 cm"1 and 2000 cm-1 which would be expected i n the 
spectra of ammonium s a l t s ( j 6 , p.94). A further change 
which occurs i n the carbonyl region i s the appearance of 
a shoulder at 1760 cm"1 i n spectrum Β which i s sharply 
resolved i n spectrum C. The appearance of the peak at 
1760 cm'1 can best be explained by the presence of 
succinimide i n the product. The spectrum of the pure 
imide i s shown i n Figure 4 (spectrum A) along with that 
of succinamic acid containing 20% succinimide by weight 
prepared from the pure compounds (spectrum B). The 
spectra c l e a r l y show that the absorption peak at 1760 
cm"1 can be explained by the presence of succinimide. 
Thus i t can be concluded on the basis of the i n f r a r e d 
spectra that the r e l a t i o n products include unreacted 
succinamic a c i d , ammonium s a l t which could be a mixture 
of ammonium succinamate, monoammonium succinate, and 
diammonium succinate, and succinimide. 

The q u a l i t a t i v e a n a l y s i s of the reaction products 
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by i n f r a r e d spectroscopy i s supported by the 
qu a n t i t a t i v e a n a l y t i c a l data presented i n Table II 
(Reactions 1,2,3). The presence of ammonium ion as 
determined by Nessler's reagent i n d i c a t e s that a 
su b s t a n t i a l amount of hy d r o l y s i s has occurred either i n 
the preparation of the s o l u t i o n or i n the bake step. 
The amount of ammonium ion i s markedly lower at the 
highest temperature, 200°C. 

The decrease i n the amount of ammonium ion with 
temperature i s accompanied by an increase i n the amount 
of chloroform soluble material and n e u t r a l i z a t i o n 
equivalent. This r e f l e c t s an increasing amount of 
succinimide i n the residue. The imide i s chloroform 
soluble and i s too
n e u t r a l i z a t i o n equivalen
removed from the residue by ex t r a c t i o n the residue 
contains the acids and s a l t s . The t o t a l amount of 
nitrogen (as ammonia) present i n t h i s residue was 
determined by micro-Kjeldahl a n a l y s i s . This value 
represents the t o t a l amide and ammonium nitrogen on an 
imide-free b a s i s . When based on the t o t a l mass of the 
residue t h i s value can be used to determine the % amide 
ammonia i n the mixture. These derived values for % amid 
ammonia are given i n Table I I . The amount of amide 
ammonia decreases from 9.19% at 150°C to 7.62% at 200° 
C. 

By using the values for % chloroform soluble 
m a t e r i a l , i t i s possible to c a l c u l a t e the % y i e l d of 
imide i n the r e a c t i o n . It i s also possible to 
c a l c u l a t e the y i e l d s of ammonium s a l t (as monoammonium 
succinate) and amic acid from the % i o n i c ammonia and % 
amide ammonia values r e s p e c t i v e l y . It i s also possible 
to c a l c u l a t e the y i e l d of d i a c i d from the values of the 
n e u t r a l i z a t i o n equivalent and the y i e l d s of monoammonium 
s a l t and amic a c i d . This l a s t c a l c u l a t i o n i s based on 
the assumption that the acids present i n the mixture are 
the amic a c i d , the monoammonium s a l t and the d i a c i d . 
The r e s u l t s of such c a l c u l a t i o n s are shown i n Table 

I I I . The data for reactions 1, 2 and 3 show that the 
amide content decreases while the y i e l d s of imide and 
d i a c i d increase (as the temperature i s increased). The 
ammonium s a l t content decreases. These data are 
consistent with the conclusion that hydrolysis occurs i n 
the preparation of the amic acid s o l u t i o n and during the 
v o l a t i l i z a t i o n of the solvent. The dehydrocyclization 
reaction which y i e l d s imide i s a competing reaction 
which y i e l d s an i n e r t product (_3) · 

The spectra of the products of the pad-bake 
reaction of phthalamic acid for 10 minutes at 150 (A), 
175 (B), and 200°C (C) (reaction 4 , 5, and 6, Table I) 
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are shown i n Figure 5. Comparison of these spectra with 
that of phthalamic acid (B i n Figure 2) show that a very 
s i g n i f i c a n t change has occurred during the r e a c t i o n . 
After reation at 150°C (spectrum A), the N-H s t r e t c h i n g 

doublet has been replaced by a strong absorption,at 3125 
cm""1 and a weak absorption at 3480 cm'1 . The carboxyl 
s t r e t c h i n g region has also changed. The amide and 
carboxyl absorbances at 1695 cm"1 and 1645 cm"1 have 
been replaced by two peaks at 1675 cnr^and 1550 cm"1 . 
The l a t t e r peak i s quite intense. A d d i t i o n a l l y , two } 

broad, moderately intense peaks have appeared at 2450 crif 
and 1950 cm" . The absorbances are consistent with 
those of an ammoniu
acid as noted befor
of succinamic a c i d . In t h i s case f however, the spectrum 
in d i c a t e s the h y d r o l y s i s reaction i s v i r t u a l l y 
complete. 

With increasing temperature, the spectra change, 
p a r t i c u l a r l y i n the carbonyl absorption region (spectra 
B, C). The peak which appears at 1675 cnr - 1 i n 
spectrum A has s h i f t e d to 1705 cm*"1 i n spectrum Β and 
has increased i n i n t e n s i t y r e l a t i v e to the maximum at 
1550 cm"1 . In a d d i t i o n a small shoulder has appeared 
at 1780 cm' 1in spectrum B. In spectrum C, the high 
energy maximum now i s the most intense and i s located 
at 1745 cm"1. The shoulder at 1780 cm"1 i n Β i s now a 
sharp peak at 1780 cm'1. In addition the broad peaks 
at 2450 cm'1 and 1950 cm'1 noted i n A have 
s u b s t a n t i a l l y disappeared i n C. The N-H s t r e t c h i n g 
region i s v i r t u a l l y the same i n each spectrum but, as 
noted before, d i f f e r s r a d i c a l l y from that of phthalamic 
a c i d . These spectra are consistent with the conclusion 
that phthalamic acid i s almost completely hydrolyzed i n 
the pad-bake reaction or during the preparation of the 
pad s o l u t i o n . The material deposited i s e s s e n t i a l l y 
the monoammonium s a l t of p h t h a l i c a c i d . This s a l t i s 
i n c r e a s i n g l y converted to the i n a c t i v e product, 
phthalimide as the temperature i s increased. 

These conclusions are supported by the a n a l y t i c a l 
data i n Table I I . The % amide ammonia i s only 0.31% i n 
the products of reactio n 4 and zero i n reactions 5 and 
6. The i o n i c ammonia values are r e l a t i v e l y high but 
decrease from 8.36% at 150°C (reaction 4) to 5.16% at 
200°C (reaction 6). The n e u t r a l i z a t i o n equivalent and 
% chloroform soluble material increase from 196.67 
grams/equivalent and 6.95% at 150°C (reaction 4) to 
331.85 grams/equivalent and 45.70% at 200°C (reaction 
6). These observations can be explained by the 
progressive conversion of the monoammonium s a l t into 
phthalimide. By using the methods discussed previously 
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Figure 5. Infrared spectra of the products of the reaction of phthalamic 
acid for 10 min at 150°C (A), 175°C (B), and 200°C (C) 
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the y i e l d s of the various products pan be c a l c u l a t e d . 
The r e s u l t s of the c a l c u l a t i o n s are shown i n Table I I I . 
The y i e l d of ammonium s a l t decreases with increasing 
temperature from an i n i t i a l value of 87.5% at 150°C. 
The amic acid was almost e n t i r e l y hydrolyzed i n these 
reactions and the hydrolyzate, monoammonium phthalate, 
i s converted to phthalimide. The y i e l d of the imide 
increases r a p i d l y with temperature from 8.4% af t e r 10 
minutes at 150°C to 48.7% after 10 minutes at 200°C. 
Small amounts of the amic acid and d i a c i d were also 
i n d i c a t e d . 

The spectra of the products of the reaction of 
succinamic acid at 175°C for 5, 10, and 15 minutes 
(reactions 7, 2, and 8  re s p e c t i v e l y )  show  i
Figure 6. With increasin
i n the spectra are very nearly the same as the changes 
caused by increasing temperature (Figure 3). The amide 
carbonyl s t r e t c h i n g absorption which appears atl650 cm": 

i n the parent compound, succinamic acid (spectrum A, 
Figure 2) decreases i n i n t e n s i t y with time as the peak 
at 1575 cm-1 broadens and a shoulder appears at 
1760 cm"1. Again the nitrogen-hydrogen stretching 
v i b r a t i o n s have reversed i n r e l a t i v e i n t e n s i t y . These 
changes i n the spectra of the products of the bake 
reaction are consistent with the conclusion that the 
succinamic acid i s deposited during v o l a t i l i z a t i o n of 
the solvent as a mixture of succinamic acid and 
monoammonium succinate. This material i s progr e s s i v e l y 
converted into succinimide as the heating i s continued. 

Again the a n a l y t i c a l data support t h i s 
conclusion. Five minutes into the reaction (reaction 
7) the reaction products contain 3.63% ammonia as 
ammonium ion. The % amide ammonia i s 9.61% which 
corresponds to a y i e l d of 65.9% succinamic a c i d . Thus, 
after f i v e minutes, the amount of amic acid has 
decreased 34.1%. The y i e l d values are given i n Table 
I I I . The y i e l d of succinamic acid decreases with time 
from 65.9% af t e r 5 minutes to 39.8% af t e r 15 minutes as 
the amic acid i s progressively converted into 
succinimide and ammonium s a l t . The y i e l d of imide 
increases from 0.6% at 5 minutes to 23.1% at 15 
minutes. The y i e l d of ammonium s a l t i s maximum at 10 
minutes at 34.0% and decreases after 15 minutes to 
23.1% i n d i c a t i n g the p o s s i b i l i t y of i t s conversion to 
d i a c i d or imide. The y i e l d of d i a c i d increased from 
4% af t e r 5 minutes to 13% at 15 minutes. 

The spectra of the products of the reaction of 
phthalamic acid at 175°C for 5 f 10, and 15 minutes 
(reactions 9, 5, and 10 r e s p e c t i v e l y ) are shown i n 
Figure 7. The spectra again d i f f e r g r e a t l y from the 
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Figure 6. Infrared spectra of the prod­
ucts of the reaction of succinamic acid 
at 175°C for 5 min (A), 10 min (B), and 

15min(C) 
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Table III 

Product Y i e l d Data, Time, Temp., Cone, and Catalyst 
% Y i e l d 

Reaction Unreacted Mono-
Number Amic ammonium Imide Diacid 

Acid «ait 

1 64.6 28.6 0.5 6. 

2 53.

3 41.5 7.7 41.1 11 

4 3.3 87.5 8.4 0 

5 0 81.5 14.9 1 

6 0 47.6 48.7 1 

7 65.9 24.7 0.6 4 

8 39.8 23.1 23.1 13 

9 10.2 88.6 2.5 0 

10 1.4 82.1 17.2 0 

11 50.2 19.3 17.0 8 

12 52.1 25.0 13.1 9 

13 7.8 74.6 3.6 10 

14 51.3 34.6 7.6 7 

15 10.9 80.3 6.7 1 
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spectrum of phthalamic acid (Figure 2, spectrum B) and 
ind i c a t e by the absence of any s i g n i f i c a n t absorption 
at 1645 cm""1 due to the amide carbonyl s t r e t c h i n g 
absorption and by the presence of the strong absorption 
at 1550 cm"1 and 3200 cm"1 that the phthalamic acid i s 
extensively hydrolyzed. Dehydrocyclization to y i e l d 
imide also occurs as indicated by the appearance of the 
shoulder at 1780 cm"i i n spectra Β (reaction 5) and C 
(reaction 10). These observations i n d i c a t e that the 
phthalamic acid i s almost completely hydrolyzed at the 
outset of the bake step and i s deposited during the 
v o l a t i l i z a t i o n of the solvent as the p a r t i a l ammonium 
s a l t . The a n a l y t i c a l data i n Table II support t h i s 
conclusion with th
8.25% after 5 minute
7.58% a f t e r 15 minutes (reaction 10). This decrease i s 
accompanied by an increase i n the % chloroform 
extractables from 2.05% to 11.27% and the 
n e u t r a l i z a t i o n equivalent from 185.62 gram/equivalent 
to 205.14 gram/equivalent i n the same rea c t i o n s . These 
data were used to c a l c u l a t e the % y i e l d values shown i n 
Table I I I . Here the y i e l d of ammonium s a l t i s quite 
high at 88.6% aft e r f i v e minutes and decreases to a 
nearly constant value of 81.5% af t e r 10 minutes. The 
y i e l d of phthalimide increases continuously throughout 
the reaction from a value of 2.5% aft e r 5 minutes to 
17.2% after 15 minutes. The r e s i d u a l phthalamic acid 
y i e l d which i s 10.2% a f t e r 5 minutes has decreased to 
1.4% after 15 minutes. P h t h a l i c acid was detected at 
10 minutes i n a 1% y i e l d . These data i n d i c a t e that the 
ammonium s a l t i s formed i n high y i e l d during the 
preparation of the amic acid s o l u t i o n and during the 
v o l a t i l i z a t i o n of the solvent by the hydro l y s i s of a 
sub s t a n t i a l amount (88.6% at 5 minutes) of the i n i t i a l 
phthalamic a c i d . The r e s i d u a l phthalamic acid d i s ­
appears gradually as does the ammonium s a l t . This 
disappearance i s accompanied by the appearance of 
phthalimide which could r e s u l t from the decomposition 
of the phthalamic acid and the p a r t i a l ammonium s a l t . 

It i s of i n t e r e s t to determine the e f f e c t of the 
pad bath concentration on the residue composition. The 
spectra of the products of the reaction of succinamic 
acid at 175°C for 10 minutes at i n i t i a l concentrations 
of 4.00, 2.50, and 1.50 molar (reactions 12, 2, and 11, 
respectively) are shown in Figure 8. In comparison 
with the spectrum of succinamic acid (spectrum A i n 
Figure 2) a l l the spectra show a decrease i n the amide 
carbonyl s t r e t c h i n g absorption at 1650 cm"1 accompanied 
by broadening and increase i n absorbance at 1575 cm"1, 
the carboxylate carbonyl s t r e t c h i n g absorption, a 
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Figure 8. Infrared spectra of the products of the reaction of 
succinamic acid at 175°C for 10 min at an initial solution con­

centration of 4.00M (A), 2.5M (B), and 1.50M (C) 
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Figure 9. Infrared spectra of the products of the reaction of 
phthalamic acid at 175°C for 10 min at an initial solution concen­

tration of 1.50M (A) and 2.50M (B) 
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change i n the r e l a t i v e i n t e n s i t y of the doublet i n the 
nitrogen-hydrogen s t r e t c h i n g region (3000 cm" 1 to 
3500 cm" 1), and the appearance of a shoulder at 
1760 cm""1. These changes i n d i c a t e that the amic acid 
has undergone both h y d r o l y s i s and dehydrocyclization. 
From the spectra i t can be seen that the extent of 
reaction i s greatest for reaction 2 (spectrum B) since 
the spectrum of the residue of t h i s reaction shows the 
greatest change. The a n a l y t i c a l data i n Table II show 
q u a n t i t a t i v e l y the changes which occur i n the s u c c i n ­
amic acid during the pad-bake r e a c t i o n . The amount of 
h y d r o l y s i s which has occurred i s the greatest at the 
intermediate concentration as indicated by the % i o n i c 
ammonia values. In
for the % i o n i c ammoni
re s p e c t i v e l y while i n reaction 2, the value i s 5.27%. 
The % chloroform extractables i s lower at the 
intermediate concentrations where the value i s 5.84% 
for an i n i t i a l concentration of 2.50 molar (reaction 2) 
and 14.88% and 11.27% at i n i t i a l concentrations of 1.50 
(reaction 11) and 4.00 molar (reaction 12), 
r e s p e c t i v e l y . These r e s u l t s i n d i c a t e that the extent 
of d ehydrocyclization reaction i s l e s s than that at the 
other concentrations. The n e u t r a l i z a t i o n equivalents 
of the residues are nearly the same as are the % amide 
ammonia values for a l l the i n i t i a l concentrations. The 
y i e l d data c a l c u l a t e d as before are shown i n Table I I I . 
The data show l i t t l e e f f e c t of the i n i t i a l concentra-
t r a t i o n on the y i e l d of succinamic acid i n the range of 
1.50 to 4.00 molar after 10 minutes bake time at 175°C. 
The y i e l d of imide generally decreases with the 

s o l u t i o n concentration while the y i e l d of ammonium s a l t 
increases. The y i e l d of s u c c i n i c acid v a r i e s between 
6% and 9%. 

The spectra of the products of the reaction of 
phthalamic acid at 175°C for 10 minutes at an i n i t i a l 
concentration of 1.50 molar (reaction 13) and 2.50 
molar (reaction 5) are shown i n Figure 9. (Solutions 
of phthalamic acid of a concentration of 4.00 molar 
could not be prepared). The spectra show that the 
phthalamic acid has been extensively hydrolyzed and 
that dehydrocyclization has taken place to a s l i g h t 
extent as might be expected from the previous r e s u l t s . 
In Table II the data show that the % i o n i c ammonia 
values for reactions 5 and 13 are 8.08% and 7.87% 
r e s p e c t i v e l y i n d i c a t i n g the extent of h y d r o l y s i s i s 
about the same i n each case. At the lower i n i t i a l 
(1.50 molar) concentration the % chloroform 
extractables i s 3.16% compared with 12.41% at an 
i n i t i a l concentration of 2.50 molar. The n e u t r a l i -
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Figure 10. Infrared spectra of the products of the reaction of 
succinamic ana phthahmic acids at 175°C for 10 min at an initial 
concentration of 2.50M and 0.171M ammonium sulfamate as 

catalyst 
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Figure 11. Infrared spectra of the products of the reaction of 
succinamic acid at 175°C for 10 min at an initial concentration 
of 2.50M in N,N-dimethylformamide (A), formamide (B), and 

water (C) 
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zation equivalent of the residue i n reaction 5 
i s 204.41 grams/equivalent while that of the residue i n 
reaction 13 i s 165.55 grams/equivalent. The % amide 
ammonia values are 0.00 and 0.83% for reactions 5 and 
13 r e s p e c t i v e l y . These data were used to c a l c u l a t e the 
y i e l d values given i n Table III which show by the y i e l d 
of ammonium phthalate that the amount of hy d r o l y s i s i s 
about the same i n each r e a c t i o n . The y i e l d of d i a c i d 
decreases with i n i t i a l concentration while the y i e l d of 
imide increases. The y i e l d of r e s i d u a l phthalamic acid 
remains about the same. 

The spectra of the products of the reactions of 
succinamic acid (spectrum A, reaction 14) and 
phthalamic acid (spectru
10 minutes at an i n i t i a
amic acid and 0.171 molar i n ammonium sulfamate 
c a t a l y s t are shown i n Figure 10. The spectra d i f f e r i n 
the same manner from the spectra of the parent 
compounds, succinamic acid (Figure 2, spectrum A) and 
phthalamic acid (Figure 2, spectrum B) as do the 
products of reaction 2 (Figure 3, Spectrum B) and 
reaction 5 (Figure 6, spectrum B) which were performed 
under i d e n t i c a l conditions as reactions 14 and 15 
except for the presence of the c a t a l y s t . The 
a n a l y t i c a l data i n Tale II r e f l e c t the s i m i l a r i t i e s . 
The % i o n i c ammonia i n reaction 2 i s 5.27% compared 

with 5.04% i n reaction 14. In reaction 5 the % i o n i c 
ammonia i s 8.08% whereas i n reaction 15 the value i s 
7.97%. In reaction 2 the" values for % chloroform 
extractables, n e u t r a l i z a t i o n equivalent, and % amide 
ammonia were 5.84%, 123.13 grams/equivalent, and 7.35%, 
r e s p e c t i v e l y , while i n reaction 14 with c a t a l y s t 
present the values were 6.36%, 122.98 grams/equivalent, 
and 7.44%, r e s p e c t i v e l y . In reaction 5 the values for 
% chloroform extractables, n e u t r a l i z a t i o n equivalent, 
and % amide ammonia were 12.41%, 204.41 
grams/equivalent, and 0.00% r e s p e c t i v e l y while i n 
reaction 15 the values were 6.71%, 202.69 
grams/equivalent, and 1.08%. The a n a l y t i c a l data are 
translat e d into product y i e l d s i n Table I I I . C l e a r l y 
the presence of ammonium sulfamate c a t a l y s t has no 
great e f f e c t on the y i e l d s of the products i n the 
residue. 

The spectra of the products of reaction of 
succinamic acid i n various solvents are shown i n 
Figure 11. The sol u t i o n s were 2.50 molar i n 
Ν,Ν-dimethylformamide (reaction 17, spectrum A), 
formamide (reaction 16, spectrum B), and water 
(reaction 2, spectrum C). Comparison of the spectra i n 
Figure 11 with that of the pure succinamic acid i n 
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Figure 2 (spectrum A) reveals a greater d i f f e r e n c e i n 
reaction 2 with water as solvent than i n reactions 16 
and 17 with nonaqueous solvents. The spectrum of the 
products of reaction 16 (B) i s very s i m i l a r to that of 
the pure succinamic acid with only a s l i g h t decrease i n 
the amide carbonyl absorption. In spectrum A t h i s 
d i f f e r e n c e i s more pronounced. Apparently, the changes 
taking place i n DMF and formamide are quite d i f f e r e n t 
from those occurring i n water. The a n a l y t i c a l data i n 
Table II r e f l e c t these d i f f e r e n c e s . The % i o n i c 
ammonia values for the products from formamide 
(reaction 16) and DMF (reaction 17) are 1.32% and 
0.07%, r e s p e c t i v e l y , whereas the value i s 5.27% for 
water (reaction 2)
greater amount of h y d r o l y s i
i n the other solvents, as expected. The % chloroform 
extractables i s 5.84% for reaction 2 (water), 1.27% for 
reaction 16 (formamide), and 33.87% for reaction 17 
(DMF). This i n d i c a t e s that imide i s formed more e a s i l y 
i n the a p r o t i c solvent, DMF, than i n the p r o t i c 
solvents, water and formamide. The n e u t r a l i z a t i o n 
equivalent and the % amide ammonia values of the 
products of the reactions are 123.13 grams/equivalent, 
7.35%; 121.92 grams equivalent, 15.80% and 171.10 
grams/equivalent, 9.26% for reactions 2, 16, and 17, 
r e s p e c t i v e l y . The data were used to c a l c u l a t e the 
product y i e l d s i n Table IV. The amount of the o r i g i n a l 
succinamic acid s t i l l present a f t e r the pad-bake 
procedure i s much greater for formamide (76.6%) than 
for DMF (59.3%) and water (53.2%). The h y d r o l y s i s 
reaction takes place to a much greater extent i n water 
than i n DMF or formamide as indicated by the y i e l d s of 
monoammonium succinate. These y i e l d values are 34.0%, 
7.4% and 0.4% for water, formamide, and DMF, 
r e s p e c t i v e l y . The dehydrocyclization reaction to y i e l d 
succinimide occurred to a much greater extent i n DMF 
(37.3% y i e l d ) than i n water (5.7%) or i n formamide 
(1.0%). Succinic acid was detected i n low y i e l d i n 
reactions 2 and 17. The y i e l d of s u c c i n i c acid was 6%, 
0%, and 2% for reactions 2, 16, and 17, r e s p e c t i v e l y . 

The spectra of the products of the reaction of 
phthalamic acid i n DMF (reaction 19), formamide 
(reaction 18), and water (reaction 5) are shown i n 
Figure 12. The reaction conditions employed were 10 
minutes bake time at 175°C and a s o l u t i o n concentration 
of 2.50 molar. The spectra of the reaction products 
d i f f e r g r e a t l y from that of the pure phthalamic acid 
(Figure 2, spectrum B). The spectra i n d i c a t e that with 
formamide (reaction 18, spectrum B) and DMF (reaction 
19, spectrum A) the residue spectra are quite s i m i l a r 
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Figure 12. Infrared spectra of the products of the reaction of phthafomic 
acid at 175°C for 10 min at an initial concentration of 2.50M in N,N-dimeth-

ylformamide (A), formamide (B), and water (C) 
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and i n d i c a t e that the major product i s phthalimide. In 
water (spectrum C) the major product i s the ammonium 
s a l t . The data i n Table II show that the % i o n i c 
ammonia vlues for the products of reactions 18 and 19 
are only 0.74% and 0.13%, r e s p e c t i v e l y , while that of 
reaction 5 i s 8·08%. The % chloroform extractables i s 
quite high at 90.05% i n reaction 18 and 100.00% i n 
r e a c t i o n 19. The values would be expected to be large 
due to the large amount of imide i n the residue. The % 
amide values are 0.51% for reaction 18 and zero for 
reaction 19. The product y i e l d values are given i n 
Table IV. The data show that i n a l l three solvents the 
i n i t i a l phthalamic acid i s almost completely converted 
to one major product  (reactio  5) t h i
product i s the monoammoniu
(81.5% y i e l d ) while i n formamide (reaction 18) and DMF 
(reaction 19) t h i s product i s phthalimide (74.7% and 
92.5% y i e l d , r e s p e c t i v e l y ) . 

A l l e n has shown that the manner i n which the 
solvent i s removed i n the pad-bake reaction of aqueous 
succinamic acid s o l u t i o n s with viscose rayon g r e a t l y 
a f f e c t s the extent of the ester i f i c a t i o n reaction (4^). 
Fabric which was padded, d r i e d at room temperature and 
baked was e s t e r i f i e d to a much lesser extent than 
f a b r i c which was d r i e d and baked at an elevated 
temperature i n the same step. A l l e n also found that 
l i t t l e r eaction occurred between molten succinamic acid 
and viscose rayon f a b r i c , i n essence, a reaction i n 
which the amic acid i s the solvent. To determine the 
e f f e c t of the solvent removal conditions on the 
composition of the residue-deposited on the f a b r i c , 
amic acid was reacted under three sets of conditions: 
normal pad-bake, pad, predry at room temperature for 24 
hours under a stream of a i r and bake, and fusion 
without added solvent. 

The spectra of the products of the reaction of 
succinamic acid under normal (reaction 2) predry 
(reaction 20) and fusion conditions (reaction 22) are 
shown i n Figure 13. In each rea c t i o n , the spectrum of 
the product d i f f e r s s i g n i f i c a n t l y from that of the pure 
succinamic acid (Figure 2, spectrum A). In a l l the 
spectra the amide carbonyl s t r e t c h i n g absorption has 
decreased s i g n i f i c a n t l y , i n d i c a t i n g p a r t i a l conversion 
of the o r i g i n a l succinamic acid into succinimide and 
monoammonium succinate. The a n a l y t i c a l data i n Table 
II reveal that the % i o n i c ammonia i s 5.27%, 3.41%, and 
1.65% i n reactions 2, 20, and 22, r e s p e c t i v e l y . The 
amount of h y d r o l y s i s which has taken place i s greatest 
i n the pad-bake procedure and l e a s t in the fusion 
procedure. The % chloroform extractable values for 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



B O W M A N AND cucuLO Reactions of Cellulose 

T a b l e IV 

P r o d u c t Y i e l d D a t a , S o l v e n t s 

R e a c t i o n U n r e a c t e d M o n o - I m i d e D i a c i d 
Number A m i c ammonium 

A c i d s a l t 

16 76.7 7.4 1.0 0 

17 59.3 0.4 37.3 2 

18 3.9 5.7 74,7 0 

19 0 1.1 92.5 0 

20 53.1 23.1 17.3 9 

21 10.0 

22 52,7 13.6 30.8 2 

23 2.0 8.7 85.8 0 

3500 3000 2500 2000 1500 

FREQUENCY, CM*' 

Figure 13. Infrared spectra of the products of the reaction of 
succinamic acid at 175°C for 10 min under normal (A), predry 

(B), and fusion (C) conditions 
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Figure 14. Infrared spectra of the products of the reaction of phthalamic acid 
at 175°C for 10 rain under normal (A), predry (B), and fusion (C) conditions 
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reactions 2, 20, and 22 are 5.84%, 14.73% and 24.40%, 
r e s p e c t i v e l y , i n d i c a t i n g that imide formation i s the 
most important i n the fusion r e a c t i o n (22). This i s 
also r e f l e c t e d i n the values of the n e u t r a l i z a t i o n 
equivalents, 123.1, 129.5, and 140.5 grams/equivalent 
for reactions 2, 20, and 22, r e s p e c t i v e l y . The 
a n a l y t i c a l data were used to c a l c u l a t e the % y i e l d 
values i n Table IV. The % y i e l d of succinamic acid i s 
about the same i n each experiment. The y i e l d of 
monoammonium s a l t i s greatest i n the normal pad-bake 
procedure (34.0%) at l e a s t i n the fusion procedure 
(13.6%). This r e l a t i o n s h i p i s reversed i n the % y i e l d 
of succinimide with the normal procedure y i e l d 5.7% and 
the fusion procedur
conditions the y i e l d
succinimide are intermediate i n value at 23.1% and 
17.3%, r e s p e c t i v e l y . These r e s u l t s i n d i c a t e that 
h y d r o l y s i s of the amic acid i s most complete i n the 
reaction with water as solvent and that the higher the 
temperature of removal of the water the greater the 
hy d r o l y s i s . Dehydrocyclization to form imide i s most 
favored i n the absence of water as the r e s u l t s of the 
fusion reaction i n d i c a t e . The y i e l d of s u c c i n i c acid 
was 6%, 9%, and 2% i n the normal, predry, and fusion 
reactions r e s p e c t i v e l y . 

The trends noted i n the succinamic acid reaction 
above were even more apparent i n the reactions of 
phthalamic acid under normal, predry, and fusion 
conditions. The spectra of the products of the 
reactions of phthalamic acid under normal (reaction 
5), predry (reaction 21), and fusion conditions 
(reaction 23) are given i n Figure 14 (spectra A, B, and 
C, r e s p e c t i v e l y ) . Spectra A and Β show that h y d r o l y s i s 
i s the predominant reaction by the absence of the amide 
carbonyl s t r e t c h at 1645 cm""1 and the presence of the 
strong carboxylate carbonyl s t r e t c h at 1550 cm"1 . 
Spectrum C ind i c a t e s that the predominant product i n 
the fusion reacti on i s phthalimide. These conlusions 
are r e f l e c t e d i n the a n a l y t i c a l data i n Table I I . In 
reactions 5 and 21 the % i o n i c ammonia i n the product 
i s 8.08% and 6.57%, r e s p e c t i v e l y , while i n reaction 23 
the value i s 1.02%. The % chloroform extractable 
values are 12.41% and 18.64% i n reactions 5 and 21, 
re s p e c t i v e l y , and 87.20% i n reaction 22. The 
n e u t r a l i z a t i o n equivalent values for reactions 5 and 21 
were 204.4 and 223.4 grams/equivalent, r e s p e c t i v e l y . 
The n e u t r a l i z a t i o n equivalent of the products of 
reaction 23 was not d i r e c t l y determined. The residue 
of the chloroform e x t r a c t i o n was found to have a 
n e u t r a l i z a t i o n equivalent of 183.2 grams/equivalent. 
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T a b l e Y 

Mass B a l a n c e and V o l a t i l e P r o d u c t Y i e l d D a t a 

R e a c t i o n 
Number 

% Y i e l d 
o f A d d 
D e r i v a t i v e s 

% Y i e l d o f 
N i t r o g e n 
C o n t . Cmpds. 

% Y i e l d 
o f V o l a t i l e 
Ammonia 

1 99.7 93.7 0.0 
2 98.9 92.9 0.8 
3 97.1 
4 99.2 
5 98.0 97.0 0.2 
6 97.3 96.3 0.3 
7 95.2 91.0 0.0 
8 99.0 86.0 0.6 
9 100.5 100.5 0.1 

10 100.8 97.0 0.0 
11 94.5 86.5 4.0 
12 99.4 90.4 2.3 
13 96.0 86.0 0.8 
14 100.4 94.4 1.7 
15 100.0 99.0 0.0 
16 86.1 85.1 0.6 
17 99.0 97.0 1.7 
18 84.4 84.4 3.9 
19 93.6 93.6 5.9 
20 98.0 89.0 2.2 
21 92.7 93.3 0.0 
22 98.6 94.6 0.6 
23 96.5 96.5 0.1 

% Y i e l d 
o f S u b l i m a t e 

0.2 
0.8* 
0.5** 
0.8** 

* As s u c c i n a m i c a c i d 

* * A s p h t h a l i m i d e 
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The % amide ammonia was greatest i n reaction 21 at 
1.06% and l e a s t i n reaction 5 at 0.10%. The product 
y i e l d values are given i n Table IV. The phthalamic 
acid i s almost t o t a l l y converted into products under 
a l l three sets of conditions. The reactions under 
normal and predry conditions give the most hy d r o l y s i s 
as indicated by the % y i e l d of monoammonium s a l t , 81.5% 
and 56.3%, r e s p e c t i v e l y . In the fusion reaction, 23, 
the imide y i e l d i s 85.8% while i n the normal (reaction 
5) and predry reactions the y i e l d s are 14.9% and 28.2%, 
r e s p e c t i v e l y . L i t t l e p h t h a l i c acid was detected. 

V o l a t i l e Products 

During the pad-bak
other than the solvent are evolved. This becomes 
apparent when the material balance for the reactions i s 
computed. The material balance on the acid d e r i v a t i v e s 
and nitrogen containing products i s given i n Table V 
along with the experimentally determined values of the 
y i e l d s of v o l a t i l e products. The material balance 
values vary from 100.5% i n reaction 9 to 84.4% i n 
reaction 18. In the reactions i n formamide (16 and 18) 
the solvent was not completely removed i n the bake step 
due to the low v o l a t i l i t y of the solvent. The solvent 
was removed by evaporation at room temperature under 
high vacuum for several hours. It i s possible that 
under these conditions a portion of the products 
sublimed from the mixture and was l o s t . In both 
reactions 16 and 18 the material balance values are 
comparatively low at 86.1% and 84.4%, r e s p e c t i v e l y , for 
the acid d e r i v a t i v e s , and 85.1% and 84.4% for the 
nitrogen containing products. The mass balance values 
decrease with both the duration and temperature of 
r e a c t i o n . The % y i e l d of s u c c i n i c acid d e r i v a t i v e s and 
nitrogen containing compounds i s 99.7% and 93.7%, 
re s p e c t i v e l y i n reaction 1 (150°C bake temperature) 
while i n reaction 3 (200°C bake temperature) the values 
are 97.1% and 87.1%, r e s p e c t i v e l y . The y i e l d of 
phthalamic acid d e r i v a t i v e s and nitrogen containing 
compounds was 99.2%, and 99.2%, r e s p e c t i v e l y , i n 
reaction 4 (150°C bake temperature), and 97.3% and 
96.3%, r e s p e c t i v e l y , i n reaction 6 (200° C bake 
temperaure). 

The experimentally determined y i e l d s of sublimate 
and v o l a t i l e ammonia are also given in Table V. The 
sublimate was obtained by evaporation of the trap of 
chloroform i n reactions 8, 9, and 10. On evaporation 
of the chloroform a small amount of residue was 
obtained. The i n f r a r e d spectra of the residues are 
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Figure 15. Infrared spectra of the volitile products in reactions 
8 (A) and 9(B) 
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Figure 16. Variation of the percent yield of ammonium ion in 
the padbath with time for 2.50M solutions of succinamic and 

phthafomic acid at 65° ± 1°C 
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given i n Figure 15. Spectrum A, that of the sublimate 
from reaction 8, when compared with that of the pure 
compound i n Figure 2 (spectrum A) appears to be the 
spectrum of a p a r t i a l l y hydrolyzed or neu t r a l i z e d 
sample of succinamic a c i d . Spectrum B, obtained from 
the product of reaction 9 i s i d e n t i c a l to the spectrum 
of phthalimide. The same i s true for the spectrum of 
the v o l a t i l e product of reaction 10 (not shown). Thus, 
the material which sublimes from the reaction i s 
succinamic acid i n the reactions of succinamic acid and 
phthalimide i n the reaction of phthalamic a c i d . 

The % y i e l d of v o l a t i l e ammonia i n the reactions 
of succinamic acid i s probably too low since the 
succinamic acid i t s e l
standard acid as i
phthalamic acid i n water the y i e l d of v o l a t i l e ammonia 
i s generally lower than the y i e l d of v o l a t i l e ammonia 
in the corresponding succinamic acid r e a c t i o n . The 
exception to t h i s i s i n the reactions i n formamide and 
DMF. Succinamic acid i n formamide (reaction 16) and 
DMF (reaction 17) y i e l d s 0.6% and 1.7%f r e s p e c t i v e l y , 
of v o l a t i l e ammonia, and phthalamic acid i n formamide 
(reaction 18) and DMF (reaction 19) y i e l d s 3.9% and 
5.9% i o n i c ammonia, r e s p e c t i v e l y . 

Pad Bath S t a b i l i t y 

It i s of i n t e r e s t to determine the changes which 
occur i n the pad-bath before the bake step. The main 
change expected i n the pad bath i s hydrolysis of the 
amic a c i d . This reaction was followed by determination 
of the i o n i c ammonia content of a 2.50 molar aqueous 
pad-bath held at 65°C and by following the changes i n 
the carbonyl s t r e t c h i n g region of the i n f r a r e d spectrum 
of the material i n the bath. The % y i e l d of the 
ammonium ion present i n the pad bath i s shown as a 
function of time i n Figure 16. The time of 
introduction of the amic acid into the water was the 
beginning of the rea c t i o n . Complete d i s s o l u t i o n of the 
amic acid occurred within f i v e minutes i n the 
procedure. Phthalamic acid i s almost e n t i r e l y 
hydrolyzed during the d i s s o l u t i o n period as hydro l y s i s 
r a p i d l y occurs. Pad-bake reactions with aqueous 
solutions of phthalamic acid c e r t a i n l y involve the 
monoammonium s a l t . Succinamic acid i s more r e s i s t a n t 
to h y d r o l y s i s with a y i e l d of monoammonium succinate of 
only 34.0% a f t e r 3 hours. These changes are also 
r e f l e c t e d i n the changes which occur i n the carbonyl 
str e t c h i n g region of the spectra of the material i n the 
bath which are shown i n Figure 17. The spectra show 
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that the amide carbonyl stretching.absorption at 1650 
cm*"1 gradually disappears as the carboxylate carbonyl 
stretching absorption gradually appears at 1550 cm"1 

The changes i n the spectra of the phthalamic acid 
residues are more dramatic than those i n the 
succinamic acid experiment. The amide carbonyl 
absorption at 1645 cm^1 i s completely absent at 15 
minutes while the carboxylate carbonyl stretching 
absorption i s f u l l y developed i n 15 minutes. There i s 
l i t t l e further change i n the spectra with time. 

Conclusions 

During the pad-bak
dissolv e d i n the solven
The r e s u l t i n g s o l u t i o n i s applied to the substrate, the 
solvent i s r a p i d l y v o l a t i l i z e d , and a residue i s 
deposited on the substrate. The residue i s then 
further heated i n the completion of the bake step. The 
process can for the sake of discussion be divided into 
three steps: s o l u t i o n preparation and padding, 
v o l a t i l i z a t i o n of solvent, and bake of the reactants. 

During the preparation of the s o l u t i o n the 
predominant chemical change which occurs i n the amic 
acid i s h y d r o l y s i s . This was g r a p h i c a l l y i l l u s t r a t e d 
i n the experiments to determine the pad-bath s t a b i l i t y . 
Phthalamic acid i s almost e n t i r e l y hydrolyzed during 
the preparation of the s o l u t i o n while succinamic acid 
i s hydrolyzed at a somewhat slower rate. This r e s u l t 
i s not s u r p r i s i n g i n l i g h t of the studies of the 
hyd r o l y s i s of ,α 3-amic acids which have been 
reported (1^), 11,12,12,L4,JU5,lj>r_17,jj*). α, 3 -amic acids 
which are derîvecPfrom d i c a r b o x y l i c acids forming 
i n t e r n a l p e n t a c y c l i c anhydrides are hydrolyzed at rates 
which are u n c h a r a c t e r i s t i c a l l y high for amides. The 
mechanism f i r s t proposed to explain t h i s unusual 
behavior involves the formation of the i n t e r n a l 
anhydride i n a rate determining step followed by rapid 
h y d r o l y s i s (10,LI). This mechanism was i n f e r r e d from 
the r e s u l t s 0 7 an i s o t o p i c l a b e l i n g experiment (11). 
The f a c i l e h y d r o l y s i s of many a, 3-amic acids has 
since been reported (1^,12,14^,15,1^,17,1^8), and the 
anhydride was d i r e c t l y detectecPas tïïê reactive 
intermediate i n the reaction i n one recent study (18). 

The rate constants for the pseudo f i r s t order 
h y d r o l y s i s of succinamic and phthalamic acids at 65°C 
are 3.3 χ 10" 5 s e c " 1 and 1.3 χ 10~ 3 s e c " 1 , 
r e s p e c t i v e l y (12^). By use of these f i r s t order rate 
constants, the concentration of amic acid i n the pad 
bath at various times can be estimated. These values 
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Table VI 

Comparison of t h e o r e t i c a l and experimental 
values of % y i e l d of ammonium s a l t during 

hydroylsis of the amic acids i n the pad bath 

Age of the 
Pad Bath 
(minutes 
at 65eC) 

% Y i e l d of Ammonium Salt i n Pad Bath 
Succinamic Acid Ρhtha1amic Acid 

Found Calculated Pound Calculated 

15 1.5 3.0 92,2 87.8 

20 3.0 3.9 95.0 94.0 

30 6.5 5.8 97.5 98.5 

45 12.6 

60 11.3 98.5 99.9 

120 23.2 21.3 

180 33.8 30.2 99.0 100.0 

360 51.3 

* Ρ Γ Ο Π Ι the f i r s t order rate constant i n reference (12). 

1900 1600 1900 16001900 16001900 16001900 16001900 1600 
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Figure 17. Variation in the carbonyl stretching absorption re­
gion of the infrared spectra of the pad-bath residues with time 
for 2.50M solutions of succinamic and phthalamic acid at 65° ± 

1°C 
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are shown i n Tale VI along with experimental values 
from the determination of the pad-bath s t a b i l i t y . The 
data from t h i s study p a r a l l e l c l o s e l y the calculated 
data. Also, the rate constant for the pseudo f i r s t 
order h y d r o l y s i s of succinamic acid was c a l c u l a t e d to 
be 2.6 χ 10"" s e c - 1 which i s i n good agreement with 
the value of Kezdy and Bruylants (12^) given above. The 
value of the rate constant for the phthalamic acid 
could not be estimated from the experimental data. The 
close p a r l l e l between the data obtained i n t h i s study 
to that predicted by the l i t e r a t u r e i n d i c a t e a 
s i m i l a r i t y i n the paths by which the amic acid i s 
hydrolyzed. 

Notably, the tw
t h e i r s t a b i l i t i e s a
d i f f e r e n c e i n the r e a c i v i t y of the two amic acids can 
be r e a d i l y explained i n terms of th e i r s t r u c t u r e s . The 
conformationally mobile succinamic acid can e x i s t as 
extended chain conformers which do not favor the 
carboxyl-amide i n t e r a c t i o n demanded by the Bender 
mechanism for f a c i l e h y d r o l y s i s (11). The phthalamic 
acid molecule i s s t u c t u r a l l y rigicPand the carboxyl and 
amide groups are constrained to i n t e r a c t . The r e l a t i v e 
rates of h y d r o l y s i s of the two compounds at 65°C i s 
given by the r a t i o of the above rate constants (11), 
thus phthalamic acid i s hydrolyzed 39 times faster than 
succinamic a c i d . Other s t r u c t u r a l l y r i g i d α , β -amic 
acid such as maleamic acid would be expected to behave 
in the same manner as phthalamic acid and be 
s u b s t a n t i a l l y hydrolyzed during the preparation of the 
pad-bath at 65°C. The rate constant for the h y d r o l y s i s 
of maleamic acid at 65°C i s 2.4 χ 10 " 3 s e c " 1 or roughly 
twice that of phthalamic acid (1_1 ). C a l c u l a t i o n s using 
t h i s constant p r e d i c t that maleamic acid would be 88% 
hydrolyzed i n 15 minutes i n an aqueous pad-bath at 65°C 

In the second step in the pad-bake procedure the 
solvent i s v o l a t i l i z e d . In the experiments with water, 
the v o l a t i l i z a t i o n of the bulk of the solvent occurred 
in approximately two minutes for the 2.50 molar 
s o l u t i o n s . Formamide and DMF, l e s s v o l a t i l e solvents 
than water were present throughout the r e a c t i o n . Bake 
temperature made l i t t l e apparent d i f f e r e n c e i n the time 
required for the removal of the bulk of the water. 
The r e s u l t s of the experiments with a bake time of 5 
minutes at 175°C , reaction 7 for succinamic acid and 
reaction 9 for phthalamic acid, give some i n s i g h t into 
the changes which occur i n the amic acid during 
v o l a t i l i z a t i o n of the solvent. 

In r eaction 7 only 65.9% of the i n i t i a l l y present 
amide was accounted for by the amide ammonia a n a l y s i s . 
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Since succinamic acid i s r e l a t i v e l y unchanged i n the 
bath after 10 minutes, the maximum bath age at the time 
of withdrawal of the a l i q u o t of s o l u t i o n for reaction, 
the extent of h y d r o l y s i s of succinamic acid would be 
r e l a t i v e l y small as predicted by the data i n Table IV 
and Figure 16. Consequently, a s u b s t a n t i a l amount of 
hy d r o l y s i s must occur during the v o l a t i l i z a t i o n step. 
By using the a c t i v a t i o n parameters reported i n r e f ­
erence 12 the rate constant for the hydrolysis of 
succinamic acid i n water at 100°C can be shown to be 
6.9 χ 10el* sec ~ l. If h y d r o l y s i s proceeds for two minutes 
at t h i s rate the y i e l d of i o n i c ammonia expected would 
be at most about 8-10%, depending on the amount of 
hy d r o l y s i s occurrin
The y i e l d of i o n i c ammoni
be 24.7%, more than twice the maximum amount predicted 
by the f i r s t order h y d r o l y s i s constant. This 
discrepancy could a r i s e for a number of reasons. The 
temperature i n the reaction mass probably deviates 
considerably from that of b o i l i n g water, p a r t i c u l a r l y 
during the l a t t e r stages of the v o l a t i l i z a t i o n when the 
s o l u t i o n i s concentrated. Also, as water i s removed 
the reaction medium undergoes a d r a s t i c change from 
aqueous s o l u t i o n to a s o l u t i o n of the products of the 
reactions i n l i q u i d succinamic a c i d . Under these 
conditions the pseudo f i r s t order rate constants 
probably are not v a l i d . Infrared studies of solutions 
of N-substituted succinamic acids in non-polar or 
a p r o t i c solvents and i n the s o l i d state i n d i c a t e the 
formation of hydrogen bonded dimers (33,32^). In one 
study the dimeric form of the amic acid was postulated 
to be more reactive i n s o l v o l y s i s reactions {22). The 
reaction rate increased with an increase i n the 
concentration of succinamic acid or on the addition of 
a c e t i c a c i d . Sauers, et . a l . (25), also noted an 
e f f e c t of added acid i n the attempted 
dehydrocyclizations of N-substituted phthalamic acids 
i n a c e t i c anhydride. In t h e i r study the competition 
between dehydrocyclization to form imides or isoimides 
and the i n t e r n a l t r a n s a c y l a t i o n to form p h t h a l i c 
anhydride favored anhydride formation i n the presence 
of added acid or large i n i t i a l concentrations of amic 
ac i d . The mechanism proposed to explain these 
observations involved intermediate formation of a mixed 
ph t h a l i c a c i d - a c e t i c acid anhydride or d i r e c t formation 
of p h t h a l i c anhydride by a pathway s i m i l a r to the 
Bender mechanism (11). Thus, the observations noted in 
the l i t e r a t u r e lend support to the conclusion that the 
rate of hydrolysis of succinamic acid could be enhanced 
during v o l a t i l i z a t i o n of the water due to the change 
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i n reaction medium. 
With phthalamic a c i d , l i t t l e change occurs during 

the v o l a t i l i z a t i o n of the solvent since the compound i s 
s u b s t a n t i a l l y hydrolyzed during the preparation of the 
pad-bath. In reaction 9, the y i e l d of i o n i c ammonia 
was 88.6%, while i n the pad bath after 15 minutes the 
y i e l d of i o n i c ammonia was 92.2%. The residue 
deposited by v o l a t i l i z a t i o n of the solvent i s s o l i d and 
cons i s t s p r i n c i p a l l y of monoammonium phthalate. 
Reactions of aqueous solut i o n s of phthalamic acid with 
viscose rayon generally lead to lower D.S. values than 
does the same reaction with succinamic acid (32). Our 
r e s u l t s i n d i c a t e that such reactions proceed tïïrough 
the p a r t i a l ammoniu  s a l t which i  deposited  s o l i d 
and consequently ha
re a c t i o n . This probably  par
r e a c t i v i t y of phthalamic acid i n i t s reactions with 
c e l l u l o s i c substrates. 

In the bake step the residue deposited by 
v o l a t i l i z a t i o n of the solvent undergoes further 
chemical change. The predominant reaction during t h i s 
phase of the reaction with both succinamic and 
phthalamic acid i s dehydrocyclization to y i e l d imide. 
Since neither succinimide nor phthalimide (_3) undergoes 
any s i g n i f i c a n t reaction with c e l l u l o s i c substrates i n 
pad-bake reactions, the dehydrocyclization reaction 
represents a serious competition i n the formation of 
c e l l u l o s e esters by reaction with a f β -amic acids. 

After 5 minutes at 175°C (reaction 7) only 65.9% 
of the o r i g i n a l succinamic acid remained i n the residue 
as measured by the amide ammonia determination. The 
majority of the succinamic acid which has reacted has 
undergone hy d r o l y s i s as indicated by the high y i e l d of 
i o n i c ammonia (24.7%) i n the residue. At ten minutes 
bake time (reaction 2) the succinamic acid content has 
further decreased to 53.2% while the y i e l d of both 
imide and i o n i c ammonia have increased to 5.7% and 
34.0%, r e s p e c t i v e l y . This i n d i c a t e s that succinamic 
acid i s further hydrolyzed i n the melt deposited even 
after the majority of the water has been v o l a t i l i z e d . 
Water i s produced by the dehydrocyclization reaction 
and consequently i s always present to some extent i n 
the melt. The imide which has formed by t h i s time i s 
probably the r e s u l t of dehydrocyclization of the 
succinamic acid and the s a l t formed by the hyd r o l y s i s 
r e a c t i o n . After 15 minutes at 175°C (reaction 8) only 
39.5% of the i n i t i a l l y present succinamic acid i s 
accounted for i n the residue while the y i e l d of the 
dehydrocyclization product, succinimide, i s 23.1%. The 
y i e l d of i o n i c ammonia has decreased to 23.1%. Thus, 
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at longer bake times both the r e s i d u a l succinamic acid 
and the hydrolysis product are converted to the imide. 

In reactions of succinamic acid the 
dehydrocyclization reaction i s much faster at higher 
temperatures. The y i e l d of imide i n reaction 3 at 200° 
C i s over s i x times greater than the y i e l d of imide i n 
reaction 6 at 175°C. The greater competition of the 
dehydrocyclization reaction at higher tempertures 
accounts quite well for the observations of both 
Johnson and Cuculo that the free acid D.S. of rayon 
f a b r i c modified i n the pad-bake reaction with 
succinamic acid decreased at bake temperatures higher 
than 170°C. 

The formation o
exclusion of water fro
which i s heated i n the absence of water (reaction 22, 
melt reaction) y i e l d s over f i v e times the succinimide 
as does the reaction under normal pad-bake reaction 
conditions (reaction 2). The ease of formation of 
succinimide i n molten succinamic could account for the 
low y i e l d s i n the reactions of succinamic acid melts 
with c e l l u l o s i c substrates (4). Succinamic acid under 
the predry conditions (reaction 20) also gave a greater 
y i e l d of imide than did the reaction under normal 
pad-bake conditions (reaction 2). 
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Courtaulds Challenge the Cotton Legend 

M. LANE and J. A. McCOMBES 

Courtaulds Ltd., Coventry, England 

In August 1905, Courtaulds Limited began production 
of viscose rayon in Coventry, England. Six years later, 
their U.S. subsidiar
Hook, Pennsylvania. 

Those two events mark the beginning of over 70 years 
of Courtaulds' involvement in viscose both in Europe and 
North America. 

70 years in which Courtaulds have remained committed 
to viscose fibres whilst increasing their involvement in 
every aspect of the textile trade. 

Courtaulds Involvement in Viscose 

1905 Production of viscose filament begins in Coventry. 
1911 Courtauld's U.S. subsidiary - American Viscose 

Corporation begins production in Pennsylvania. 
1926 Introduction of Courtaulds matt filament v iscose . 
1934 Courtaulds pioneer the introduction of viscose 

staple fibre. 
1935 Courtaulds introduce Tenasco, high strength viscose 

tyre yarn. 
1957 Introduction of Sarille, chemically crimped viscose . 
1964 Courtaulds introduce Evlan, a crimped coarse denier 

carpet fibre. 
1965 Vincel 28, polynosic type v iscose . 
1967 Vincel 64, Courtaulds modal fibre is introduced. 
1968 Darelle, Courtaulds flame retardant v iscose . 
1976 Viloft . 

70 years of viscose innovation and development: of 
crimped fibres, high tenacity and high wet modulus fibres , 
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lure 1. Fabric cover in sheeting 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



L A N E AND MCCOMBES Courtaulds Challenge Cotton Legend 199 

flame retardants and dye variants, modal fibres, and now 
Viloft, a new generation of viscose aimed at a new and an 
increasingly aware consumer market. 

Viloft Development Background 

The development of Viloft begins in the late 'sixties 
and early 'seventies, with the growing success of poly­
ester/cotton, and to a lesser extent polyester/Viscose, 
in traditional cotton markets. 

The benefits of polyester are well known: it brought 
durability, wash stability and the easy care concept to 
the consumer, and much of our efforts during this period 
were aimed at producin
blends in a wide variety of apparel and household textiles. 

In the early 1970's, however, we became conscious 
of a growing consumer reaction against polyester blends, 
with complaints of a synthetic handle and of leanness. 
(Figure 1) 

Some of these faults were implicit in the use of a 
synthetic fibre like polyester, but many were exacerbated 
by the use of lower cloth constructions which took advan­
tage of polyester's durability; and by the even higher 
proportions of polyester, in blends that moved from 50/50 
to 67/33 and onward in order to minimise the influence of 
rising cotton prices. 

We saw in this situation an opportunity to expand 
viscose business if we could produce a high bulk fibre for 
blending with polyester. Our aim was to create a blend 
which married the wear and care qualities of polyester with 
the bulk and cover contributed by a new viscose fibre. To 
produce a modern high performance fabric, but with aes­
thetics more akin to a traditional, natural cotton cloth. 

The R & D team to which this challenge was posed 
faced only two restrictions. 

1. The new fibre must be produced on existing 
viscose machinery and plant. 

2. The new fibre must be processed on conventional 
textile machinery, like an existing viscose fibre. 

The team's answer was Viloft, a hollow viscose fibre 
produced by the inflation process. A fibre which was not 
only to meet the bulk requirement of the original project 
specification, but which has been found to enhance handle 
and comfort in a much wider range of fabrics and blends 
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Figure 2. FM type fiber 

Figure 3. SI type fiber 

In Solvent Spun Rayon, Modified Cellulose Fibers and Derivatives; Turbak, A.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1977. 



L A N E AND MCCOMBES Courtaulds Challenge Cotton Legend 201 

than originally anticipated. 

What is an Inflated Viscose Fibre? 

The concept of an inflated viscose fibre is essentially 
a simple one. Sodium carbonate is added to the viscose 
prior to spinning. When this carbonated viscose comes 
into contact with the acid of the spin bath, carbon dioxide 
gas is evolved. 

" The art of manufacturing an inflated fibre is to balance 
the rates of viscose coagulation and regeneration with the 
evolution of gas, and so contain within the forming fibre 
that bubble of carbon dioxide. 

Inflated viscos
proposed for fifty years, but until now.no manufacturer has 
been able to produce commercially a consistent fibre of 
predetermined cross-section. It is this problem of manu­
facturing control which Courtaulds, with their long experi­
ence of viscose developments, have now overcome. 

This ability to control the inflation process opens the 
way for a whole range of viscose fibres, and the develop­
ment of this new generation is clearly a major interest in 
our current viscose research. 

There are three fibres of immediate interest. The first, 
known as PM (Figure 2) is a flat sectioned, self bonding 
fibre produced by inflating and collapsing the fibre in the 
spin bath. PM was initially designed for paper making, 
and in particular for security papers. 

Developed from the PM principle is SI fibre - super 
inflated (Figure 3). Like PM, it is highly inflated, but the 
spinning conditions are so arranged that its collapse is 
irregular, forming not a flat, but a multilimbed fibre. SI, 
a high water imbibition fibre, was produced for surgical 
and tampon evaluation. 

The third fibre is Viloft (Figures 4a, 4b) the first true 
textile fibre to take advantage of the bulk offered by the 
inflation process. Viloft is produced by inflating the fibre 
and fixing it in a hollow tubular configuration. 

The cross-sections of polyester and cotton are shown 
for comparison with Viloft (Figure 5) . The similarity of 
cotton and Viloft is apparent; the dissimilarity of polyester 
equally clear. 
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Figures 4ayb. Viloft 

Figure 5. Cross sections of polyester and cotton compared with 
Viloft 
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Viloft Manufacture 

Viloft is manufactured on standard viscose machinery 
using process conditions which individually are not unusual, 
but which in combination give a successful new process. 
The parameters which are additional to those of the average 
viscose staple process are the inclusion of sodium carbonate 
and modifier in the viscose. 

The successful manufacture of Viloft depends on two main 
areas: chemical control of viscose and spin bath conditions 
to produce a fibre of consistent properties and cross-section, 
and engineering control to deal with the problems of handling, 
washing and drying a bulky fibre. 

Table I 

Courtaulds Viloft Process U.S. Pat 3, 626,045 

Viscose Conditions 
% Cellulose 6.5-9.5 
% Caustic Soda 5.0-7. 0 
% Sodium Carbonate 3.0-4.0 
% Modifier 0.75-2.0 
% Carbon Disulphide 33-50 
Salt Figure 12-18 
Ball Fall (18°C) 30-180 

sees. 

Spin Bath Conditions 
% Sulphuric Acid 8. 0-10. 0 
% Zinc Sulphate 1. 0- 3. 0 
% Sodium Sulphate 20. 0-26.0 
Temperature C 25-45 
Hot stretch 2% acid at 95°C 

Table I shows the chemical conditions required for 
Courtaulds Viloft. There are six major control areas: salt 
figure, modifier, and of course carbonate in the viscose 
making; acid, temperature and sodium sulphate level in the 
spin bath. 

Figures 6 and 7 show how these six parameters sepa­
rately affect fibre inflation. Each parameter is related to the 
degree of inflation; each also affects viscose quality, fibre 
quality and properties. 

A change in any one of these conditions alters the 
balance of the other five, causing the product to alter, in 
some instances, almost immediately; sometimes over a 
matter of hours. 

It is in this context that the achievement of Courtaulds 
in producing a consistent inflated product must be measured. 

On the engineering front some detailed modifications 
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Figure 7. Inflated fiber control parameters affecting spin bath control 
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have proved necessary. Improved ventilation at the spin bath 
is required because of the effects consequent on C O 2 release 
at this stage in the process. Tows of hollow fibre float on the 
spin bath, being less dense than normal cellulose, and must 
be controlled, to prevent interaction with other tows causing 
end breaks. Cutters require modification to cope with a much 
thicker, bulkier product, and the bed of fibre produced must 
be washed and dried more efficiently because of its loft and 
bulk. 

Even baling is a problem, and multiple pressings are 
required to compress the lofty Viloft into a standard weight 
despatch bale. 

The end result of this effort is, we believe, worthwhile. 

Fibre Properties 

Our original aim in producing Viloft was to make a bulky 
fibre with similar properties to standard viscose. Table II 
shows the fibre's physical properties and illustrates that this 
latter aim was achieved. 

Table II 

Viloft Tensile Properties 

Viloft Courtaulds Viloft Viscose 

Fibre decitex 1.7 1.7 
Air Dry Tenacity (cN/tex) 22.0 22.0 
Air Dry Extension (%) 14.0 19.0 
Wet Tenacity (cN/tex) 11.0 10.0 
Wet Extension (%) 18.0 28.0 
Loop tenacity (cN/tex) 9.0 8.0 
Knot tenacity (cN/tex) 13.0 15.0 
Initial wet modulus : 2% 36 30 
(cN/tex at 100% extension) : 5% 50 40 
Yield point (cN/tex) 7.7 7.3 
Yield extension (%) 1.2 2.2 

The table shows that in tensile properties Viloft is a 
close match for standard viscose, though, due to hot stretch­
ing, it does have marginally better tenacity and modulus. 

The true worth of Viloft is however demonstrated in Table 
III, which shows the characteristics which make it special. 
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Figure 8. Viloft—worlds first tubular vicose staple fiber in commercial pro­
duction 

Figure 9. Measurement of Viloft fiber density 
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Its high torsional rigidity - a factor contributing to handle. 
Its low micronair value - illustrating clearly Viloft's greater 
bulk. 
Its high water imbibition - related to the fibre's absorbency 
and comfort. 
Its low effective density - illustrating how much more cover 
can be achieved for a given weight of cellulose. 

TABLE III 

Viloft Special Characteristics 
American 

Viscose 
Cotton 

Torsional rigidity (χ 10"9) 
(Nm2 tex"2) 3.7 1.52 3.2 

Micronair 
(cu. ft/hour) 

4.7 13.7 8.5 

Water Imbibition 
(%) 

130 100 47 

Effective Density 1.15* 1.5 1.5 

* This is dependent on method of measurement 

This last feature - the way in which a hollow fibre re­
duces apparent density - is shown clearly in Figure 9, in 
which fibre densities are being measured, using a flotation 
technique. 

Processing of Viloft 

The processing of Viloft on conventional equipment was 
regarded as a cruicial requirement at the inception of the 
Viloft project. 

That we can produce a list of successful developments in 
Viloft blends, the majority produced under commercial con­
ditions, is a measure of our success, and a tribute not just 
to our ability to make a workable textile fibre, but also to the 
textile trade's flexibility and its willingness to take and 
exploit any new and worthwhile fibre development. 

Our initial concern about the bulk of Viloft causing 
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problems in yarn spinning has proved groundless. Opener 
blends with 50/50 polyester mixtures have been spun on a 
commercial scale in counts ranging from 1/14's to 1/40's. In 
a 50/50 cotton mixutre yarns from 1/10's to 1/28's have been 
produced without difficulty, and open end cotton blend yarns 
in coarser counts are now established in the U.K. tufting 
trade. 

The situation upstream in the textile sequence is equally 
encouraging, with good reports on both weaving and knitting 
conversion. In dyeing and finishing, Viloft behaves like a 
standard viscose, but with the unexpected bonus that with 
reactive dyestuffs it dyes closer to cotton. This reduces 
partitioning problems in Viloft/cotton mixtures, and extends 
the range of dyestuff

Viloft in Fabrics 

The Viloft project specification required a bulky fibre for 
polyester blends, and as the fibre properties showed, this 
has been achieved. Table IV shows what this additional fibre 
bulk offers in fabric. The table compares the air permeability 
and light transmission of knitted fabrics produced from 100% 
Viloft, Fibro and Vincel, and clearly shows Viloft's advantage 
over other rayon types. 

TABLE IV 

Fabric Cover 1 

A comparison of Viloft and other viscose fibres 

Air Permeability (expressed 
as air flow in cu.ft/hr) 

Light transmission (% light 
from standard source 
transmitted through 
fabric) 

Perhaps, however, the most crucial test is shown in 
Table V, which compares two dress fabrics - one in 100% 
Viloft, the other in 100% cotton - both in identical construc­
tions. Here again Viloft is shown to be superior, its greater 
bulk providing a serious challenge to cotton in fabric cover. 

w . i Courtaulds ... . Viloft ... Vincel Viscose 

15.3 19.4 25.3 

4.9 8.1 11.2 
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TABLE V 

Fabric Cover 2 

A comparison of fabric cover offered by Viloft and cotton 

100% Viloft 100% Cotton 

Air Permeability (cu.ft/hour) 10.8 15.1 
Light transmission (%) 1.9 3.7 

Even in 67/33, majority polyester blends, where Viloft 
represents only a minority component, it still contributes 
significantly to cover. Figure 10 shows three fabrics in 
equivalent construction
cotton and viscose. The advantage clearly offered by Viloft 
is, we believe, significant in consumer terms. 

Viloft has not, however, only contributed bulk. It has 
made an undoubted contribution to the handle and comfort of 
polyester/Viloft blends, which unfortunately cannot easily be 
shown in tables or diagrams. 

Aesthetics are a matter of critical personal judgment, and 
we can only ask you to handle and compare Viloft blends for 
yourself. We are confident, however, that you will agree with 
so many other textile people that Viloft offers something 
special. 

Certainly, that seems to be the view of more and more 
cotton users. Viloft, designed to improve the aesthetics of 
polyester blends, is being used to improve the aesthetics of 
cotton'. 

Traditionally viscose was used as a cheapener with cotton: 
it added little, and could take away much of the attractiveness 
of the cotton cloth. Viloft reverses that trend. It does not 
detract from the cover and handle - it complements them - and 
it brings an improved absorbency, which has proved immedi­
ately attractive in diapers and towellings. 

The U.K. diaper market is highly conservative and de­
manding - nothing is too good for baby. Traditionally diapers 
are white cotton terry squares of full and soft handle, and 
perhaps the best compliment to Viloft1 s aesthetics is that 
50/50 Viloft/cotton terry warp diapers have been an immediate 
commercial success. But Viloft does not just feel good: it 
absorbs more, faster - an important benefit at this end of the 
market (and that end of the baby). Figure 11 shows that Viloft 
takes up more moisture than cotton, at a faster rate. We can 
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Figure 10. Comparison of three fabrics in equivalent constructions with minonty com­
ponents of vicose, cotton, and Viloft 
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40 

T I M E S E C ' S 

Figure 11. Comparison of moisture uptake on Viloft and standard diapers 

also demonstrate that this advantage is preserved in use. 
Viloft also offers improved absorbency in towels, but 

without the drawback of a slimey, sleezy handle, the major 
limitation which has always prevented the use of viscose in 
towels. Many laboratory evaluations and user trials have 
been carried out, with exceedingly promising results, and 
undoubtedly 50/50 Viloft/cotton terry warp towels will make 
their debut in the market place in 1977. 

Viloft was made as a bulky viscose fibre designed to 
enhance the aesthetics of polyester/viscose blends. We 
believe it has become much more than that. 

The cover and bulk of Viloft fabrics, their attractive 
handle and absorbency, add a new dimension to viscose. We 
have opened up a vast number of possibilities for Viloft, not 
all of which have been evaluated at this stage in development. 
Already alternative inflated fibres are being considered, and 
are competing for a place in the development queue. Prospects 
look bright indeed. 
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13 
Viscose Rayon Fibers Containing Lignin Derivatives 

NEAL E. FRANKS 

American Enka Co., Enka, N.C. 28728 

The c o m p a t i b i l i t y
throughout the plant world. This c o m p a t i b i l i t y is not necessar­
ily shown as an intimate mixture of the two polymers, but rather 
as a matrix structure of cellulose f i b e r s in lignin. Although 
chemical pulping systems have been developed to provide 
d i s s o l v i n g pulps free of lignin, it is s u r p r i s i n g that there 
appear to be no reported attempts to recombine these two polymers 
in fibrous form. The viscose system could be the ideal technique 
by which to achieve such fibers, since in the alkaline milieu of 
the c e l l u l o s e xanthate s o l u t i o n both polymers will demonstrate 
similar charge effects. The experiments described here will out­
line conditions necessary to prepare such fibers and to describe 
some of the properties of the resulting f i b e r s . 

Materials and Methods 

The sodium l i g n a t e and sodium lignosulfonate used were 
commercially a v a i l a b l e materials of highest purity. This degree 
of p u r i t y was deemed necessary due to the possible complications 
which could a r i s e from the introduction of foreign inorganic 
materials i n t o the viscose process. Typical analytical values 
for the sodium l i g n a t e and sodium lignosulfonate used are 
provided in Table 1. 

It was necessary to purge the alkaline solutions of the 
sodium lignate with nitrogen prior to use to remove amounts of 
ammonia added during the processing of this material. The cross­
-linking trials of either sodium lignate or sodium lignosulfonate 
were performed using a 20-25% polymer loading in so l u t i o n . 

Spinning trials were performed by adding alkaline solutions 
of the lignin derivatives to a standard textile viscose stream 
j u s t before the last filtration stage. This mixture was spun 
through a 750 hole spinneret into a rayon spinbath and st r e t c h 
was applied in a second bath containing hot dilute sulfuric 
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a c i d . The wet y a r n was c o l l e c t e d i n a c e n t r i f u g a l p o t , and t h e 
wet y a r n cake was p u r i f i e d and d r i e d i n normal f a s h i o n . The 
t a r g e t d e n i e r i n t h e s e t r i a l s was 1 1 0 0 f o r t h e d r i e d y a r n 
bundle. 

Table 1 . A n a l y t i c a l Data f o r Sodium L i g n a t e and Sodium 
L i g n o s u l f o n a t e . 

Sodium Sodium 
L i g n a t e L i g n o s u l f o n a t e 
( I n d u l i n AT) (Marasperse CB) 

T o t a l s u l f u r , % 
S u l f a t e s u l f u r as S, % 
S u l f i t e s u l f u r as S, % 
CaO, % 
MgO, % 
Reducing sugars 
pH i n water 

R e s u l t s and D i s c u s s i o n 

1 . 6 
0 
0 

N i l 
6 

(as e t h e r ) 2 . 6 
0 . 1 
0 

0 
8 . 5 - 9 . 

Unmodified L i g n a t e and L i g n o s u l f o n a t e . The f i b e r d e n i e r 
v a l u e s o b t a i n e d by adding an amount o f u n m o d i f i e d sodium 
l i g n a t e o r sodium l i g n o s u l f o n a t e t o t h e v i s c o s e stream i n 
amounts t o a c h i e v e 2 0 t o k0% l o a d i n g s , based on t h e amount o f 
c e l l u l o s e p r e s e n t , a r e p r o v i d e d i n T able 2 . The d e n i e r v a l u e s 
shown ar e average v a l u e s o b t a i n e d u s i n g t h e i n s i d e and o u t s i d e 
v a l u e s o f t h e y a r n package. 

Table 2 . R e l a t i v e D e n i e r V a l u e s o f Rayon F i b e r s Spun U s i n g 
Unmodified Sodium l i g n a t e and L i g n o s u l f o n a t e . 

Sample C o r r e c t e d d e n i e r 

C o n t r o l 
20% Sodium l i g n a t e 
k0% Sodium l i g n a t e 
C o n t r o l 
2 0 $ L i g n o s u l f o n a t e 

1 1 1 0 
1 0 3 5 

9 6 5 
1 1 0 5 

93*+ 

I t can be seen t h a t t h e r e t e n t i o n o f u n m o d i f i e d sodium 
l i g n a t e was b e t t e r t h a n t h a t observed f o r sodium l i g n o s u l f o n a t e 
T h i s d i f f e r e n c e i s b e s t e x p l a i n e d by t h e f a c t t h a t t h e s u l f o n i c 
a c i d r e s i d u e s p r e s e n t i n t h e sodium l i g n o s u l f o n a t e cause t h i s 
polymer t o be more s o l u b l e i n t h e subsequent p u r i f i c a t i o n 
s t a ges o f t h e v i s c o s e rayon p r o c e s s a l l o w i n g a g r e a t e r l o s s o f 
l i g n o s u l f o n a t e . I t was f e l t t h a t some t e c h n i q u e was needed t o 
improve t h e r e t e n t i o n o f b o t h sodium l i g n a t e and l i g n o s u l f o n a t e 
a method o f c r o s s - l i n k i n g was judged t h e b e s t p o s s i b i l i t y o f 
a c h i e v i n g t h i s end. 
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C r o s s - l i n k i n g Methods. The c h o i c e o f t h e p r o p e r c r o s s -
l i n k i n g method was based on t h e ease and r e p r o d u c i b i l i t y o f 
t h e t e c h n i q u e a v a i l a b l e . O x i d a t i v e c r o s s - l i n k i n g , such as 
t h a t r e p o r t e d by N i m z 1 , was e l i m i n a t e d on t h e b a s i s t h a t i t 
c o u l d e x a s c e r b a t e t h e problem o f c o l o r i n t h e r e s u l t i n g f i b e r . 
A second c r o s s - l i n k i n g method c o n s i d e r e d was t h a t o f e t h e r i f y -
i n g t h e r e a c t i v e p h e n o l i c h y d r o x y l r e s i d u e s w i t h m u l t i f u n c t i o n ­
a l c r o s s - l i n k i n g agents such as e p i c h l o r o h y d r o n o r c y a n u r i c 
c h l o r i d e 2 . S m a l l s c a l e experiments demonstrated t h a t t h i s 
method was not easy t o c o n t r o l . F u r t h e r , a s i g n i f i c a n t 
r e d u c t i o n o f t h e p h e n o l i c h y d r o x y l p o p u l a t i o n c o u l d a d v e r s e l y 
a f f e c t t h e s o l u b i l i t y o f t h e l i g n i n d e r i v a t i v e s , p a r t i c u l a r l y 
sodium l i g n a t e , i n t h e v i s c o s e system. 

The method f i n a l l y adopted f o r c r o s s - l i n k i n g b o t h t h e 
sodium l i g n a t e and l i g n o s u l f o n a t
under a l k a l i n e c o n d i t i o n s
by c r o s s - l i n k i n g a t pH 1 0 . 5 - 1 1 ; a crude measure o f success was 
o b t a i n e d by p o u r i n g t h e s e c r o s s - l i n k e d m a t e r i a l s i n t o s p i n -
b a t h t o observe t h e y i e l d o f c r o s s - l i n k e d m a t e r i a l . Optimum 
formaldehyde l e v e l s were found t o be 5 $ w/w f o r sodium l i g n a t e 
and 1 0 $ w/w f o r sodium l i g n o s u l f o n a t e . T h i s d i f f e r e n c e i s a 
f u r t h e r r e f l e c t i o n o f t h e s o l u b i l i t y d i f f e r e n c e due t o t h e 
s u l f o n i c a c i d r e s i d u e s p r e s e n t i n sodium l i g n o s u l f o n a t e . 

S p i n n i n g t r i a l s were a g a i n performed, but u s i n g t h e c r o s s -
l i n k e d d e r i v a t i v e s . The r e s u l t s o b t a i n e d w i t h t h e a d d i t i o n 
o f 20% and k0% l e v e l s o f formaldehyde c r o s s - l i n k e d sodium 
l i g n a t e a r e p r o v i d e d i n Table 3 . I t i s l i k e l y t h a t some e r r o r 
o c c u r r e d i n t h e d e t e r m i n a t i o n o f t h e s o l i d s c o n t e n t o f t h e 
c r o s s - l i n k e d sodium l i g n a t e , which was r e f l e c t e d i n t h e l o w e r 
f i b e r d e n i e r d e t e r m i n a t i o n . As e x p e c t e d , a d d i t i o n o f a d i ­
l u e n t t o t h e c e l l u l o s i c f i b e r reduced b o t h t h e c o n d i t i o n e d and 
wet t e n a c i t i e s as w e l l as r e d u c i n g t h e e l o n g a t i o n a t break. 

A d e n i e r e r r o r i n t h e o p p o s i t e d i r e c t i o n was observed f o r 
t h e f i b e r c o n t a i n i n g 20% formaldehyde c r o s s - l i n k e d sodium 
l i g n o s u l f o n a t e (Table k). 

Table 3 . P h y s i c a l P r o p e r t i e s o f Rayon F i b e r s C o n t a i n i n g 
Formaldehyde C r o s s - L i n k e d Sodium L i g n a t e . 

C o n t r o l 20% ko% 

D e n i e r 1 1 1 0 1 0 7 5 1 0 1 8 
Cond. t e n . (gpd) 2 . 6 2 . 1 6 1.9^ 
Cond. e l o n g . (%) 2k.k 2 1 . 8 1 9 . 6 
Wet t e n . (gpd) 1 . 3 1.03 0 . 8 2 
Wet e l o n g . (%) 3 7 . 0 3 U . 9 3 0 Λ 

T h i s d i f f e r e n c e i s a g a i n a t t r i b u t e d t o t h e d i f f i c u l t y o f 
o b t a i n i n g an a c c u r a t e t o t a l s o l i d s c o ntent o f t h e c r o s s -
l i n k e d m i x t u r e . The decrease i n t h e o t h e r p h y s i c a l p r o p e r t i e s 
c l o s e l y matches those observed f o r t h e c r o s s - l i n k e d sodium 
l i g n a t e system. 
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Table k. P h y s i c a l P r o p e r t i e s o f Rayon F i b e r C o n t a i n i n g 
Formaldehyde C r o s s - L i n k e d Sodium L i g n o s u l f o n a t e . 

C o n t r o l 20% 

D e n i e r 1 1 0 5 l l 8 0 
Cond. t e n . (gpd) 2 . 6 7 2 . 2 2 
Cond. e l o n g . {%) 2 6 . 2 1 9 - 9 
Wet t e n . (gpd) 1 . 3 5 Ο . 9 6 

Wet e l o n g . {%) 3 7 - 0 2 8 . 5 

Demonstration o f I n c l u d e d L i g n i n D e r i v a t i v e s . I t was 
d e s i r a b l e t o have a method d e m o n s t r a t i n g t h e presence o f t h e 
c r o s s - l i n k e d l i g n i n d e r i v a t i v e s  i n a d d i t i o n t o t h e d e n i e r 
d e t e r m i n a t i o n s used i
Attempts were made t o
polymers c h e m i c a l l y ; i o d i n a t i o n and measurement o f t h e l e v e l o f 
i o d i n a t i o n o f t h e p h e n o l i c r e s i d u e s was i n c o n c l u s i v e . 
S e l e c t i v e e x t r a c t i o n o f t h e c e l l u l o s e p o r t i o n o f t h e f i b e r w i t h 
c u p r i e t h y l e n e d i a m i n e d i s s o l v e d b o t h t h e c e l l u l o s i c and l i g n i n 
p o r t i o n s o f t h e f i b e r . 

An e x a m i n a t i o n o f some a d d i t i o n a l p h y s i c a l p r o p e r t i e s 
(Table 5 ) showed some s l i g h t d i f f e r e n c e s , but n o t h i n g o f 
s u f f i c i e n t magnitude t o c o n v i n c i n g l y demonstrate t h e presence 
o f t h e added polymers. The s l i g h t decrease i n water i m b i b i t i o n 
o f t h e c r o s s - l i n k e d sodium l i g n a t e f i b e r was i n t h e expected 
d i r e c t i o n s i n c e t h e l i g n a t e would be expected t o have some 
hydrophobic c h a r a c t e r . L i k e w i s e , t h e c r o s s - l i n k e d sodium 
l i g n o s u l f o n a t e had an improved water i m b i b i t i o n . N e i t h e r o f 
t h e s e v a l u e s were f a r enough from c o n t r o l v a l u e s t o be con­
v i n c i n g . The same comments can be made f o r t h e X-ray o r d e r 
and knot t e n a c i t y r e t e n t i o n v a l u e s . 

Table 5 . Water I m b i b i t i o n , X-Ray Order, and Knot T e n a c i t y 
R e t e n t i o n Values o f Rayon F i b e r s C o n t a i n i n g 
C r o s s - L i n k e d L i g n i n s . 

Sample Water X-Ray Knot T e n a c i t y 
I m b i b i t i o n , ^ Order R e t e n t i o n , % 

C o n t r o l 8 0 - 9 0 0 . 8 7 7 9 

20% C r o s s - l i n k e d 72 0 . 8 5 7 7 

l i g n a t e 
2 0 $ C r o s s - l i n k e d 9 6 0 . 8 5 71 

l i g n o s u l f o n a t e 

C o n s i d e r a b l y more success was e x p e r i e n c e d u s i n g i n f r a r e d 
d i f f e r e n c e s p e c t r o s c o p y i n t h e 5 . 7 5 - 6 . 2 5 m i c r o n r e g i o n . These 
s p e c t r a l s t u d i e s were performed u s i n g b o t h c o n t r o l f i b e r s and 
sample f i b e r s i n KBr p e l l e t s . C a l i b r a t i o n curves were o b t a i n e d 
by m i x i n g known amounts o f t h e c r o s s - l i n k e d l i g n i n d e r i v a t i v e 
and c o n t r o l rayon f i b e r . By t h i s measure, t h e rayon f i b e r 
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thought t o c o n t a i n 20% c r o s s - l i n k e d sodium l i g n a t e was shown 
t o c o n t a i n but 18% o f t h e i n c l u d e d polymer. T h i s e x p l a i n s t h e 
lowe r t h a n expected (T a b l e 3) d e n i e r v a l u e s f o r t h i s f i b e r . 

C o l o r . I t w i l l be a p p r e c i a t e d by th o s e f a m i l a r w i t h t h e 
p u l p and paper i n d u s t r y t h a t a d d i t i o n o f l i g n i n d e r i v a t i e s 
t o rayon f i b e r s c r e a t e s a f i b e r t h a t has a d i s t i n c t r e d d i s h -
brown hue. Q u a n t i t a t i o n o f t h i s c o l o r u s i n g t h e Hunter L A B 
method i s shown i n Table 6 . I n t h i s system, t h e L v a l u e i s 
a measure o f l i g h n e s s , t h e A v a l u e i n d i c a t e s a r e d hue i f 
p o s i t i v e and a green hue i f n e g a t i v e , and th e Β v a l u e i n d i c a t e s 
y e l l o w n e s s i f p o s i t i v e and a b l u e t i n t i f n e g a t i v e . By t h i s 
measure, t h e f i b e r c o n t a i n i n g t h e formaldehyde c r o s s - l i n k e d 
sodium l i g n a t e i s d a r k e r t h a n t h e c o r r e s p o n d i n g f i b e r c o n t a i n ­
i n g c r o s s - l i n k e d l i g n o s u l f o n a t e
v a l u e . The v a l u e s o b s e r v e d
f i b e r , would i m p l y t h a t t h e f i b e r s c o n t a i n i n g t h e c r o s s - l i n k e d 
l i g n i n d e r i v a t i v e s a r e un a c c e p t a b l e f o r normal t e x t i l e u ses. 

T a b l e 6 . Hunter L A B Valu e s f o r Rayon F i b e r s C o n t a i n i n g 
C r o s s - L i n k e d L i g n i n D e r i v a t i v e s . 

Sample L A Β 

C o n t r o l 8 5 . 0 - 3 +5 
20% C r o s s - l i n k e d l i g n a t e 3U.0 +6.8 +15.1 
20% C r o s s - l i n k e d l i g n o s u l f o n a t e U 7 . 5 +6.U +19.8 

C o n c l u s i o n 

I t i s p o s s i b l e t o s p i n r e g e n e r a t e d c e l l u l o s i c f i b e r s 
c o n t a i n i n g up t o k0% formaldehyde c r o s s - l i n k e d sodium l i g n a t e 
o r l i g n o s u l f o n a t e u s i n g t h e v i s c o s e p r o c e s s . There i s a 
c o r r e s p o n d i n g decrease i n t e n a c i t i e s and e l o n g a t i o n a t 
break f o r such f i b e r s . The presence o f t h e added polymers 
was b e s t shown u s i n g i n f r a r e d d i f f e r e n c e s p e c t r o s c o p y . There 
i s a c o n s i d e r a b l e i n c r e a s e i n t h e c o l o r o f th e rayon f i b e r s 
c o n t a i n i n g t h e s e d e r i v a t i v e s due t o t h e chromoporic r e s i d u e s 
p r e s e n t i n t h e i n c l u d e d polymers. 
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A Process for Drying a Superabsorbent Pulp 

P. LEPOUTRE 

Pulp and Paper Research Institute of Canada 

The market for bleached pulp in absorbent sanitary products 
is rapidly expanding. Pulp, generally in fluffed form, is quite 
efficient for absorbing quickly fairly large quantities of liquid. 
Conventional pulp has, however, serious drawbacks. One is the 
bulk of the products, which require large storage space. Another 
is the relative ease with which a large proportion of the ab­
sorbed liquid is released under light pressure. 

There is a need for an absorbent material, preferably in 
fibrous form, capable of absorbing larger volumes of liquid per 
gram of absorbent and to hold this liquid under moderate pressure. 
Several such "superabsorbent" products, some in powder form, some 
in fibrous form, have been developed in the last few years (1,2). 

A superabsorbent in fibrous form has been developed at the 
Pulp and Paper Research Institute of Canada to the completion of 
the laboratory stage; its preparation and properties have been 
the subject of several publications (3,4,5). Essentially, it 
consists of wood pulp modified by graft-polymerization of poly-
acrylonitrile which is subsequently hydrolyzed into a copolymer 
of sodium polyacrylate and polyacrylamide which confers on the 
pulp an outstanding affinity for water. 

In addition to its water absorption properties, this pro­
duct, or variants of it, may have considerable interest in wet 
and dry forming of specialty papers. 

Commercialization of such a material hinges upon the tech­
nical and economic feasibility of producing it in dry form. 
Conventional thermal drying is slow, causes the fibers to lose 
some of their absorptive capacity and furthermore produces a 
stiff and brittle sheet which is impossible to fluff. Freeze-
drying or solvent exchange drying prove much too costly because 
of the huge quantity of water to be removed. 

An unconventional drying method had to be developed? this 
report deals with the development of this novel drying process. 
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I. Requirements to be met 
The requirements that had to be met are l i s t e d below: 
1. The drying process should not impair the absorption 

properties and should leave the product i n fibrous form. 
2. The dry product should be f l u f f a b l e by ordinary means. 
3. The product should be economical as judged by i t s cost/ 

performance r a t i o when compared to regular pulp. 

II. F i r s t Attempts 

The f i r s t attempts to produce a product meeting these re­
quirements w i l l be described as they point to a step c r i t i c a l 
for success. 

1. Hydrolysis unde  non-swellin  conditions  Unde l 
conditions the grafte
b o i l i n g aqueous NaOH.  pulp
remove excess NaOH. Typically, the quantity of l i q u i d associated 
with the fibe r s was of the order of 8-10 g/g fib e r after hydrol­
y s i s and of 30-40 g/g afte r washing, as compared to approximately 
1 g/g for the untreated fib e r s . 

To avoid the large quantity of water taken up during hydrol­
y s i s i n aqueous NaOH, i t was l o g i c a l to attempt the hydrolysis 
under low-swelling conditions. Hydrolysis experiments carried 
out i n the presence of alcohols showed that t h i s could be 
achieved. In t h i s fashion the amount of l i q u i d retained by the 
fibers at the end of hydrolysis was considerably decreased, and 
further solvent exchange drying was easy. However, t h i s route 
had disadvantages: 

a) hydrolysis at reflux temperature was quite long and 
sometimes incomplete unless substantial amounts of water 
were present, depending on the alcohol used. 

b) while the water absorption characteristics of the dried 
fibers were usually close to normal, the absorption of 
1% aqueous NaCl (simulating physiological fluids) was 
quite low and proportional to the amount of water pre­
sent i n the hydrolysis liquor. 

2. Hydrolysis at high pulp concentration. Another way to 
reduce the amount of l i q u i d taken up i s to reduce the amount of 
available l i q u i d . Hydrolysis experiments with aqueous NaOH at. 
high f i b e r concentration followed by solvent-exchange drying, 
produced fibers which swelled normally i n water but not i n NaCl. 
Swelling i n aqueous NaCl was inversely proportional to the fibe r 
concentration used, i . e . , proportional to the amount of water 
present during hydrolysis. 

3. Normal aqueous hydrolysis followed by solvent-exchange 
drying. The preceding experiments seemed to indicate that the 
swelling taking place during normal, low consistency, aqueous 
hydrolysis was necessary. Since most of the t o t a l swelling takes 
place i n the washing stage ( l i q u i d associated with the fibers 
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increases from 8-10 g/g to 30-40 g/g), solvent exchange drying 
was done immediately after hydrolysis. Again, while the water 
absorbency was normal, the s a l t absorbency, while higher than i n 
the previous experiments, was s t i l l low (7-10 g/g), but became 
normal after the fibers had been soaked i n water p r i o r to con­
tacting them with the s a l t solutions. 

III. Stage of f u l l swelling prior to drying; a requisite 

During the course of t h i s work i t became evident that when­
ever fibers were dried without having undergone f u l l swelling i n 
water at pH 6-9 i n the absence of a s i g n i f i c a n t concentration of 
s a l t , they would reswell i n water more or less to t h e i r normal 
extent but not i n a s a l t solution. 

Many experiments the
through t h e i r state of
quisite for s a l t solution absorption. 

In a previous a r t i c l e (3) i t was explained that swelling 
was due to osmotic pressure effects and that equilibrium was 
reached when a balance was achieved between these swelling forces 
and the fi b e r cohesion forces. While alkaline aqueous hydrolysis 
contributes to asubstantial reduction i n the f i b e r cohesion, con­
siderably more weakening takes place during the swelling that 
occurs during the washing operation and the transformation i s i r ­
reversible, as seen on Fig. 1, l i n e ABC. 

This requirement of a f u l l swelling stage during the man­
ufacturing process meant that a new approach had to be thought 
of. 

IV. The drying process 

1. P r i n c i p l e . The process makes use of the solution pro­
perties of the grafted polymer. This polymer i s soluble i n 
water at pHs above 4 but insoluble at lower pHs and i n alcohols. 
As seen i n Fig. 2, swelling as measured by the amount of water 
retained after high speed centrifugation (water retention value, 
WRV) decreases from 30 at pH 6-9 to 2.5 g/g when the pH i s re­
duced to 3. At t h i s pH, the grafted polymer i s i n i t s non-
ionized p o l y a c r y l i c acid form. If the fibers are dried at that 
point, they w i l l not reswell i n water to any extent. However i f 
the deswollen fibers are converted back into t h e i r sodium s a l t 
form with NaOH under non-swelling solvent conditions before 
drying them, normal reswelling in water and i n s a l t solution w i l l 
take place. 

The process then consists of three steps. 
a. The hydrolyzed fi b e r s are taken through t h e i r maximum 

swelling state at pH 6-9 i n the absence of any s i g n i f i c a n t s a l t 
concentration. 
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Figure 1. Liquid retained by the fibers as a function of the pH 
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Figure 2. Rehtive water retention value as a function of the pH 
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b . The pH i s brought down to approximately 3 where the 
fibers are i n t h e i r minimum swelling state. 

c. The acid groups are converted into sodium carboxylate 
groups with NaOH i n alcohol (a non-solvent for the polymer) and 
the alcohol i s evaporated. 

2. Laboratory procedure. At the end of hydrolysis the 
fibers are f i l t e r e d , washed with one volume of water while on 
the f i l t e r . The pH at that point i s 9.5 - 10. The fibers are 
then s l u r r i e d i n water at 1% consistency and s u l f u r i c acid i s 
added with good agitation to avoid any l o c a l high concentration. 
During the a c i d i f i c a t i o n , the fibers undergo f u l l swelling i n 
the pH range 8-6 i n the absence of any s i g n i f i c a n t s a l t concen­
trat i o n . As the pH continues to drop, the fibers start to de-
swell as evidenced by a rapid decrease i n slurry v i s c o s i t y  At 
pH 4 flocculation start
3. At that point, th
and are flocculated i n large aggregates. They are soft and sticky 
and w i l l form strong wet bonds when pressed together. The slurry 
i s then drained freel y or f i l t e r e d with gentle suction u n t i l 
water starts to recede from the fibrous pad surface. Suction i s 
released. This operation i s c r i t i c a l when a f l u f f a b l e pulp i s 
desired. Excessive compaction of the pad must be avoided because 
of the tendency of the soft fibers to form strong i n t e r f i b e r 
bonds which slows down further processing, and makes f l u f f i n g 
very d i f f i c u l t . 

While the fibrous pad i s s t i l l on the f i l t e r , a solution of 
NaOH i n aqueous methanol (e.g., NaOH/H^O/MeOH - 1/9/90) i s 
poured on the pad to displace the i n t e r f i b e r c a p i l l a r y water 
which i s allowed to drain freely or under gentle suction. NaOH 
converts the carboxylic acid groups into sodium carboxylate 
while MeOH prevents swelling taking place. Once a l l the in t e r ­
f i b e r c a p i l l a r y water has been replaced by the methanolic s o l ­
ution the fibrous mat becomes s t i f f because the polymer, which 
i s insoluble i n methanol, "precipitates". From there on, strong 
suction can be applied. A solution of aqueous methanol (e.g. 
H20/MeOH-8/92) i s poured to wash out the excess residual NaOH, 
followed by pure methanol to remove the l a s t traces of water. 
The methanol i s then evaporated to y i e l d a bulky mat of loosely 
held f i b e r s . 

3. Suggested i n d u s t r i a l drying process. Two alternative 
drying process schemes are offered for consideration. The f i r s t 
one i s continuous; the second i s a batch progress. 

a* As shown schematically i n F i g . 3, the a c i d i f i e d f i b e r 
s l u r r y i s delivered through a headbox on an endless screen. 
Water drains freely i n the f i r s t section. This stream i s d i s ­
carded. Alkaline aqueous methanol i s sprayed on top of the web 
while gentle suction i s applied. Once thé solution has d i s ^ 
placed the water, strong suction i s applied to remove most of 
the excess l i q u i d , from which methanol and NaOH may be recovered 
in a separate recovery cycle. The web i s then sprayed with NaOH-
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free, aqueous methanol to remove excess NaOH and continue the 
dehydration process. I t passes over another strong suction de­
vice to remove the excess l i q u i d which i s sent to the f i r s t 
treatment zone after NaOH make-up. The web then receives a spray 
of pure methanol, passes over another suction device and goes to 
an oven where methanol i s evaporated and recycled. 

It should be understood that dehydration of the fibers takes 
place continuously throughout the sequence. The solvent solution 
runs counter-current to the web and i t s concentration i s adjusted 
at each treatment zone so that, at no point, do the fibers pick 
up water from the solvent solution. In the f i r s t section, de­
hydration i s favored when both the concentrations of NaOH and 
MeOH are increased. However, increased NaOH concentration means 
a longer washing zone  In the second section, dehydration i s 
favored by higher MeO
i s slowed down. (The
of water i n the solvent and absorbed water i n the f i b e r , though 
not available now, w i l l be required for t h i s control). 

b t The alternative process i s a batch operation. I t i s 
r e a l l y a scaled-up version of the laboratory procedure and i s 
shown i n Fi g . 4. I t has the disadvantage of being discontinuous 
but would seem to be much easier to control and be lower i n 
cap i t a l cost. The a c i d i f i c a t i o n tank i s equipped with a rotating 
bottom f i t t e d with a screen. The washed hydrolyzed fi b e r s are 
fed to the a c i d i f i c a t i o n tank and H

2
S ° 4 i s a<*ded tobring the pH 

down to 3.0. Then the free draining l i q u i d i s removed from the 
slurry through the screen u n t i l water starts to recede from the 
in t e r f i b e r c a p i l l a r i e s . The f i l t r a t e i s discarded. At that 
point, a quantity of alkaline methanolic solution equivalent to 
at least one pad volume i s poured on top of the fi b e r pad. Its 
flow-rate i s adjusted so that f r i c t i o n caused by the flow i s 
minimized to avoid compaction of the pad and the alkaline meth­
anolic solution has had time to diffuse into the f i b e r floes. 
When NaOH - depleted aqueous methanol arrives at the bottom, the 
drain valve i s closed, and the f i l t r a t e i s sent for recovery of 
methanol. One volume of aqueous MeOH solution i s run through 
the pad to wash out the excess NaOH followed by one volume of 
methanol. The f i l t r a t e s , depending on th e i r composition, are 
recycled to the storage tanks. 

After the pure methanol wash, suction i s 
applied through the pad by the vacuum source to remove most of 
the methanol. Then hot a i r i s blown up through the fibrous cake 
and methanol i s condensed. F i n a l l y , the dry cake i s discharged 
through the revolving bottom, shredded and baled. 

The process has been sucessfully proven i n the lab on 
fib e r cakes 2 feet high and 2 inches i n diameter. 
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V. Flow-sheet and Mass Balance for the Complete Process 
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A. Flow-sheet 

Fig. 5 shows the flow-sheet for the complete production 
process from grafting through to drying. 

1. Grafting of p o l y a c r y l o n i t r i l e . Air-dried pulp i s 
s l u r r i e d at 4.35% consistency using recycled streams (water, 
HNO^, a c r y l o n i t r i l e ) i n a hydrapulper or similar equipment equip­
ped for handling a c r y l o n i t r i l e (toxic) solution and acid r e s i s t ­
ant to pH 2.5. The slurry i s pumped to a holding tank. (In an 
integrated m i l l operation, wet lap pulp would be used and no 
hydrapulper i s necessary). 

The grafting reactio
the holding tank the slurr
30 sec) mixer where the catalyst i s introduced. Consistency i s 
now 4%. The slurry i s pumped to a "grafting tower" where no 
further mixing takes place. Laboratory adiabatic grafting ex­
periments have shown that polymerization i s complete after 3-4 
min., suggesting a residence time of 5 min. 

The very bulky, free-draining grafted pulp i s then fed to a 
centrifuge (residence time 1 min.) and the l i q u i d containing the 
unreacted monomer i s recycled to the hydrapulper. 

The centrifuged grafted pulp i s then steam-stripped of i t s 
residual monomer which i s recovered. Residence time: 15 min. 

2. Hydrolysis. After the steam-stripping operation, the 
pulp i s s l u r r i e d i n a small mixer at 2% consistency i n the re­
cycled hydrolyzing liquor (residence time: 30 sec.) and pumped 
to a hydrolysis tower equipped with steam jacket. Residence 
time i s 15 min. 

From the hydrolysis tower the slurry i s pumped to a drum 
f i l t e r where i t i s dewatered and washed. Provision i s made to 
separate the f i l t r a t e and washings to minimize NaOH carry over i n 
the bleed. (See mass balance for reasons for t h i s bleed). This 
bleed i s a c i d i f i e d to recover the dissolved polymer. The bleed 
and the fibers are a c i d i f i e d separately since the substantial 
quantity of Na 2S0 produced i n the a c i d i f i c a t i o n of the bleed 
would be detrimental to the f u l l swelling of the f i b e r s . 

The washed fibe r s , as a swollen fibrous mat, are best 
handled by a screw-type extruder, and sent to storage. 

3. A c i d i f i c a t i o n and drying. The next step, a c i d i f i c a t i o n , 
i s carried out batch-wise at a consistency of 1.5%. The acid­
i f i e d slurry i s then processed as described i n IV, 3. A special 
type of pump, possibly a plug-flow piston pump, i s required to 
avoid the compaction of the soft, sticky f i b e r aggregates. 
Gravity flow should be u t i l i z e d as much as possible. 
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Yield, as experimentally determined, was 1·53 part of hy­
dro lyzed copolymer per part of PAN. This corresponds to ca. 
50/50 w/w r a t i o of amide to acid groups. 

Hydrolysis causes
a) Cellulose loss has
i s not recovered. It i s assumed to leave with the l i q u i d drained 
after a c i d i f i c a t i o n , b) Polymer loss during hydrolysis has been 
set at 13% (experimental finding). However the dissolved polymer 
may be recovered by bleeding enough of the washings to maintain 
the concentration of dissolved polymer i n the hydrolyzing liquor 
at approximately 2%., ac i d i f y i n g the bleed and adding the pre­
c i p i t a t e d polymer to the a c i d i f i e d f i b e r s . 

3. Washing. The quantity of water used to wash the hydro-
lyzed, f i l t e r e d fibers has been set as equivalent to the quantity 
of l i q u i d carried over with these f i b e r s . Laboratory experiments 
using drop-wise addition of that amount of water to the f i l t e r 
cake under suction showed that the amount of NaOH l e f t with the 
fibers was s u f f i c i e n t l y low that the Na^O^ produced during sub­
sequent a c i d i f i c a t i o n did not prevent f u l l swelling of the fiber s . 
The pH of the washed fibers i s approximately 10. 

4. A c i d i f i c a t i o n . Since the f u l l y swollen fibers are them­
selves about 3% soli d s , the provision of adequate free water for 
mixing and homogeneous a c i d i f i c a t i o n requires a lower consistency 
and 1.5% has been chosen. 

Chemical reactions: 
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2NaOH + H2S04> Na 2S0 4 + 2H20 
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B. Mass Balance 

The mass balance i s shown i n F i g . 6 and the conditions used 
are based on laboratory results. 

A PAN graft l e v e l of 120% was chosen for the mass balance 
calculations used i n estimating the cost, because the absorption 
properties measured on undried fibers l e v e l o f f at t h i s point 
(3). Recent data have indicated that, i n the case of fibers 
dried by this process, the leveling o f f effect occurs at a some­
what higher graft l e v e l (150-160%). Typically the WRV and SRV 
of fi b e r s at 120% PAN graft l e v e l are 30 and 13.5 g/g respective­
l y while at 150% the WRV i s i n excess of 30 and the SRV i s 16 
g/g. 

1. Grafting. Grafting i s performed using the eerie 
ammonium nitra t e i n i t i a t i o

Catalyst requiremen
concentration when the l a t t e r was 3% or greater (5), so that i t 
i s more economical to operate at as high a pulp concentration as 
possible. However, the grafting reaction i s very fast and a 
concentration of 4% has been chosen i n order to have a rapid 
homogeneous mixing of the catalyst. A graft l e v e l of 120% can 
be achieved by various combinations of catalyst and monomer con­
centrations, (3). Increasing catalyst concentration increases 
grafting cost but leads to higher conversion of monomer to poly­
mer thereby reducing monomer recovery cost. The conditions used 
(catalyst 1.3% of pulp, monomer concentration 9%) are i n the 
range where cost i s optimized. The fate of the eerie ion i s 
s t i l l undetermined, and i t has been l e f t out of the mass balance. 

2. Hydrolysis. The concentration of NaOH i n the hydroly-
sing liquor has been set at 3% w/w. Hydrolysis rate i s enhanced 
by higher NaOH concentration, so that the residence time, and 
thereby the hydrolysis tower size, could be reduced. However, 
higher NaOH concentration causes: 

a. increased pulp degradation and loss. 
b. increased residual NaOH at the washer, thereby slowing 

down the operation. 
A consistency of 2% has been chosen because the hydrolyzed 

pulp i s already s i g n i f i c a n t l y swollen. I t might however be 
possible to operate at 3% consistency, which could permit a 
smaller tower size. 

Chemical reactions during hydrolysis: 
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Figure 6. Overall mass balance 
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5. Conversion to Sodium Salt and Drying by Methanol Ex­
change. No detailed balance i s made for t h i s operation as no 
data are available for counter-current continuous operation. 

It i s assumed, again based on s t a t i c laboratory experiments, 
that approximately 7 parts of methanol are required per part of 
product, and are recovered by d i s t i l l a t i o n . 

0.125 part of MeOH per part of product (250 lbs/ton product) 
i s assumed to be l o s t i n the bottoms of the d i s t i l l a t i o n tower 
and i n leaks. This represents approximately 2% of the methanol 
flow. 

VI. Modification of Process for Improved Saline Retention Value 

I t has been explained e a r l i e r that swelling i s r e s t r i c t e d 
by the f i b e r cohesion forces
some means, e.g. by beating
tention values may be improved by as much as 30%. A saline re­
tention value of 20 g/g has been achieved. 

The beating may be performed either on the pulp p r i o r to 
grafting or on the hydrolyzed pulp. 

a. Beating the pulp p r i o r to grafting. In addition to 
increased absorbency as shown i n Fig. 7, beating of a dried pulp 
leads to higher grafting e f f i c i e n c y (5). 

Care should be taken not to overbeat the pulp as t h i s would 
create serious problems when f i l t e r i n g and washing the hydrolyzed 
product. 

b. Beating the hydrolyzed pulp. This i s best achieved by 
submitting the f r a g i l e swollen fibers to violent mixing before 
the a c i d i f i c a t i o n step. Here again, care should be taken not to 
overbeat the fibers as they could be transformed eventually into 
a very thick c o l l o i d a l solution (4). An example of the improve­
ment to be expected i s shown in the following Table I. 

TABLE I. 
Improvement i n SRV by Shearing the Hydrolyzed Fibers 

I n i t i a l SRV SRV after s t i r r i n g 
at high speed for 

g/g 5 min. 20 min. 
13.5 16 18.5* 
16.6 19.8 22* 
18 24* 

* Fibers begin to lose t h e i r fibrous character. 

VII. Other Products 

1. Non-hydrolyzed PAN Absorbent Pulp. The intermediate 
product, unhydrolyzed PAN grafted pulp, has quite interesting 
properties which warrant i t s consideration as an absorbent 
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50h 

POLYACRYLONITRILE GRAFT LEVEL , % 

Figure 7. Influence of beating on WRV or SRV 
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material as such. I t may be compared to cross-linked cellulose 
f i b e r s . 

Cross-linked cellulose fibers i n mat or f l u f f form are 
superior to regular pulp i n rate of absorption of f l u i d s and i n 
t o t a l capacity, p a r t i c u l a r l y when absorption takes place under 
moderate pressure. This i s because the cross-linked fibers have 
a higher wet modulus so that the mat or f l u f f does not collapse 
when absorbing f l u i d s under moderate pressure. In addition, 
l i t t l e or no i n t e r f i b e r bonding takes place during drying so 
that the comminution of the pulp i s easi l y accomplished. Several 
patents have been issued i n this area. 

Pulp fibers grafted with PAN, a glassy, water-insensitive 
polymer, behave quite s i m i l a r l y to cross-linked cellulose f i b e r s . 
They are bulky, s t i f f whe d d  for  i n t e r f i b e  bond
during drying. For th
grafted pulp i s superio  regula  pulp y 
under moderate pressure, as shown i n Table II. Furthermore, the 
absorption being of a c a p i l l a r y nature, i t i s not affected by 
the io n i c strength of the f l u i d . 

TABLE II 

Pulp 1% NaCl absorption capacity, g/g 
under 1.7 KPa under 6.9 KPa 

Bleached Spruce Kraft A 12 8 
Bleached Soft Kraft Β 13 9 
Pulp Β grafted with PAN 18 13 

A plant producing the superabsorbent pulp could also supply 
the cheaper PAN graft intermediate for applications where i n t r a -
f i b e r absorbency i s not required. 

2. Superabsorbent Pulp i n Sheet Form. In some applica­
tions, the superabsorbent pulp may be used i n sheet form. Then, 
f l u f f a b i l i t y i s no longer a requirement, but good sheet formation 
becomes important. 

As indicated before, a c i d i f i c a t i o n to pH 3.5 - 3.0 causes 
flo c c u l a t i o n of the fibers into aggregates and t h i s r e s u l t s , of 
course, i n poor sheet formation. However, a further decrease of 
the pH to approximately 2.2 w i l l create ionization of the amide 
groups and redispersion of the floes. Very good sheet formation 
i s then obtained. 

Since f l u f f a b i l i t y i s no longer a requirement, the sheet 
can be compacted and suction can be applied immediately af t e r 
sheet formation. This permits considerable reduction i n the 
quantity of methanol to be recovered by d i s t i l l a t i o n . 
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3. Application i n Dry Forming. Preliminary laboratory ex­
periments have demonstrated that fibers prepared by this process 
and dry-laid, can form sheets with good i n t e r f i b e r bonding when 
pressed as ca 80% RH. -The moisture content at t h i s RH i s s u f f i c ­
ient to p l a s t i c i z e the fibers and to lead to the development of 
in t e r f i b e r bonds. These bonds however are not water resistant. 

More attractive i s the p o s s i b i l i t y of u t i l i z i n g solvent-ex­
change dried fibers i n the acid form (no conversion to sodium 
carboxylate). Here, the i n t e r f i b e r bonds exhibit temporary wet 
strength. Considerably more work i s required to confirm t h e i r 
potential as s e l f bonding fibers i n dry-forming processes. 

ABSTRACT 

A process for the
described. The superabsorben
acrylonitrile on a bleached pulp, hydrolysing it to a copolymer 
of sodium polyacrylate and polyacrylamide and removing the water 
from the swollen fibers by a combination of chemical dehydration 
and solvent-exchange drying. Fibers are obtained in an easily 
fluffable form and have water and 1% aqueous NaCl retention 
values of up to 40 g/g and 20 g/g respectively. Process flow­
-sheets and mass balance are given. 
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Use of Fiber and Chemical Microscopy in Applied 
Woven and Nonwoven Technology 

ARTHUR DRELICH 
Absorbent Technology, Johnson & Johnson, c/o Ethicon, Inc., Somerville, N.J. 08876 

DAVID ONEY 
Research Div., Chicopee Manuf. Co., Milltown, N.J. 08850 

Chemists traditionally use structural formulas 
and mathematical expressions to understand and to 
figuratively see technical problems and scientific 
phenomena. There are many technical areas where i t 
is valuable to l i teral ly see materials and the 
changes they undergo as a result of chemical or 
physical processes. Understanding through seeing is 
especially useful in fiber and textile technologies. 
This seeing is carried out using optical and electron 
microscopy. The experimenter must understand the 
capabilities and the limitations of his equipment, 
and develop a good level of competence in using i t . 
Otherwise, his visual evidence wil l be, at best, 
incomplete and at worst, unreliable or even incorrect. 
In practice he must also develop adequate skil ls in 
scientific photography. 

The modern history of textile microscopy started 
with a book by Prof. Schwarz (MIT), Textiles & the 
Microscope (1934). Other important early contributors 
include George Royer and Charles Maresh of Cyanamid, 
and Mary Rollins of the Southern Regional Lab of the 
USDA. 

Woven Fabrics 

In defining woven fabrics, two of the most 
important parameters are the geometry of the yarns 
in the overall structure, and of the fibers within 
the yarns. Figure 1 shows an 88 χ 88 count cotton 
fabric, original magnification of 20X, illuminated 
from below by the bright field method. The informa­
tion obtainable from this picture includes thread 
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Figure 1 

Figure 2 
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count, uniformity of weave and of yarn thickness, 
and dimensions of open areas. 

Figure 2 shows the same area of t h i s f a b r i c 
i l l u m i n a t e d from above by i n c i d e n t l i g h t s at an angle 
about 45°. Here we can see the surface texture or 
roughness, and an i n d i c a t i o n of f i b e r s t r u c t u r e . 
This i s the usual way that f a b r i c s are pi c t u r e d . 

Figure 3 

Figure 3, s t i l l showing the same area of the 
same f a b r i c , h i g h l i g h t s the f i b e r s which make up the 
yarns. I n d i v i d u a l f i b e r s are c l e a r l y resolved, even 
though t h e i r a c t u a l diameters are only about 15 
micrometers (microns). The d i r e c t i o n and angle of 
twi s t can r e a d i l y be measured. 

Figure 4 shows a higher magnification (of #3) 
f o r ease of seeing d e t a i l . L i t e r a l l y every surface 
f i b e r of every yarn i s c l e a r l y v i s i b l e . 

The f ollowing two Figures (#5 and #6) are of 
f a b r i c s with more complex weaves. The pr e c i s e weave 
and spinning structures are v i s i b l e and can be 
q u a n t i t a t i v e l y measured. 
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Figure 4 

The technique f o r making the surface f i b e r s so 
c l e a r l y v i s i b l e (as i n Figures 2 through 6, and 
Figure 10) requires the fol l o w i n g two steps: 

1. The f i b e r s t r u c t u r e i s l i g h t l y 
coated with gold or other s u i t a b l e 
metal i n a vacuum evaporator or DC 
sputterer, and 

2. The specimen i s i l l u m i n a t e d i n a 
substage d a r k f i e l d mode f o r viewing 
and photography. 

Cross-sectioning of f a b r i c s i s now w e l l known. 
Some of the pioneer work i n t h i s f i e l d was done by 
George Royer and others of American Cyanamid from 
about 1942 to 1950, and published i n the T e x t i l e 
Research Journal and the Journal of the Society of 
Dyers and C o l o r i s t s . They demonstrated the dyeing 
and f i n i s h i n g of f a b r i c s by penetration of these 
reagents i n t o yarns and f i b e r s using cross-sections 
which were treated by d i f f e r e n t i a l s t a i n i n g tech­
niques. These were patterned a f t e r the methods 
b i o l o g i s t s use to show t i s s u e s t r u c t u r e . 
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Figure 5 

Figure 6 
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A f u r t h e r method not often used i s the planar 
s e c t i o n i n g of f a b r i c s to r e v e a l and define i n t e r i o r 
s t r u c t u r e , where the sections are cut p a r a l l e l to 
the major plane of the f a b r i c . An example i s shown 
i n Figure 7. This i s a composite s t r u c t u r e of two 
woven f a b r i c s bonded together by fused nylon powder 
at the i n t e r f a c e . This photomacrograph i s one of a 
s e r i e s showing the depth of penetration of the fused 
powder i n t o the two f a b r i c s . This photograph was 
taken by p o l a r i z e d l i g h t which acted to e f f e c t i v e l y 
d i f f e r e n t i a l l y s t a i n the f i b e r s and adhesive. 

Figure 7 

Non-Woven Fabric s 

The structure of non-woven f a b r i c s defines, to a 
considerable extent, t h e i r p r o p e r t i e s . The d i s t r i ­
bution and o r i e n t a t i o n of the f i b e r s can explain 
r e l a t i v e long and cross t e n s i l e properties (Figure 8, 
an oriented card web). A photomacrograph of a non-
woven containing bundled f i b e r s (Figure 9) can 
explain wicking and abrasion r e s i s t a n c e . 

Obvious ta n g l i n g of f i b e r s , as shown i n Figure 10 
can explain t e n s i l e p r o p e r t i e s . 
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Figure 8 

Figure 9 
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Figure 10 

Where the non-woven i s bonded by chemical 
adhesives, the d i s t r i b u t i o n and l o c a l concentration 
of binder helps to understand and explain p e r f o r ­
mance. O v e r a l l impregnation, Figure 11, produces 
numerous bond s i t e s . This prevents movement of 
f i b e r s and explains why the f a b r i c i s s t i f f . 

Intermittent bonding produces f a b r i c s with 
many hinge points, hence a more f l e x i b l e hand. For 
example, consider a non-woven f a b r i c bonded with 
p o l y v i n y l acetate i n a f i n e l i n e pattern. PVAc i s 
stained by I 2 ~ K I t o a n intense brown or blue-brown 
c o l o r . Bonded areas, as w e l l as unbonded areas, 
are c l e a r l y shown i n Figure 12. This c o l o r i s 
f u g i t i v e , r e q u i r i n g that the photographic subject 
be immersed i n a d i l u t e I 2 ~ K I s o l u t i o n during obser­
v a t i o n or photography. 

Figure 13 i s an SEM micrograph of a rayon non-
woven f a b r i c , bonded by viscose which was regenerated 
to c e l l u l o s e i n s i t u a f t e r i t was applied to the 
f a b r i c . Note the l i g h t uniform c e l l u l o s e deposit 
i n the bond area. 
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Figure 11 

Figure 12 
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Figure 13 

The f a b r i c shown on the l e f t side i n Figure 14 
i s a non-woven f a b r i c , print-bonded with an a c r y l i c 
l atex by the conventional method. This allows the 
binder to spread l a t e r a l l y , that i s , to migrate. 
The f a b r i c shown on the r i g h t was print-bonded under 
physico-chemical conditions which r e s t r i c t e d binder 
migration producing sharper, narrower binder l i n e s . 
The l a t t e r f a b r i c has a more f l e x i b l e , more t e x t i l e ­
l i k e hand. 

Cross-sectioning f u r t h e r shows f i b e r / b i n d e r 
morphology. Figure 15 shows a latex-bonded f a b r i c 
where c a p i l l a r y forces apparently c o n t r o l l e d binder 
placement. The f i b e r s e v i d e n t l y provided the 
c a p i l l a r y s t r u c t u r e f o r the la t e x binder to run i n t o . 
On the other hand, Figure 16, al s o a c r o s s - s e c t i o n , 
shows the e f f e c t of a sudden coagulation of the 
latex; the f i b e r s d i d not have time to f u l l y f unction 
as c a p i l l a r i e s because the latex was r a p i d l y converted 
to a semi-solid. Under these conditions, more f i b e r s 
are embedded within the s o l i d i f i e d binder. 
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Figure 14 

Figure 15 
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Figure 16 

The microscopical approach has p i t f a l l s . I t 
requires a more than average s k i l l i n using equipment 
and i n t e r p r e t i n g the images seen. The microscopist 
must never forget that he has a severe sampling 
problem. He examines micro areas, but makes macro 
i n t e r p r e t a t i o n s . As with a l l a n a l y t i c a l t o o l s , i t 
needs to be used with care, and i n conjunction with 
other a n a l y t i c a l methods. 
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Comparison of the Properties of Ultrasonically and 
Mechanically Beaten Fibers 

JAAKKO E. LAINE☼ and DAVID A. I. GORING 

Pulp and Paper Research Institute of Canada and Dept. of Chemistry, McGill University, 
Montreal, Que., Canada 

Several authors hav
cellulosic fibers (1-4)
stock consistency, sound frequency and intensity, time of treat
ment and extent of stirring influence the final paper properties 
of the f i b e r s . These properties can differ considerably from 
those of mechanically beaten f i b e r s , but the fundamental factors 
responsible for such differences are still not clear. 

This note describes some limited observations made during 
experiments in which we studied changes in fi b e r physical pro­
perties produced by sonication (5). The results, though not 
comprehensive, provide some elucidation of the mechanism of ultra­
sonic beating. 

Experimental. Bleached kraft pulp fibers from black spruce 
were irradiated i n the previously described system (23 kHz, 10 
W/cm2) (5) for 3 h at a consistency of 0.5%. Comparative mechani­
c a l beating was done in a Valley laboratory beater according to 
Tappi-standard Τ 200 ts-66. 

Both the ultrasonic and mechanical treatments were r e l a t i v e l y 
mild. Thus the increase i n the fines content produced by beating 
was considered to be negligible. Also, at such low l e v e l of 
beating, paper strength would be expected to be governed by i n t e r ­
f i b e r bonding rather than by f i b e r strength. 

Paper properties were determined i n accordance with appro­
priate Tappi standards. Paper properties of the mechanically 
beaten sample corresponding to the same freeness and breaking 
length of the u l t r a s o n i c a l l y treated sample were obtained by i n ­
terpolation. 

Fiber saturation points were measured by the solute exclusion 
method as described elsewhere (5). 

*Present address: Laboratory of Wood Chemistry, 
Helsinki University of Technology, Otaniemi, 
Finland. 
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Figure J . Comparison of scanning electron micrographs of mechanically beaten 
(A) and ultrasonically irradiated (B) fibers at a breaking length of 5.5 km 
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Results and Discussion. A comparison of the ultrasonically 
and mechanically beaten fibers is shown in Table I. At the same 
freeness ultrasonic irradiation produced higher tear, opacity and 
bulk than mechanical beating, but tensile and burst strengths 
were lower. However, comparison of the paper properties at the 
same tensile strength in Table II shows that the two fiber samples 
were similar in almost a l l respects. Freeness is an exception; 
i t was considerably lower for the sonicated sample. 

Table I. Comparison of mechanically and ultrasonically beaten 
fibers at a freeness of 528 ml. 

Property Untreated Type of treatment: 
control Mechanical Ultrasonic 

Tear index (mNem2/g) 19.6 11.7 20.8 
Tappi opacity (%) 
Bulk (cm3/g) 
Breaking length (km) 3.1 8.6 5.5 
Burst index (kPa-m2/g) 2.0 6.6 4.1 

Table II. Comparison of mechanically and ultrasonically beaten 
fibers at a breaking length of 5.5 km. 

Property Untreated Type of treatment : 
control Mechanical Ultrasonic 

Freeness (ml) 636 610 528 
Tear index (mN*m2/g) 19.6 20.2 20.8 
Tappi opacity (%) 76.7 74.0 74.4 
Bulk (cm3/g) 1.75 1.66 1.60 
Burst index (kPa«m2/g) 2.0 3.7 4.1 
Fiber saturation point 0.78 0.98 1.12 
(cm3/g) 

Fiber fl e x i b i l i t y is an important parameter contributing to 
freeness. Stone, Scallan and Abrahamson (6) have shown that the 
fiber saturation point as measured by the solute exclusion tech­
nique correlates with fiber f l e x i b i l i t y . These authors found 
that the higher the fiber saturation point, the lower was the 
freeness and the higher was the fle x i b i l i t y of both bleached 
kraft and sulphite fibers. From the results in Table II, i t is 
evident that although both types of treatment increased the fiber 
saturation point, the effect was larger in the case of the soni­
cated fibers. Therefore i t is not surprising that the freeness i s 
lower in the latter. 

Scanning electron micrographs of the mechanically and ultra­
sonically beaten fibers are shown in Figure 1. Some surface rup­
ture is seen in the case of the sonicated fibers confirming the 
results reported previously (5). However, the mechanical treat­
ment also produced fibr i l l a t i o n and, for the samples shown in 
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Figure 1, the effect was larger in the case of the mechanically 
beaten fibers. 

The results therefore indicate that ultrasonic irradiation 
increases fiber swelling and thus fl e x i b i l i t y , thereby, providing 
a slow draining pulp. At equal tensile strength, mechanically 
beaten fibers have a higher freeness and are less swollen. Thus 
unusual fiber properties are produced by sonication as opposed 
to mechanical treatment. For conventional papermaking, a slow 
draining fiber is usually a disadvantage. However, there may be 
applications in which a swollen, flexible fiber is desirable. 
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Retardant Chemicals in Cotton 
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Over several decades
has resulted in a number of flame retardant finishes for textiles. 
Much of the current research is directed towards improved process­
ing, with emphasis on minimizing pollution and consumption of 
energy. Flame retardant finishes that are available for meeting 
government flammability regulations for cotton textiles are based 
on only three basic chemicals-condensate of bis(betachloroethyl) 
vinyl phosphonate and alkyl phosphonate, N-methylol dimethyl 
phosphonopropionamide, and tetrakis(hydroxymethyl)phosphonium 
salts (THP salts). Several manufacturers offer THP salts and 
condensation products of urea and THP salts under different trade 
names. Recently, most of the cotton flannelette for children's 
sleepwear has been finished with a THP salt or condensation 
product by an ammonia gas cure (1). The ammonia cure process is 
preferred because the finished fabric has high strength retention 
and a soft hand. Release of unpleasant odors and design of the 
gaseous reactor for production scale are problems that have been 
encountered with this process. 

The object of this study was to reduce or eliminate process­
ing problems through modifications in treating formulations and 
processing operations, while maintaining product performance 
characteristics. Exploratory data are presented in this report. 

Comparison of Processes 

A schematic of the conventional ammonia gas cure process is 
shown in the upper half of Figure 1. The fabric is impregnated 
with the THP compound; the excess liquid is squeezed out by 
pressure rollers; and the fabric i s dried to about 10-20% residual 
moisture at low temperature (100eC). The impregnated fabric then 
enterβ an ammonia reactor, where the ammonia gas reacts with the 
THP compound and forms an insoluble polymer. An oxidation step 
follows, which removes unpleasant odors from the finished fabric 
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and increases the durability of the finish. The fabric is then 
subjected to process washing and drying* 

A schematic of the modified process projected by this 
reaseach is shown in the lower half of Figure 1. The fabric is 
impregnated with a THP prepolymer [2] and the excess liquid is 
squeezed out by pressure rollers. The impregnated fabric is passed 
through a strong base which causes the prepolymer to polymerize 
(or precipitate)· This step is followed by squeeze rolling, 
oxidizing, washing, and drying operations. The major differences 
between the two processes are: 

1. The use of a prepolymer rather than a THP salt in the 
treating formulation, 

2. elimination of a drying operation after impregnation, and 
3. the use of a pH change rather than gaseous ammoniation 

for the formatio

THPS Chemical Structure 

It was stated in the introduction that the majority of flame 
retardant finishes for cotton are based on THP salts. Currently, 
the most widely used salt is tetrakis(hydroxymethyl)phosphonium 
sulfate (THPS). The chemical structure of THPS is shown in 
Figure 2; four methylol groups are associated with one phosphorus 
atom. Commercially, THPS is sold as a 70-80% aqueous solution 
and i s ionized into THP and sulfate ions. Other salts that have 
been produced and studied include the oxalate, a mixture of 
phoephate-acetate, and the chloride (1). 

Prepolymer Preparation 

In the conventional procedure, the THP salt is neutralized 
with sodium hydroxide (NaOH) to approximately pH 7, mixed into a 
treating formulation, and padded onto the cotton fabric (3)· For 
the modified procedure investigated in this study, phosphoric acid 
is added to the THPS solution to further acidify i t to approx­
imately pH 1. Gaseous ammonia, ammonium salts, or a combination 
of the two are then added to the acidified THPS. Ammonia reacts 
with the THP salt; a precipitate is formed which immediately 
dissolves into the solution forming what we refer to as the 
prepolymer, but which could be a dissolved polymer, as shown in 
equation 1. 

(1) 

3-x 
Re-precipitation is effected by the addition of base. The pre­
polymer reported here somewhat resembles the adduct polymers 
reported by Daigle, Pepperman, and Vail (4,5). 
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Numerous variations have been tried for the prepolymer 
preparation, and each has been successful. Three representative 
preparations are shown in Table 1. The basic ingredients are 
THPS solution, phosphoric acid (H^PO^), and ammonia (NH^). 

TABLE I 

PREPOLYMER PREPARATION 

PP(1) PP(2) 

100g 100g 

24.4g 24.4g 

Materials 

THPS(75%) 

H3P04(85%) 

(NH4)2HP04 

(NH 4) 2S0 4 

Method Bubble NĤ  gas to 
saturation while 
stirring and cooling 

100g 

14.8g 

Heat 
at 70°C 
for 2 min. 

Ammonia gas can be used alone or in combination with an ammonium 
salt such as dibasic ammonium phosphate; alternatively, ammonium 
sulfate and dibasic ammonium phosphate can be used and the 
phosphoric acid omitted. When the ammonium salts are used, the 
mixture must be heated and kept near the boiling point for 
2 minutes. In contrast, when ammonia gas is used, the overall 
reaction i s exothermic, and the solution must be cooled when i t 
reaches the boiling point. Formation of byproducts may be the 
primary cause of the temperature increase. Overheating during 
prepolymer preparation can reduce the reactivity of the pre­
polymer [6]. 

A typical preparation, using the ammonia gas technique, is as 
follows: 

1. Add about 25 g of H«P0, to 100 g THPS solution (about 
75% solids) 0 * 

2. heat the acidified THPS solution to about 60°C, 
3. bubble NH~ gas into the solution until boiling (approxi­

mately 85*C), 
4. quickly cool in ice bath to 75eC, 
5. return to bubbling NH~ gas again, etc., as shown in 

figure 3. 
Three cycles are normally sufficient to produce the desired 

prepolymer solution. Finally, the prepolymer should be cooled 
to ambient as quickly as possible to minimize deterioration. 

A quick test has been used to determine completeness of 
prepolymer formation. Five m i l l i l i t e r s of prepolymer is placed 
in a test tube; 3 to 5 ml of caustic soda (25%) is added, and 
the mixture is stirred with a spatula. A good prepolymer w i l l 
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flocculate and form a solid mass of white polymer, which can be 
rinsed with water without dissolution. If, however, the solution 
turns milky and foams upon addition of base, the prepolymer pre­
paration is incomplete. One explanation is that some molecules 
remain containing (C^OH^-P- groups, which react with excess base 
to form hydrogen gas. This same test can be used to determine the 
reactivity of a prepolymer after ageing, or after preparation wi,th 
ammonium salts i f overheating is suspected. 

Although test tube experiments indicated immediate reaction 
of the prepolymer upon addition of base, some further insight into 
the reaction mechanisms was sought. A 5 ml beaker was half f i l l e d 
with 50% NaOH (Figure 4a) and prepolymer solution was carefully 
poured on top of the caustic producing a distinct liquid interface. 
A thin layer of material (about 0.5 mm thick) formed immediately; 

within 1 minute there wa
of "stalagmites" and "stalactites
(Figure 4b). Within two minutes the prepolymer had diffused 
throughout the caustic and had polymerized (or precipitated) 
(Figure 4c); within 5 minutes the reaction appeared complete and 
uniformly distributed (Figure 4d). This experiment was repeated at 
30°C and 50°C and no significant difference was observed in rate of 
reaction. From this experiment, i t was concluded that a diffusion 
mechanism, rather than a rate of reaction, would be the controlling 
factor for reaction when the liquid process prepolymer system is 
used. A comparison was made between the liquid process prepolymer 
aystern and the conventional ammonia gaseous system. A test tube 
was partially f i l l e d with THPOH prepared by the neutralization of 
THPS to pH 7 and ammonia gas was injected into the test tube just 
above the liquid layer. Polymer formation at four progressive time 
intervals is shown in Figure 5. A thin skin of white polymer 
formed instantaneously at the interface (Figure 5b). In 1 minute 
the polymer was 1 mm thick (Figure 5C), and in 2 minutes about 2 mm 
thick (Figure 5d). Thereafter the polymer layer became impervious 
and there was no increase in polymer thickness, even when a jet of 
NĤ  gas was directed onto the polymer layer. From this experiment 
we concluded that a diffusion mechanism was again the controlling 
factor for the polymerization reaction. 

Fabric Treatment 

The next series of experiments were designed to determine 
whether or not the liquid process prepolymer system could be 
adapted to treat cotton fabric for flame retardancy. Preliminary 
experiments were conducted on small samples of 100% cotton flannel­
ette. The fabric was saturated with the prepolymer, excess 
solution squeezed out, the impregnated fabric dried, and caustic 
applied to the fabric to react i t . In some samples, the drying 
step was eliminated. Samples dried after impregnation and before 
application of caustic, did not have as high add-ons as undried 
βample8. 
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Figure 5. Ammonia gas polymerization of THPOH: 
a) initial, b) after gas addition, c) after 1 min, d) after 

2min 
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Effect of Heat on Prepolymer. An experiment was conducted 
to determine the sensitivity of the prepolymer to heat* A pltot 
tube was f i l l e d with prepolymer and placed in an ovem at 60°C 
for 3 minutes. Evidence of the decomposition of the prepolymer 
and vapor formation, which tends to expel the liquid out of the 
tube is seen in Figure 6. Thus, because of the sensitivity of 
the prepolymer to heat, the elimination of the drying step would 
be desirable. 

Because the treatment with caustic is an exothermic reaction 
and tends to heat the fabric during reaction, and also because 
the experiment with the pitot tube verified that heating tends to 
be detrimental, treatment of fabric was repeated with caustic at 
0°C. In addition, the fabric was held for 1 minute in a chilled 
environment before i t was passed through pressure rollers. With 
this chilling variatio
caustic bath and the fabri

Effect of Caustic Concentration. Fifty percent caustic was 
used in the preliminary experiments. The problems of handling 
this high concentration and i t s cost made i t desirable to 
determine the minimum concentration that could be used in fabric 
treatment. Data are presented in Figure 7 to show the effect of 
caustic concentration on add-on, as measured by phosphorus 
content in the treated fabric. The optimum appears at about 25% 
caustic. In these experiments, samples were padded with pre­
polymer and then with caustic, or they were f i r s t padded with 
caustic, dried, and then padded with prepolymer. It was theorized 
that the application of the caustic f i r s t would swell the cotton 
fiber and result in a higher add-on of polymer. However, i t 
appeared that the order of application of the prepolymer and 
caustic had no significant effect on the amount of add-on. There 
was a greater amount of finish wash-off into the caustic bath when 
concentrations lower than 25% were used. 

Effect of Prepolymer Preparation. As was mentioned earlier, 
prepolymer was prepared in a variety of ways. Results are shown 
in Table 2 of fabric treatments with the prepolymer prepared by 3 
typical methods: ammonia gas, ammonia gas plus salt, or salt only. 
The treated fabrics passed a vertical flame test (7), had add-ons 
between 18.2% and 20.8%, phosphorus contents between 4.2% and 
4.6%, and nitrogen contents between 1.8 and 2.7%, after one 
laundry cycle. (These samples had not been given an oxidation 
step.) The N/P mole ratio was 1.0 to 1.3, about the same as that 
in samples treated by the conventional THPOH-NĤ  method (8). 

Effect of Prepolymer Age. The durability of the prepolymer in 
storage was investigated. Cotton flannelette was treated with 
freshly prepared prepolymer and with prepolymer that had been 
stored for 2 weeks and for 4 weeks. After one laundry cycle, the 
percent add-on, as seen in Table 3, varied from 13.2% to 18.2%, 
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TABLE 2 

INFLUENCE OF METHOD OF PREPOLYMER 
PREPARATION ON FABRIC PROPERTIES 

Method of Add-on Ρ Ν Ν/Ρ VFT 
Preparation % % % Mole Inches 

Ratio 

NH3 20.1 4.6 2.7 1.3 1.8 

NH3 + Salt 18.2 4.2 1.8 1.0 2.4 

Salt 20.8 4.2 2.2 1.2 2.4 

Flannelette treate
Analysis made on non-oxidized samples after one laundering. 

TABLE 3 

INFLUENCE OF AGE OF PREPOLYMER ON FABRIC PROPERTIES 

N/P 
Age of Add-on Ρ Ν Mole VFT 
Prepolymer % % % Ratio Inches 

Fresh 18.2 4.2 1.8 1.0 2.4 

2 weeks 17.2 3.3 1.6 1.1 BL 

4 weeks 13.2 3.0 1.7 1.2 2.5 

Flannelette treated with prepolymer (2) then with caustic. 
Analyses made on non-oxidized samples after one laundering. 

phosphorus contents were from 3.0% to 4.2%, and nitrogen contents 
were from 1.6% to 1.8%. The N/P mole ratio remained constant at 
1.0 to 1.2. Screening vertical flame test results indicate some 
loss in the effectiveness of the prepolymer at 2 weeks; however, 
samples treated with the same prepolymer after 4 weeks storage 
had no failures. These variations may have been due to non­
uniform treatment of fabric; because similar data were accumulated 
for twill samplee and a l l of them passed the vertical flame test. 
These results are also for non-oxidized samples. 

When excess caustic was added to a 4 g sample of freshly 
prepared prepolymer, about 4-6 l/2g of white polymer Cor 
precipitate) was formed. This quantity was gradually reduced as 
the prepolymer aged and lost i t s reactivity and appeared dependent 
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upon method of preparation. For better stability, the prepolymer 
should be stored in opaque containers, away from light, at 10°C, 
and be free of contamination. These studies are continuing. 

Summary 

Preliminary studies were undertaken to minimize problems 
encountered with the conventional THPOH-NH- process when formula­
tions were altered and processing was modified. A prepolymer was 
prepared by acidifying the THP salt (THPS) with phosphoric acid to 
pH 1, then adding ammonia to form a soluble phosphorus-nitrogen 
prepolymer. After the prepolymer was applied to cotton fabric, i t 
was made insoluble by the addition of a strong base (25% NaOH)· 
There was no drying step between application of prepolymer and 
caustic. 

The P-N prepolymer wa
cotton fabric, and polymerized (or precipitated) by the addition 
of caustic. The N/P mole ratio was approximately 1 in the treated 
fabric. Parameters examined were effect of heat on prepolymer, 
and effect of caustic concentration, prepolymer preparation, and 
prepolymer age on polymerization (or precipitation). 

Abstract 

The commercially available flame retardant chemical THPS 
(tetrakis(hydroxymethyl)phosphonium sulfate) was processed into 
a prepolymer by f i r s t acidifying with an acid or acid salt and 
then ammoniating under controlled conditions. After the phos­
phorus-nitrogen prepolymer was applied to the cotton fabric, 
polymerization (or precipitation) occurred with the addition of 
base such as sodium hydroxide. The process described is intended 
as a substitute for the currently used process, in which the THPS 
is alkalized prior to application to cotton cloth and polymerized 
by exposing the impregnated fabric to gaseous ammonia. The new 
technique eliminates the need for gaseous ammoniation, which 
requires specially designed ammonia reactor equipment and involves 
associated problems of monitoring, control, and hazardous release 
of ammonia into the environment. With certain alterations in the 
processing steps, energy could be conserved through elimination of 
at least one drying operation. 
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