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Chapter VI

PREPARATION OF CELLULOSE FROM ITS
NATURAL SOURCES

A. WOOD PULP!

WALTER F. HoLzZER

The commiercial pulping of wood as it is known today is based on proc-
esses less than one hundred years old. Watt and Burgess? in 1854 pat-
ented the pulping of wood in hot aqueous sodium hydroxide solutions under
pressure. From the cooking chemical the name ‘“‘soda’ process is derived.
Tilghman?® was granted a patent in 1867 on his discovery that wood is
pulped in aqueous sulfur dioxide solutions in which part of the sulfur diox-
ide is combined with calcium as the bisulfite. The sulfite process produces
a white pulp, and once the corrosive behavior of the cooking chemicals was
overcome, it became for several decades the leading method for preparing
pulp. Dahl* obtained a patent in 1889 on a modification of the soda proc-
ess in which sodium sulfate replaced sodium carbonate as make-up in the
recovery of cooking chemicals. The sulfate is reduced to sulfide when the
organic material in the spent liquor is burned. This pulping process has
been called ‘‘sulfate’” from the make-up chemical, or ‘‘kraft” from the Ger-
man word meaning ‘‘strength’ in recognition of the strength of its paper
products. Because it is less critical of wood species, because of the strength
of its products, and because of the advantages of chemical recovery, the
kraft process has displaced sulfite by a wide margin in amount of pulp pro-
duced. Many other methods have been proposed for pulping wood, but

1 In this section has been incorporated pertinent material from C. M. Koon’s section
on ‘““Wood Pulp” which appeared (pp. 475-518) in the original edition of this book.

2 C. Watt and H. Burgess, U. S. Patents 1448 and 1449 (1854); E. Higglund, Chem-
istry of Wood, 3d ed., Academic Press, New York, 1951, p. 414.

3 B. C. Tilghman, U. S. Patent 70,485 (Nov. 5, 1867); J. D. Rue, Paper Trade J.,
81, 54 (Oct. 15, 1925).

4 W, O. Hjsey, in L. E. Wise, editor, Wood Chemistry, Reinhold, New York, 1944, p.
716.
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VI. PREPARATION FROM NATURAL SOURCES 513

few have developed beyond the laboratory stage, and only one, the neutral
sulfite process, in which a liquor containing sodium sulfite and sodium bi-
carbonate is used, has achieved any commercial importance.

Softwoods or conifers (gymnosperms) are by far the more important type
of trees in pulping and subsequent papermaking because of their longer
fibers (about 3—4 mm.). Hardwoods or deciduous trees (angiosperms)
with their shorter finer fibers (1 mm.) are used in special applications where
paper properties such as surface smoothness or softness are of value. In
some areas where softwoods are becoming scarce, or to achieve better
balance in the use of the wood, the utilization of hardwoods is increasing,
especially through application of the neutral sulfite process.

The size of the pulp industry and its growth in the last quarter of a cen-
tury are illustrated in Table 1. The production of pulp in 1950 was over
three and one-half times that in 1925. In that period the production of
soda pulp remained static, close to the 500,000-ton level. Groundwood
(a pulp produced mechanically by defibering wood on a grindstone) in-
creased less than 409,. Sulfite production doubled. The miscellaneous
small processes (mostly high-yield pulps for paperboard and wallboard)
increased from almost nothing to 1,700,000 tons. The most phenomenal
growth was in kraft which started the period with a production of only
400,000 tons or 109, of the total, and ended it with 7,500,000 tons or a little
over 509, of the total.

1. General Considerations

(a) COMPOSITION OF WOOD AND PULP

The composition of a softwood and of a hardwood in terms significant
in pulping are diagrammed in Figure 1A. The values given are considered
generally typical. Cellulose is the alpha fraction of a holocellulose residue.
This fraction usually constitutes slightly over half the total wood sub-
stance, and hardwoods are generally richer in it than are softwoods. Hemi-
celluloses comprise the balance of the carbohydrate fraction and usually
amount to about 209,. Softwoods contain just under this figure, and hard-
woods just over. A typical lignin content of a softwood is 289, with a range
of 25-32%,. The same fraction of a hardwood is 229, with a range of about
18-249,. The extractives, including resins, gums, fats, waxes, and coloring
matters, will average 2-39%, but, of course, vary widely with the species.

The sulfite or the kraft process will produce a pulp suitable for average

§ U. S. Bureau of the Census, Pulp & Paper, 25, No. 7, 152 (1951).
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papermaking in about 459, yield based on the original wood. This yield
is represented by the block graph in Figure 1B. On the basis of the pulp,
the cellulose fraction now amounts typically to 859, the hemicelluloses to
119, the lignin to 3%, and the extractives to 19, or less. These fractions
will vary from softwood to hardwood pulps in about the same way that
they did in the woods. Cooking has altered the properties and composition
of all fractions. The degree of polymerization (D.P.) of the cellulose has

A
a b ¢ d
52% 17% | 28% 3%
SOFTWOOD
a b c d
54y 21% | 22%3%
HARDWOOD
B
TR 83% =T
Q b, |lc :
85% 2% |T3% e !
______________ U
SOFTWOOD PULP
k1 — Dm—-k,
a b i
B4%  15%) ’icx e '{

HARDWOOD PULP

Fig. 1. The approximate chemical composition of softwood and hard-
wood, and of pulps prepared from them. (A) Wood; (B) pulp; (a) cellu-
lose, (b) hemicelluloses, (c) lignin, (d) extractives, (e) loss in pulping. All
percentages in A based on total wood, those in B on pulp.

been lowered and has been widened in range. The nonresistant hemicel-
luloses have been largely removed along with some of the resistant ones,
and the hemicellulose fraction now consists of the balance of the resistant
hemicelluloses and degradation products of cellulose. The amount will
vary on either side of the figure given as much as 49, depending on the
wood species and the cook. The residual lignin will vary from less than 19,
for a well-cooked sulfite pulp to 5% in a raw kraft pulp. Further changes
in the pulp on bleaching will be virtually complete removal of lignin, and
reduction of the hemicellulose fraction. For a paper pulp this reduction is
small. For a dissolving pulp this may amount to removal of all but the
most resistant fraction.
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(b) STRUCTURE OF THE CELL WALL

Some familiarity with the microstructure of wood is necessary to under-
stand the processes of pulping. The arrangement of the fibers in wood and
their relation to each other have been discussed in Chapter V-A. The
wood technologists’ conception®’ of the structure of the cell wall is shown
in Figure 2,

L 4
F & T§/ +- & al
b-LC L.. * -d-. . -‘.‘lv eJ

Fig. 2. The compound cell wall of wood fibers (Jahn and Holmberg”). Cell wall
parts according to I. W. Bailey.

(A) Cross section of fiber (d) Central layer secondary wall
(B) Section of two adjacent cell walls (¢) Inner layer secondary wall

(a) Intercellular substance (f) Compound middle lamella

(b) Primary (cambial) wall (g) Complete sccondary wall

(¢) Outer layer secondary wall (b-¢) Complete cell wall of one fiber

For some time it has been thought from observation of stained wood sec-
tions that a large portion of the lignin is concentrated in the compound
middle lamella (the region represented in Figure 2 by the portion labeled f),

¢ 1. W. Bailey, Ind. Eng. Chem., 30, 40 (1938).
7E. C. Jahn and C. V. Holmberg, Paper Trade J., 109, 30 (Sept. 28, 1939).



516 CELLULOSE

that is, the intercellular membrane plus the primary wall of the fiber on
each side. Bailey ® gave quantitative support to this observation by devis-
ing a microtechnique for isolating a small quantity of middle lamella. In
this region of Douglas fir he reported the composition as 719 lignin, 4%

Py .

Fig. 3. The surface of an undercooked pine tracheid at a bordered pit showing the
lignin sheath and underlying primary fibrillar structure. Note the spot where the lignin
sheath is mechanically broken. No description of the membrane under the pit aper-
ture has heen advanced (Horio, Kobayashi, and Komagata'?). Magnification X7,500.

cellulose, and 149, pentosans. Lange® obtained similar results by optical
absorption methods which gave a picture of the composition of the entire

& A. J. Bailey, Paper Ind., 18, 379 (1936); Ind. Eng. Chem., Anal. Ed., 8, 52, 389
(1936).
? P. W. Lange, Svensk Papperstidn., 48, 241 (1945); Chem. Abstracts, 39, 3661 (1945).
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cell wall. He also found 709, lignin in the middle lamella. There was a
sharp decrease in lignin content in the secondary wall with further decrease
toward the lumen. Hemicellulosic material was found to be more concen-
trated near the middle lamella than adjacent to the lumen. Horio,!°
using chromium shadow technique, has recently obtained striking optical
confirmation in an electron micrograph of the surface of a very raw fiber
(Fig. 3). The surface appeared very smooth in the picture, but on one
spot the surface layer had been chipped much as an enamel coating might
be, and underneath the fibrillar structure of the cellulose fiber was exposed.

(c) DEFINITION OF AND REMARKS ON PULPING

Chemical pulping of wood may be defined as a process in which the fiber-
cementing material (lignin) is dissolved by reasonably specific reagents,
and the individual fibers are liberated.

In the laboratory the reagents used to isolate holocellulose!! are quite
specific in their removal of lignin. In commercial operation none of today’s
practical pulping agents can even approximate this quantitative removal
of lignin, and one of the major challenges to the industry is a more efficient
recovery of cellulose. A more complete removal of lignin in the cook would
entail an unreasonable loss of cellulose. On the other hand, increasing
yield by cooking less results in a greater proportion of lignin to cellulose.
Since the lignin is concentrated on the surface of the fiber, papermaking
properties are then impaired.

Lewis and Richardson!? prepared from a single sample of wood a series
of raw alkaline pulps in which the various pulps had a progressively smaller
amount of lignin. The beating characteristics and the swelling behavior
in cuprammonium hydroxide of these pulps were determined. As the
lignin content of the pulps decreased from 22.2 to 8.6%, the pulps beat
more readily, felted more satisfactorily into handsheets, and attained higher
physical tests. Cuprammonium hydroxide had almost no effect on the
pulp with 22.29 lignin. As the lignin content of the pulps decreased, a
“ballooning” type of swelling began to occur on contact of the fibers and
reagent. It appeared that swelling was restricted hy a resistant sheath
surrounding the fiber. Wherever this sheath was absent or weakened, the
fiber would swell to several times its diameter giving the appearance of a

10 M. Horio, K. Kobayashi, and O. Komagata, unpublished work.
11 W. G. VanBeckum and G. J. Ritter, Paper Trade J., 105, 127 (Oct. 28, 1937).
12 H. F. Lewis and C. A. Richardsou, 11, Paper Trade J., 109, 48 (Oct. 5, 1939).
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series of balloons. This study supported the hypothesis that wood fibers,
as they naturally occur, are surrounded by a sheath of high lignin content.
(See also Chapter IV-C for a discussion of swelling and ballooning of cellulose
fibers.)

Commercial pulping of wood, then, is always a compromise. Although
lignin is largely concentrated in the middle lamella, its distribution through-
out the secondary wall makes it difficult to remove quantitatively. On
the other hand, the lower carbohydrates are rather easily soluble in pulp-
ing chemicals, and under conditions necessary to meet commercial pulping
schedules, even the resistant cellulose is attacked. The common pulping re-
agents in use today in order of decreasing specificity in rendering lignin
soluble are:

Most specific: Chlorine
Sodium sulfite plus sodium bicarbonate
Sulfurous acid plus a bisulfite
Sodium hydroxide plus sodium sulfide
Least specific: Sodium hydroxide

Although it is the best of the commercial pulping agents, chlorine cannot
be used on wood because of its cost. Its use is confined to pulping grasses
in which the lignin content is low, or to bleaching wood pulp after the bulk
of the lignin has been removed. The mild action of sodium sulfite in the
mildly alkaline range is too slow for general pulping, and its use is generally
limited to production of high-yield pulps. The specific action of the sulfite
ion in sulfurous acid plus a bisulfite is partially nullified by the hydrolytic
action of the acid. The net result is that acid sulfite is less specific than
neutral sulfite. In general, strong alkali is the least specific of the com-
mercial pulping agents because of its rather slow action on lignin and its
tendency to attack carbohydrates. Sodium sulfide greatly increases the
rate of dissolution of lignin; and thus improves specificity. Although
sodium hydroxide was the first successful cheinical pulping agent, its use
is now limited to cooking hardwood.

One of the most significant points evident from the above list is the im-
portance of sulfur in commercial pulping. Virtually all of the wood pulp
is cooked with some form of sulfur—alkaline sulfide in kraft, acid sulfite
in the sulfite process, and mildly alkaline sulfite in the neutral sulfite process.
The reactivity of these forms of sulfur with lignin, and the cheapness of
these chemicals indicate that sulfur will remain of prime importance in
pulping for at least the foreseeable future.
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(d) STEPS IN CHEMICAL PULPING COMMON TO ALL PROCESSES

For a better understanding of the ensuing discussion it is desirable at
this time to describe the steps in wood pulping in a very general way.
More specific remarks will be made on each process in separate sections.

(1) Wood Preparation

Bark must be removed from the wood since in the cook it would be a
source of dark color and dark fibers in pulp. Barking is sometimes done by
hand-peeling the logs in the woods while the bark is loose in the early rush
of growth in spring. More commonly it is done mechanically at the mill.
The logs are reduced to 4-foot or sometimes &-foot lengths, and fed into
one end of a large, horizontal drum which is constructed from steel bars.
The drum is rotated on its longitudinal axis and the bark is knocked off by
the bolts of wood falling against each other and the steel drum. Bark
drops from the drum between the bars, and the wood being fed in one end
of the drum forces the flow from the other end. The most recent method
of barking is to direct a high-pressure jet of water perpendicularly to the
axis of the log, and either by turning the log and moving the jet along its
length, or by rotating the jet and moving the log past it, the bark is re-
moved. In some installations the log is passed through a ring of water
jets which remove the bark. Water pressures up to 1400 lb./sq. in. are
used.

The wood must be reduced to units small enough so that the cooking
liquor can penetrate completely and uniformly in a reasonable time. This
is done by cutting chips which have the preferred dimensions: 5/5 to /s
inch in length, !/ to !/y inch in thickness, and !/, to 1 inch in width.

(2) Digestion

Chips are fed into large steel pressure vessels known as digesters, which
have capacities ranging from 1500 to 3500 cu. ft. for kraft, and from 3500
to 12,000 cu. ft. for sulfite. Cooking liquor is added, and the contents of the
digester are heated with steam and under pressures ranging from 75 to
125 1b./sq. in. according to a predetermined cooking curve. When the
wood has been cooked, the softened chips and spent liquor are discharged
from the digester by blowing under pressure into pits or tanks.

(8) Washing and Screening

The pulp is freed from spent liquor by washing, and is screened to remove
uncooked wood. A coarse screen or knotter first removes uncooked chips
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and knots from the dilute water suspension of pulp, and then fine screens
remove the uncooked fiber bundles. The pulp can then be used in the un-
bleached state, or further purified by bleaching.

2. Physical and Chemical Factors in Pulping

(a) PENETRATION OF WOOD BY LIQUIDS

One of the first considerations in pulping is the need to bring the cooking
liquor into intimate contact with all portions of the chip so that delignifica-
tion can proceed uniformly. The most extensive studies in this field were
made by Maass and coworkers whose work has been summarized by
Beazley, Johnston, and Maass.!’® The principal path of penetration in the
chip is longitudinal, that is, parallel to the fiber length. Asa rough aver-
age, penetration in this direction is 100 times as rapid as in either radial or
tangential direction. The one exception to this is sodium hydroxide solu-
tion or an equivalent strong alkali, which can penetrate wood with almost
equal rapidity from any direction. The flow through sapwood is much
greater than through heartwood of the same species. Rate of flow in-
creases with temperature faster than can be explained on the basis of vis-
cosity—temperature relations. Air in the fiber lumens greatly hinders
penetration. Contrary to popular belief, resins have only a minor retard-
ing effect. Penetration of jack pine increased only 209, on removal of
resins. McGovern and Chidester!* have demonstrated that wetting agents
as a class do not facilitate penetration of wood by cooking liquor. Wetting
agents promote surface wetting through lowered surface tension of the
liquid, but since capillary rise is important in penetration, and since it
decreases with decrease in surface tension, wetting agents actually decrease
penetration. Poorer penetration was observed in cooks to which wetting
agents were added.

(b) EFFECT OF TEMPERATURE

Temperature increases the rate of digestion of wood. Maass and co-
workers!® found that the rate of delignification approximately doubles for
a rise in temperature of 10°C. In commercial practice, high temperatures

13 W. B. Beazley, H. W. Johnston, and O. Maass, The Penetration into Wood of Cooking
Liquors and Other Media, Canada Dept. of Mines and Resources, Lands, Parks, and
Forests Branch, Dominion Forest Service, Bull. No. 95, Ottawa, 1939.

14 J. N. McGovern and G. H. Chidester, Paper Trade J., 111, 35 (Dec. 12, 1940).

1 A, J. Corey and O. Maass, Can. J. Research, 14B, 336 (1936); J. M. Calhoun, F. H.
Yorston, and O. Maass, Can. J. Research, 17B, 121 (1939).
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are frequently used to increase the rate of cooking. However, this prac-
tice is not without its drawbacks, since cellulose suffers degradation from
heat, and this effect also increases with temperature. McGovern and
Chidester'® found that in the range of 130-150°C. pulp yields suffered a
loss of 0.59%, for an increase of 10°C., and physical properties of the pulps
were degraded.

(c) EFFECT OF CHEMICAL CONCENTRATION

An increase in the concentration of cooking chemical will increase the
rate of delignification.’’=* Since in sulfite pulping one of the chemicals,
sulfur dioxide, is a gas, an increase in the concentration of the cooking
liquor must be accompanied by an increase in digester pressure in order to
maintain the concentration. In general, it has been found that both yield
and physical properties of pulp are less sensitive to an increase in chemical
concentration than to an increase in temperature. Within reasonable limits
it is preferable to increase the rate of cooking with chemical concentration.

(d) EFFECT OF WOOD PROPERTIES

The cellulose i1 a fiber can be said to have its optimum properties while
it is still a unit in sound wood. Any pulping reaction subtracts from this
optimum condition. It seems obvious then that the properties of wood
have a basic relation te the properties of pulp.

(1) Sapwood and Heartwood

Sapwood is the ring of light-colored wood adjacent to the bark. Al-
though no longer alive and growing, this wood is still taking part in the life
process by transporting water from the roots to the crown of the tree.
Heartwood is the darker wood in the center of the trunk. This wood no
longer takes part in the life process and contributes only strength to the
trunk. Its darker color is caused by the deposition of coloring matters,
resins, etc. McGovern and Chidester?! reported that there was relatively
little difference in pulps from pulping of sapwood and heartwood. The
drier condition and extractives in heartwood made pulping slightly more

16 J. N. McGovern and G. H. Chidester, Paper Trade J., 106, 39 (June 2, 1938).

17 J. N. McGovern, Paper Trade J., 103, 29 (Nov. 12, 1936).

18 M. W. Bray, J. S. Martin, and S. L. Schwarz, Paper Trade J., 105, 39 (Dec. 9,
1937).

19 W. F. Holzer, Paper Trade J., 118, 35 (Apr. 20, 1944).

2 W. Pittam, Tech. Assoc. Papers, 29, 613 (1946); Pulp & Paper, 21, 76 (Nov., 1947).

21 J. N. McGovern and G. H. Chidester, Paper Trade J., 107, 34 (Oct. 6, 1938).
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difficult. Pulps from sapwood tended to have a lower burst and higher
tear. In some species where the extractives have a specific effect on the
pulping reaction, there is marked difference in pulping of heartwood and
sapwood. This will be discussed later.

(2) Springwood and Summerwood

The alternate light and dark rings visible in the cross section of a log
mark the annual growth of the tree. Each year one light-colored ring and
one dark-colored ring are formed. The first, springwood, consists of large-
diameter, thin-walled fibers which are formed when there is need for a
large volume of water for growth in spring. The second, summerwood, has
smaller diameter, thick-walled fibers formed during summer. Probably
because of the large difference in the wall thicknesses, the relative amounts
of springwood and summerwood have a marked effect on pulp properties.
Holzer and Lewis®? separated springwood and summerwood of Douglas fir
by hand methods and cooked them separately. Springwood cooked with
more difficulty, gave lower yields, had a higher burst but lower tear than
summerwood. After beating, the springwood fibers were badly cut and
fibrillated; the summerwood fibers showed little visible effect. Hammond
and Billington?® found that burst, fold, and sheet density increased with
the percentage of springwood while tear decreased. McGovern and Chi-
dester?! reported an increase in springwood from butt to top of the tree.
There was a decrease in yield, a small decrease in burst, and a large de-
crease in tear in pulps in the same direction. These same investigators®
in a study of the southern pines found a greater difference from a 109, in-
crease in percentage of springwood, than among the various species studied.

The ratio of springwood to summerwood appears to be one of the most
critical physical characteristics of wood in determining pulp properties.
Since the ratio will change with rate of growth, with the age of the tree, and
from bottom to top, it is readily realized that very little control can be
exercised by the pulp producer. This is one excellent example of the
heterogeneity of wood, and serves to emphasize that any pulp property
can only be an average of the properties of the individual fibers.

22 W. F. Holzer and H. F. Lewis, Tappsi, 33, 110 (1950).

23 R. N. Hammond and P. S. Billington, Tappi, 32, 563 (1949).

2 J. N. McGovern and G. H. Chidester, Paper Trade J., 106, 37 (June 9, 1938).

% G. H. Chidester, J. N. McGovern, and G. C. McNaughton, Paper Trade 1., 107,
36 (July 28, 193R).
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(3) Species

The principal effect of species is that of fiber properties as determined by
growth habit. The largest difference due to species is between hardwoods
and softwoods. The former have fibers to the order of 1 mm. long and 10~
25 microns in diameter. The latter have fibers from 2.5 to 4.5 mm. long
with diameters of 25-50 microns. Aside from this there are characteristic
differences in various softwood species. For example, fibers in species
characteristic of eastern Canada and northern United States from the
Great Lakes eastward, are shorter and narrower than those found on the
Pacific Coast or in the South. Papers made from the finer fibers tend to be
better formed and smoother; those from the coarser fibers will have poorer
formation, rougher surface, but better tearing strength. Space will not
permit specific comment possible on nearly every species.

Other variations within the species include pigments which affect color
and bleachability of the pulps; extractives which well may cause trouble
in cooking from pitch deposits in the system, or reduced pulp yields;
density which will affect pulp yield and production; lignin content which
can alter the ease of cooking; and hemicellulose content which has direct
relation to physical pulp properties.

(4) Decay in Wood

When wood was plentiful and demand was small, only the best and
soundest was used. Now that supplies are limited and demand is sharply
up, all the wood must be used, and each forest industry must use down
through the lowest quality it can tolerate. Since lower quality wood can
be used for pulping than for lumber, much decayed wood finds it way to
the pulp mill. Holzer? described the effect of wood decay on pulp proper-
ties. Pulp becomes noticeably darker with incipient decay, and suffers
further loss in brightness as decay progresses. The acid formed in the
process of decay renders lignin less soluble and noticeably slows the rate
of cooking. Fiber properties begin to deteriorate as decay reaches an
intermediate stage. Wood substance is lost in such proportions in ad-
vanced decay that pulp yield and production suffer. In practice the use
of decayed wood must be so programmed that only small percentages are
encountered at any time and that the full effects as described are not felt.

(e) UNIFORMITY

The question of uniformity has been purposely left to the last. Pro-
duction of a uniform pulp requires a uniform raw material, uniform condi-

% W. F. Holzer, Proc. Forest Products Research Soc., 4, 134 (1950).
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tions within each chip, uniform conditions within a digester, and uniform
conditions from digester to digester. With the variables in the process,
some of which have been indicated, and the variable properties of wood, it
is easily imagined that the skill and ingenuity of the operator is constantly
being taxed. Although to a certain extent pulp manufacture is an art of
balancing these many variables, and will remain so, our more detailed
knowledge, better control through instruments, and better equipment are
more and more averaging or controlling these variables and reducing the
art to a scientific practice.

3. The Sulfite Process

(a) DESCRIPTION OF PROCESS

It is now desirable to supplement the earlier very general description of
pulping by giving certain specific details of the sulfite process. A more com-
plete description may be found in the literature.”*

(1) The Cooking Acid

Sulfite cooking acid is a solution of sulfur dioxide and a bisulfite. The
latter may be an alkali or alkaline earth, but usually for economic reasons
it is calcium or dolomite. In recent years magnesium, sodium, or ammo-
nium bisulfite are being used in commercial processes. The industry ex-
presses the chemical concentration in terms of ‘‘total,” ‘‘free,” and ‘‘com-
bined’’ sulfur dioxide according to the following definitions:

Total: The total concentration of sulfur dioxide whether present as sulfurous acid,
bisulfite, or dissolved sulfur dioxide.
Free: The amount of sulfur dioxide in excess of the theoretical amount to form mono-

sulfite.
Combined: The amount of sulfur dioxide required theoretically to form monosulfite.

In each case the concentration is reported as ‘‘per cent’” SO,, but the figure
as determined is actually grams per 100 ml. The total and free are most
commonly determined by the method of Palmrose.? Combined is deter-
mined by difference.

Acid is prepared by burning sulfur to form sulfur dioxide, cooling the gas

% G. H. McGregor, in J. N. Stephenson, editor, Pulp and Paper Manufacture, Vol. 1,
McGraw-Hill, New York, 1950, Chapter 4; J. P. Casey, Pulp and Paper, Vol. I, Inter-
science, New York-London, 1952, pp. 74-132.

8 Chemipulp Sulfite Mill Operation, Chemipulp Process, Inc., Watertown, N. Y.,
1939, 191 pp.

2 G. V. Palmrose, Paper Trade J., 100, 38 (Jan. 17, 1935).
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rapidly, and absorbing the sulfur dioxide in water in the presence of the
base. Usually the base is limerock, and conditions are controlled to dis-
solve just the required amount. The sulfur dioxide concentration is raised
to the desired level by the absorption of return or “relief”’ gas from the
digesters. About five timnes as much sulfur dioxide as is actually used is
put into the digester. The excess, being a gas, tends to escape, and is re-
turned to the acid through a relief system. A typical cooking acid con-
tains 6.59, total SO, 5.39, free, and 1.29} combined.

(2) The Cooking Cycle

The sulfite cooking cycle is divided into three main parts: the penetra-
tion period, the cooking period, and the recovery period. Time must be
allowed for the chemical, both free and combined, to penetrate the chip
completely. The combined, being the slower, is the determining factor.
Temperature in the digester is raised slowly over a period of about 4 hrs. to
110°C., at which level the rate of cooking becomes significant. Penetra-
tion becomes rapid from about 80°C. on. Following the penetration period
the temperature is raised to a maximum, usually between 135° and 145°C.
The pressure is allowed to rise until it reaches about 80 1b., after which it is
maintained constant by relieving gas. When the cook reaches the proper
stage at about the end of the seventh hour from the start, pressure is re-
duced to 30 1b. during a period of about 1.5 hrs. in order to recover chemical.
The cook finishes during the recovery period, and at the end is blown into a
pit by the remaining digester pressure. The total cooking time is about
8.5 hrs.

(8) The Pulp

Sulfite pulp as discharged from the digester has a grayish-white color.
Yields of pulp on the basis of dry wood are 46—489,. The pulp is of medium
strength and very versatile in its papermaking qualities. It is mixed with
groundwood to make newsprint; it will make soft papers such as napkins
and the various sanitary tissues; and it will produce excellent bond papers.
Further, by adjustment of the cooking, and with further chemical purifica-
tion, it is the raw material for cellulose derivatives, as a replacement for or
supplement to cotton linters.

(b) PROGRESS OF THE COOKING PROCESS WITH TIME

The removal of lignin from the cell wall during the sulfite cook has been
followed photographically. Bixler® pulped wood sections and studied the

% A. L. M. Bixler, Paper Trade J., 107, 29 (Oct. 13, 1938).
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removal of lignin with staining techniques. The intercellular material was
removed first, but attack was started on the secondary wall before the re-
moval of the intercellular material was complete. The primary or cam-
bial wall persisted through the entire cook. Lange®?®' made similar studies
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Fig. 4. The concentration of chemical components and coloring matter as
a function of reaction time in sulfite pulping (Simerl32?).

using ultraviolet absorption methods. The lignin in the middle lamella
was attacked in the early stages of the cook. However, the ultraviolet

31 P, W. Lange, Svensk Papperstidn., 50, 130 (1947); through Chem. Abstracts, 41,

7112 (1947).
32 1. E. Simerl, Tech. Assoc. Papers, 23, 114 (1940).
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absorption spectrum did not change, indicating that no deep-seated reac-
tion with the benzene nucleus of the lignin took place. Lange observed
dichroism in the intercellular material which indicated a degree of orienta-
tion in the lignin. The dichroism weakened during the cook and had disap-
peared by the time the fibers were separating. This was interpreted as
strongly suggesting that the lignin was not only the cementing material
between the fiber, but that there was some sort of bond between the lignin
and cellulose. It was also suggested that the path of penetration of the
cooking liquor was through the middle lamella, and was not by diffusion
through the cell wall from the lumen.

The appearance of dissolved materials in the digester liquor during cooks
of several species of wood was determined by Simerl.3? Figure 4 presents
typical curves for the total sulfur dioxide, total solids, methoxyl, sugars,
and light absorption coefficient as a function of reaction time of a cook on
black spruce (Picea mariana) made under the following conditions:

Sulfur dioxide concentration:

Total . . 6 2%

Free... . . 5.0%

Combined. . . 1 29,
Liquor: oven-dry wood ratio. ... 3.6 ml./g.
Time to 110°C. 3.0 hrs.
Time 110-140°C.. .. . 4.0 hrs.
Time at 140°C... . . . .. 3.0 hrs.
Maximum pressure . 751b./sq. in.

Linear relief to blowing pressure of 50 1b./sq. in. during last hour.

The color development of the liquor during the cook could be divided into
three stages. During the first 3 hrs. the color was light yellow due to extrac-
tion of water solubles and to small amounts of lignosulfonic acid. About
the third hour it changed gradually to a reddish brown with appearance of
larger quantities of lignosulfonic acid. This color deepened and during the
last 2 hrs. turned to a coffee brown due to decomposition of carbohydrates.
These changes can be traced in the curves. Starting with the third hour
the methoxyl content, an indication of the lignin present in the liquor, and
the total solids increased in parallel fashion. Sugars started from zero at
the fourth hour and increased to 30 g. per liter at the eighth hour, after
which there was little further change. The absorption coefficient at 620
millimicrons, an indication of the depth of color of the liquor, did not
change until the sixth hour and then developed at a progressively acceler-
ated rate. Because the absorption coefficient curve was not parallel to any
of the curves of the chemical constituents, Simerl suggested that the rapid
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color change during the last 2 hrs. was due to degradation of carbohydrates.
This is corroborated in commercial practice by the appearance of carbon
dioxide in relief gases toward the end of the cook.

(c) THEORY OF THE SULFITE PROCESS

Modern theories of the reaction in the sulfite cook had their inception
when Pedersen®® and Lindsey and Tollens®* first showed that pulping was
due to the reaction of lignin and sulfite to form a soluble lignosulfonic acid.
The development of the subject has been controversial and a detailed dis-
cussion would be only of historical value. The most widely accepted
theory today is the one evolved by Hagglund® from work extending over
the past thirty years. The removal of lignin from wood takes place in two
steps, first the sulfonation of lignin in the solid state, and second the dissolu-
tion of this solid lignosulfonic acid.

The formation of the primary solid lignosulfonic acid can be demonstrated
by cooking wood with a sodium bisulfite solution at a pH of 6. Sulfona-
tion takes place rapidly until one sulfur atom has been added for every
three to four methoxyl groups. At this level sulfonation almost ceases,
and practically no lignin dissolves. If the pH is lowered to 4.5 the degree
of sulfonation reaches one sulfur atom per two methoxyl groups, but still
solution of lignin is very low. Lignosulfonic acid can be dissolved from
the sulfonated wood by heating in an acid buffer solution. The rate of
dissolution increases with lower pH. Then, too, if sulfonated wood is
treated with a strong mineral acid, the base associated with the lignosul-
fonic acid is remcved leaving the solid free acid. This acid, known as Kull-
gren acid, can be dissolved merely by heating the wood in water. Hydro-
gen ions are furnished by the lignosulfonic acid itself.

The hydrogen-ion catalysis of the dissolution of solid lignosulfonic acid
appears to be a hydrolytic action. It can be assumed that the lignin is
joined to some carbohydrate material or polymerized into large insoluble
lignin molecules through acetal-like bonds. The hydrolytic splitting of
these bonds by hydrogen ions breaks the lignosulfonic acid into simpler
units which are soluble.

At the International Congress of Pure and Applied Chemistry held in New York in

September 1951, the consensus was that these acetal bonds were between low lignin
polymers and not between lignin and a carbohydrate.

3 N. Pedersen, Papier-Ztg., 15, 422, 787 (1890); E. Higglund, Chemistry of Wood,
3d ed., Academic Press, New York, 1951, p. 415.

3 J. B. Lindsey and B. Tollens, Ann., 267, 341 (1892); E. Higglund, Chemistry of
Wood, 3d ed., p. 415.

¥ E. Higglund, Chemsistry of Wood, 3d ed., pp. 215, 415; Tappi, 33, 520 (1950).
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Erdtman3® and his coworkers® describe the reaction with model sub-
stances which can be simplified as follows:

A—Lignin—B

“A” is a group which will sulfonate readily in neutral or mildly acid solu-
tion. It occurs in the lignin molecule, probably as a benzyl hydroxyl
group. ‘‘B” will sulfonate only in strongly acid solution. This is probably
an acetal group linking lignin into larger molecules, either to carbohydrate
material or into a larger polymer of lignin.

Calhoun, Yorston, and Maass® claim that the second step in the solution
of lignosulfonic acid as described by Higglund is controlled not alone by
pH, but by a combination of pH and concentration of bisulfite ions. They
prepared three solid lignosulfonic acids in wood with sulfur contents, on
the basis of the lignin, of 4.2, 5.1, and 6.29,. The first sample in a buffer
at pH 2 delignified only slightly, the second to a level of 1.5%, lignin, and
the third to 0.39) lignin. The first sample cooked more slowly than in
sulfite liquor, the second about the same as in sulfite liquor, and the last
much more rapidly. When a portion of the third sample was cooked in a
buffer at pH 3, it cooked about as it did in sulfite liquor. However, this
third sample in sulfite liquor at a constant pH cooked more rapidly as the
concentration of the base was increased. It was concluded that the dis-
solution of the solid lignosulfonic acid was controlled both by the hydrogen
and bisulfite ions present.

Brauns and Brown® methylated sprucewood meal with diazomethane.
This wood, methylated under very mild conditions, could not be cooked
with sulfite acid. The lignin became partially sulfonated, but could not be
solubilized. Apparently the first stage of the sulfonation as postulated
by Higglund took place at least to some extent, but the second stage of the
reaction was blocked by the methoxyl group.

(d) EFFECT OF PRETREATMENTS ON THE SULFONATION OF LIGNIN

Several investigators have studied the effects of pretreatments on the
sulfite reaction. Corey and Maass® have heated wood in water and in
various buffers for varying lengths of time and at different temperatures.
Such treatments retard subsequent delignification. The effect is greater

% H. Erdtman, Tappi, 32, 75 (1949).

% B. O. Lindgren and U. Saedén, Svensk Papperstidn., 54, 795 (1951).

3 J. M. Calhoun, F. H. Yorston, and O. Maass, Can. J. Research, 15B, 457 (1937).
¥ F. E. Brauns and D. S. Brown, Ind. Eng. Chem., 30, 779 (1938).

“ A, J. Corey and O. Maass, Can. J. Research, 13B, 149 (1935); 13B, 289 (1935).
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at higher temperatures and longer times. With regard to pH the inhibit-
ing action is least at pH 4.6. Richter*! carried on a series of two- and three-
stage cooks. If the first stage subjected the wood to high temperatures, the
lignin became almost inert to later sulfonation. However, if the wood
were first sulfonated, treatments which, when carried on initially, rendered
lignin insoluble, now had no effect. It seems reasonable to suggest that
lignin under the influence of heat or acid in the presence of moisture poly-
merizes to an insoluble form. If the lignin is first sulfonated, the group
through which polymerization takes place is blocked, and the balance of
the sulfonation and dissolution can proceed without change.

A practical example of the above is that of “red-centered” chips in cook-
ing. The sulfur dioxide of the cooking acid penetrates the chip faster
than the calcium base. If the temperature gets too high before the base
reaches the center of the chip, the sulfonation reaction starts, but the ligno-
sulfonic acid is not neutralized. The acidity and heat renders the unsul-
fonated lignin insoluble, and the chip remains uncooked. In a “burnt”
cook the base is exhausted before the cook is completed, the liquor becomes
extremely acid, and the lignin is reprecipitated on the fiber. The dark
pulp from such a cook is almost impossible to bleach. It is interesting to
note that when ammonia is substituted for calcium as the base, it is alimost
impossible to raise the temperature fast enough to obtain red-centered
chips. This indicates that the ammonium ion penetrates the chip with
approximately the same speed as the bisulfite, and much faster than cal-
cium.

(e) KINETICS OF THE SULFONATION OF LIGNIN

Several studies have been made on the kinetics of the sulfite reaction at
the Pulp and Paper Research Institute of Canada.*? This work demon-
strated that the sulfonation of lignin approximates a first-order reaction,
that is, the rate at which lignin was dissolved from wood was approximately
proportional to the lignin remaining. Deviation was most pronounced
at the beginning of the cook when the rate of solution was slower than would
be predicted. Goldfinger,*? using these data,*’ made a theoretical study of
the reaction and found that the energy of activation of lignin solution
started at 16,000 calories per mole and increased to 22,500 calories per mole

41 G. A. Richter, Tappi, 32, 553 (1949)

2 F. H. Yorston, Proc Tech. Sect., Can Pulp and Paper Assoc., 1935, 91; A. ]
Corey and O. Maass, Can J. Research, 14B, 336 (1936); J. M Calhoun, F. H. Yorston,
and O. Maass, Can. J. Research, 15B, 457 (1937).

43 (5. Goldfinger, Paper Trade J., 112, 29 (June 12, 1941); 113, 27 (Oct. 9, 1941).



VI. PREPARATION FROM NATURAL SOURCES 531

at the end of the cook. Equations, describing the reaction as a surface
adsorption, followed by an activated adsorption, and finally the true reac-
tion, fitted the data'® reasonably well.

Bryde* studied the kinetics of the sulfite rcaction by making short cooks
in which ammonia was gassed into an evacuated bomb filled with chips,
sulfur dioxide solution was added, and the temperature was raised rapidly.
He found three characteristic subdivisions in the series, namely: the region
where lignin removal was in the range of 0-7¢, where it was 7-25%,, and
where it was 25-289;,. The sulfur in the lignin increased rapidly until it
reached a ratio of 1 S:4 CyH4OCHj (first stage); the sulfur content then
increased more slowly until it reached a ratio of 1 5:2 CyHyOCHj; (second
stage); a further increase to liquor blackening was followed by a decrease
(third stage). These stages were related to: first, the breaking-down of
the middle lamella and splitting of the presumed bond between lignin and
carbohydrates; second, the dissolution of lignin; and third, the attack on
the carbohydrates.

(f) LIMITATIONS OF THE SULFITE PROCESS

Certain species of wood can be pulped by the sulfite process only with
difficulty or under special conditions. The most common of these are the
pines and Douglas fir. It was first believed that the resins in the wood
hindered penetration. Following preliminary work by Higglund and
Schwalbe, Erdtman® isolated and identified a phenol from pine heartwood
which he showed to have the power of inhibiting the sulfite cook. This
compound, which he named pinosylvin, is a stilbene derivative:

HH

HO— —
=l

H(S 7 N

Pinosylvin

The" monomethyl ether was also isolated. TFurther studies showed that
many phenols including pyrogallol, resorcinol, phloroglucinol, catechin,
naphthols, and the like will strongly inhibit the sulfite cook. Pinewood
was cooked successfully by sulfonating first in slightly alkaline sodium
sulfite, and then cooking normally.

“ . Bryde, Finnish Paper Timber J., 29, 206 (1947); through Chem. Abstracts, 42,
5220 (1948).

4 H. Erdtman, Ann., 539, 116 (1939); through Chem. Abstracts, 33, 7098 (1939);
Tappi, 32, 303 (1949).
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This behavior is explained on the basis of the presence of two kinds of
groups in lignin:

(I) Those which will react with sulfite easily, but with phenols only
under very acid conditions. These are the groups which sulfonate in the
first stage of the process.

(2) Those which will react with sulfite under acid conditions, but not
with phenols. These groups are the ones involved in the hydrolytic stage
of the reaction.

If the first groups are blocked by sulfite before the phenols have the
opportunity of reaction, the process proceeds normally. Douglas fir
(Pseudotsuga taxifolia) also has a compound in its heartwood which inhibits
the sulfite cook. Pew? has isolated the compound and identified it:

—OH
HO— OW ,—OH
———OH

OH O

Taxifolin

This flavanone has been given the name taxifolin. According to chemical
structure it is dihydroquercetin. Its behavior is apparently the same as
pinosylvin in pines.

(g) ACID-SUSCEPTIBLE WOOD

In a study of some unexpected variations of pulp strength found in
different wood samples, Green and Yorston? found that certain areas in
wood became brittle on treatment with SO, or other dilute acids, while the
balance of the wood retained its soft fibrous character. The wood which
became brittle they termed ““acid susceptible.” When isolated and cooked,
such wood produced a pulp with inferior strength and a shorter fiber length.
It is usually found around compression wood (wood subjected to compres-
sive strains in growth such as on the outside of the curve of a tree which
has righted itself in growth after being bent), or around compressive in-
juries. They extended their studies to chips and found that the second
cut, in which the bevel of the knife crushed the wood, caused acid suscepti-
bility. The strength loss from acid-susceptible wood was much lower from
an alkaline cook. Grondal®® also reported damage to cell walls and to

# J. C. Pew, Tappi, 32, 39 (1949).

47 H. Green and F. H. Yorston, Pulp & Paper Mag. Can., 40, 244 (1939); 41, 123

1940).
( “ B) L. Grondal, Pacific Pulp Paper Ind., 13, 12 (July, 1939).
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pulp strength from compressive injuries. He observed microscopic longi-
tudinal cracks in the walls. An observation by Higglund* may be a
partial explanation. He found that the pH of a cooking liquor increased
from 2.3 to 3—4 as it diffused into the cell wall, and stated that this decrease
in acidity protected the cellulose from serious degradation. The cracks
observed by Grondal would allow penetration of the acid without decrease
of pH. As further evidence, chips made by sawing to avoid compressive
damage yielded a sulfite pulp with a burst equal to kraft.®® It seems prob-
able that the difference in burst between normal sulfite and kraft pulps is
caused primarily by this abnormal penetration and concomitant hydrolytic
degradation.

(h) VARIOUS BASES USED IN SULFITE COOKING

Several bases in the alkali and alkaline earth groups are being used com-
mercially. Calcium or the natural calcium-magnesium mixture, dolomite,
is the commonest because of low cost. Hatch®! has described the use of
magnesium, stating that there is very little difference between magnesium-
base and calcium-base pulps. Similar conclusions were reached by Schur
and Baker®? when comparing sodium base to calcium base. Chidester
and Billington®? took advantage of the solubility of sodium salts and studied
the effect of varying combined SO, from 0.9 to 6.09,. They found that
yields and strength values went through a maximum between 2 and 39,
combined and dropped to a minimum at 59,. LaFond and Holzer®* re-
ported on a commercial trial with ammonia base in which it was found that
pulp strength and yield improved while cooking time decreased, as com-
pared to a dolomite base. A patent® covering a controlled pH, sodium-
base pulping has been issued recently. According to this patent, pulps of
the sulfite type can be prepared with any desired alpha-cellulose content
up to 989, in one pressure cycle. A system for recovery of both sodium
ion and sulfur has been developed.

4 E. Higglund, Svensk Papperstidn., 39, 95 (1936); through Chem. Abstracts, 30, 6560
(1936).

5% W. F. Holzer, unpublished data.

51 R. S. Hatch, Pulp & Paper Mag. Can., 47, 80 (Aug., 1946); Tech. Assoc. Papers,
29, 485 (1946).

82 M. O. Schur and R. E. Baker, Paper Trade J., 112, 38 (May 15, 1941); 115, 33
(Sept. 17, 1942); M. O. Schur and E. G. Ingalls, Paper Trade J., 117, 34 (Sept. 16,
1943).

8 G. H. Chidester and P. S. Billington, Paper Trade J., 104, 39 (Feb. 11, 1942).

84 L. A. LaFond and W. F. Holzer, Tappi, 34, 241 (1951).

% G. Sivola, Canadian Patent 480,404 (Jan. 22,' 1952).
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The interest in bases other than calcium in the last few years, and, in
particular the soluble bases, has been caused by the need for stream im-
provement through disposal of the spent liquor in ways other than by
dumping. The most practical method for general application is to evap-
orate and burn the liquor. Any heat and chemical recovery will help
defray the cost of the operation. The insolubility of calcium monosulfite
makes scaling of evaporators a major problem in evaporating calcium-base
liquor. It has been done in Sweden in special evaporators in which the
flow of steam and liquor can be reversed periodically so that the acid con-
densate can remove the lime scale.’® There is no recovery of chemical pos-
sible, and the disposal of the calcium ash is a problem. One mill in Sweden
is cooking with sodium-base sulfite with recovery of heat and chemicals
in a complicated process, the details of which have not been published.
Magnesium lends itself to a unique cyclic process™ since the magnesium
salts break down to MgO and SO, and both chemicals can be recovered
along with large quantities of heat. This process is now in use at the Long-
view plant of the Weyerhaeuser Timber Company.”® Ammonia-base
sulfite is being used in several mills but no commercial recovery systems
have been installed. Pilot plant results® have indicated good recovery of
heat and SO,, but the ammonia breaks down to nitrogen and water in the
combustion of the liquor.

The manufacture of by-products from spent sulfite liquor has been the
subject of extensive research for several decades. The suggested products
are numerous. A partial list of commercial products being tnade today
includes ethyl alcohol, vanillin, yeast, tannin extracts, dispersing agents,
dye levelling agents, glue extenders, and foundry core binders. In spite
of the many types of products possible, there has been no widespread chemi-
cal utilization of sulfite spent liquor, primarily because the production cost
is not competitive or the volume of product from even one mill would
exceed the demand. As yet there are not enough products to utilize all
the mill wastes.

4. The Soda Process
Although the soda process was the first historically and although it is

8 F. W. Grewin and S. G. Lindberg (to Rosenblad Corp.), U. S. Patent 2,490,750
(Dec. 6, 1949); Chem. Abstracts, 44, 1706 (1950); A. E. Tyden (to Rosenblad Corp.),
U. S. Patent 2,490,759 (Dec. 6, 1949); Chem. Abstracts, 44, 2154 (1950).

% G. H. Tomlinson and L. S. Wilcoxson, Paper Trade J., 110, 31 (Apr. 11, 1941).

% R. E. Baker and L. S. Wilcoxson, Tappi, 33, 187 (1950).

9 J. H. Hull and G. V. Palmrose, Tapp:, 35, 193 (1952).
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still in use, it has never reached the prominence of either sulfite or kraft, and
its total production has been static since the beginning of the twentieth
century in spite of the enormous expansion of the industry in general.
The reason for this has been the superiority of both sulfite and kraft,
especially the latter, in yield and strength of pulp, and ease of cooking
Production of soda pulp is confined almost entirely to cooking hardwoods
In fact, soda pulp in the trade is understood to be made from hardwood
unless otherwise specified. The more drastic action of the sodium hydrox-
ide produces a soft, limp fiber which is peculiarly adapted to the furnish
of printing papers.

(a) DESCRIPTION OF THE PROCESS
(1) The Cooking Liguor

Soda liquor is made up in concentrations averaging 80 g. of NaOH per
liter. It contains about 107, soda ash from the uncausticized portion of
the chemical from the recovery process. The soda ash serves no useful
purpose in the cook, but, since its reduction would be expensive, it is car-
ried as an inert load.

(2) The Cooking Cycle

The cook is carried on in unlined steel digesters. The amount of liquor
added is kept at a minimuin volume to facilitate liquor recovery, but suffi-
cient chemical must be added to complete the reaction. The charge of
chemical will vary with the species, but will amount to 25-289, NaOH on
the weight of the dry wood (20-229), Na,0O). While bringing the cook to
temperature, air is relieved from the digester several times to prevent false
pressure, and to prevent degradation of the cellulose by oxygen in presence
of alkali. Cooks are usually controlled by pressure with the top ranging
from 80 to 110 1b./sq. in. Top pressure will be reached in 1 to 2 hrs. and
maintained for 4 to 6 hrs. depending on the level maintained. Pulp is
blown into tanks and washed in trays or over cylinder washers to recover
the liquor at the highest possible concentration.

(3) Recovery of Chemicals

The liquor is evaporated to 50-60Y; solids, at which concentration it will
burn if properly atomized in a hot firebox. The organic fraction is con-
sumed in the combustion, steam is recovered from the furnace, and the in-
organic chemical as sodium carbonate is run from the furnace in a molten
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state. The liquor is regenerated to sodium hydroxide with lime, and reused
in cooking. Chemical losses in the process, amounting to about 200 1b. of
Na,CO; per ton of pulp produced, are made up with commercial soda ash
before the liquor is recausticized.

(4) The Pulp

The pulp as blown from the digester is a light grayish-brown color.
It is almost always bleached before using, since the paper grades in which
it is customarily used are white.

(b) THEORY OF THE SODA PROCESS

The theories of the alkali delignification of wood, as proposed by Brauns
and Grimes® and by Larocque and Maass,®! are essentially in agreement.
The steps in the process are: first, an absorption at the liquor-lignin inter-
face of sodium hydroxide by the acidic hydroxyl groups on the lignin;
second, a chemical combination as the temperature rises between the
lignin and absorbed alkali; and third, an alkaline hydrolysis of the assumed
lignin-carbohydrate bond at elevated temperature, and diffusion of the
sodium lignate from the wood.

Brauns and Grimes® point out that ‘“the carbohydrates dissolve very
rapidly at the beginning of an alkaline cook and only after about 209, of
the nonligneous part of the wood has been dissolved does the lignin start
to disperse at an effective rate.” They also partition the alkali consumed
in the cook as follows: for a total alkali consumption of 169, about 1.5%,
is used to neutralize such acid groups as formyl and acetyl, about 49 is
used to dissolve the lignin, and the remaining 10.59, is used in dissolution
of the carbohydrates except for a small portion held in the pulp by adsorp-
tion.

Larocque and Maass®! found that the alkali dissolution of lignin follows
the course of a monomolecular reaction, except for the removal of the last
29, which is much slower. The last fraction is probably the lignin distrib-
uted through the cell wall and is less available to the liquor. Through
studies of the effect of liquor concentration the reaction rate is believed to
be controlled by the absorption of the alkali at the lignin-liquor interface.
There is no indication as to whether the combination of the alkali and lignin
and the dissolution of the lignin are simultaneous or whether one is slower

® F. E. Brauns and W. S. Grimes, Paper Trade J., 108, 40 (Mar. 16, 1939).
81 G. L. Larocque and O. Maass, Can. J. Research, 19B, 1 (1941).
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than the other. The energy of solution of the lignin is 32,000 calories per
mole.

5. The Kraft (Sulfate) Process

(a) DESCRIPTION OF THE PROCESS

Certain features of the kraft or sulfate process are discussed below. A
complete description of this process and also of the equipment may be
found in the literature.%63

(1) The Cooking Liguor

Kraft cooking liquor differs from soda liquor primarily in its sodium sul-
fide content. The amount of sulfide is expressed in terms of “‘sulfidity’’®
which is defined as the Na,S content divided by the sum of the Na,COs;,
NaOH, Na,S contents, all expressed as Na,O. (In this discussion all cook-
ing chemicals will be expressed in terms of Na;O according to the usage of
the kraft industry.) A typical kraft cooking liquor with all chemicals
expressed as grams of Na,O per liter would contain:

NaOH.......... B 70 g./liter
NasS. .o 30 g./liter
NagCOs. . oo ivie it 20 g./liter

In the terms of the industry this would be:

Total................. ... .. 120 g./liter (NaOH 4 Na,S 4 Na.CO;)
Active.......... e 100 g./liter (NaOH 4+ Na.S)
Sulfide...................... 30 g./liter (Na2S)

The sodium carbonate fraction, as in the soda liquor, is present as an inert
load. It is kept to an economic minimum in the recausticization of liquor.
The sulfidity of the liquor is most generally maintained between 25 and
28%,. This is a decrease from 339, formerly recommended.

(2) The Cooking Cycle

Since an alkaline liquor will penetrate into wood faster than an acid one,
and since higher temperatures can be used with alkali without damaging
cellulose, kraft cooks can be much shorter than sulfite. Pulps for paper-

%2 G. H. Tomlinson, 11, and J. N. Swartz, in J. N. Stephenson, editor, Pulp and Paper
Manufacture, Vol. 1, McGraw-Hill, New York, 1950, Chapter 5; J. P. Casey, Pulp and
Paper, Vol. I, Interscience, New York-London, 1952, pp. 133-177.

8 F. G. Sawyer, W. F. Holzer, and L. D. McGlothlin, Ind. Eng. Chem., 42,756 (1950)

8¢ Tech. Assoc. Pulp Paper Ind., Standards, O 400 p-44 (Aug., 1944).
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board can be cooked in as little as 90 min. Pulps for paper are cooked in
2 to 6 hrs. In this country cooks are usually on the short side of the range;
those in Europe on the long side.

In the kraft cook only enough chemical is added to complete the reaction.
This requires about 159}, active chemical (NaOH + Na,S) based on the
dry weight of the wood. Limited chemical addition acts as a cooking con-
trol and also minimizes the load in the chemical recovery. If more volume
of liquid is required to distribute the chemical and the heat, a sufficient
quantity of black or spent liquor is added.

Even with the more rapid penetration of alkaline liquors there should be
a penetration period of at least 1.5 hrs. If cooking rate becomes appre-
ciable before penetration is complete, the outside of the chips will consume
more chemical then necessary, and the centers will not have enough. The
resulting pulp would be a mixture of overcooked and undercooked wood.
Air is relieved from the digester during the penetration period as in the soda
cook.

Maximum cooking temperatures for kraftare most commonly in the range
of 170-175°C. (100-1151b./sq. in.). The cook is retained at this maximum
until the desired degree of pulping is attained, pressure is relieved quickly
to about 80 1b., and the cook is blown into a tank.

(3) The Recovery of Chemicals

The pulp is separated from the weak black liquor on cylinder washers and
is then screened before use, as in the case of sulfite pulp. The weak black
liquor containing about 109, solids (609} organic, 409, inorganic) is con-
centrated in multiple-effect evaporators to about 587 solids. At this con-
centration it is steam-atomized into a hot furnace, where it Jash dries and
then burns. Air is carefully controlled so that all sulfur compounds are
reduced to the sulfide. The molten chemicals run from the furnace and are
dissolved in water to make ‘‘green’’ liquor containing Na,CO; and Na,S.
The green liquor is treated with lime to causticize the carbonate. The
lime mud is settled out leaving ‘“‘white” liquor which is returned to the
digester. In modern kraft mills the lime mud is reburned to regenerate
the CaO. Chemical make-up is with salt cake (Na,SO,4) added to the fur-
nace with the black liquor so that the sulfate is reduced to the sulfide. De-
pending on the equipment used and general efficiency, the make-up will
run from 100 to 250 1b. of salt cake per ton of pulp made. Efficiencies
expected in a well-run kraft mill are:

Chemical recovery..... ..... . 90%
Reduction of sulfur compounds. . . . ..... 90-95%,
Causticization. . .. .. e R .. ... 85909
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Steam recovered in modern equipment is sufficient to cook the pulp, evap-
orate the black liquor, supply the heat necessary in the liquor making, and
have a small excess.

(4) The Pulp

Kraft pulp is brown in color—-the familiar brown of grocery bags. It
1s the strongest pulp made from wood, and now that it can be bleached suc-
cessfully it is displacing sulfite pulp where more strength is desirable in
white papers. Probably the largest use for kraft in point of tonnageis in
the paperboard field for manufacture of corrugated or solid fiber cartons.
Here its lower cost and lighter weight have brought about the displace-
ment of practically all wooden boxes. Kraft pulp, being tough, utilizes
more power in the beating in preparation for papermaking, and the fibers
tend to be less broken down so that special care must be taken in better
paper grades to eliminate a coarse surface. Kraft pulp is not yet as satis-
factory for dissolving pulps as is sulfite, because removal of hemicelluloses
by purification is more difficult. An acid prehydrolysis prior to cooking
has produced pulps with much higher alpha-cellulose and in the next few
years kraft pulp may invade even the dissolving pulp field.

(b) PROGRESS OF THE COOKING PROCESS WITH TIME

The work of Bixler® on pulping thin wood sections and following the
lignin removal with staining techniques included kraft. It was noted
that the intercellular material was removed completely before the lignin
in the secondary walls was attacked. This seems confirmed by the fact
that although sulfite will easily produce a pulp with only 19 lignin, reduc-
tion of lignin to as far as 29, with kraft is done only at the expense of ruinous
loss in pulp yield. Since the sulfite process attacks the secondary cell wall
before all lignin in the middle lamella is removed, this process is sometimes
considered less specific in lignin removal than kraft. However, high-yield
cooks of kraft show that up to 209, of the carbohydrate material will be
removed before appreciable quantities of lignin dissolve. As an explana-
tion of the behavior of kraft liquor, the theory is proposed that the well-
known swelling effect of alkali on cellulose blocks the penetration of the
liquor into the cell wall and retards the removal of the last traces of lignin.

Kimble® has followed the development of color and changes in chemical
composition of kraft liquor during the cook. Figure 5 taken from Kimble's
work illustrates these changes during a cook with the specifications:

86 G. C. Kimble, Paper Trade J., 115, 37 (July 16, 1942).
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WOoOd . oo e Spruce (Picea mariana)
Activealkali............ .. ............ 209%
Sulfidity..........cooviiii i 33%

Water: oven-dry wood ratio............. 5.5:1

Maximum temperature. ................ 170°C.

Time to maximum temperature.... ..... 1.5 hrs.

Time at maximum temperature.......... 4 hrs.

The following yield data were obtained:

Totalyield.......... ... ... ... ..., 46.0%
Screened yield................... ..., 45.7%
Lignin in screened pulp................. 3.5%
70
L/kiz//o
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Lignin
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Fig. 5. The concentration of chemical components and coloring matter in sulfate
black liquor as a function of cooking time (Kimble®®).

Kimble found that by far the greatest proportion of the color in kraft
black liquor was developed from the lignin. The carbohydrates contrib-
uted nothing to the color. The rate of extraction of carbohydrates during
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the first 2 hrs. of the cook, however, is much faster than the extraction of the
lignin. :
(¢) THEORY OF THE KRAFT PROCESS

When sodium sulfide is added to sodium hydroxide the rate of pulping
with the resulting liquor is greatly increased. Figure 6 from the work of

o
(o]

2

N

¢ >
N

4 6 8 10
COOKING TIME, HOURS
Fig. 6. Increase in rate of alkaline digestion of wood with the sulfidity
of the liquor (Higglund®). (a) 09, Na.S, (b) 5.25% Na,S, (c) 15.6%
Na.S, (d) 319% Na,S. Maximum temperature, 160°C.

o

LIGNIN, GRAMS/I00 GRAMS WO00D

Higglund® shows quantitatively the increase in rate of lignin removal.
The greatest change in rate is found in the range of low sulfidities. Reduc-
tion of time required to reduce lignin in wood to 109, is very close to 509,
in going from a soda liquor to a kraft liquor with 319, Na,S.

Further work by the same investigator compares rate of lignin and carbo-
hydrate removal from wood in comparable cooks (Fig. 7). The rate of
carbohydrate removal by the two liquors may be considered identical. In
the case of lignin, however, the action of the kraft liquor is more rapid from
the start, and even after three-quarters of the lignin has been removed, the
reaction is proceeding at an only slightly diminished rate. The dissolution
of lignin by soda liquor, on the other hand, has almost stopped after less
than half has been removed. These two graphs are very significant in the
discussion of the theory of the reaction.

¢ . Hagglund, Tappi, 32, 241 (1949).
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The carliest theory for the behavior of the sulfide in kraft liquor was that
it acted as a buffer, hydrolyzing to form NaOH and NaHS as the NaOH
was consumed. In this way the wood was never subjected to the full
concentration of NaOH. Although it has been demonstrated that this
hydrolysis takes place,” it has long since been recognized that this buffer
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Fig. 7. Comparative rate of dissolution of carbohydrates and lignin during
a soda and a kraft cook (Hagglund®). (a) Carbohydrate, kraft cook; (b)
carbohydrate, soda cook; (c) lignin, kraft cook; (d) lignin, soda cook  Max-
imum temperature, 140°C., attained in 1.75 hrs,

action has slight effect on the kraft process. The comparative rate of solu-
tion of carbohydrates in a kraft and a soda cook is supporting evidence.
The presence of sulfur in kraft lignin was recognized early, but it was not
until later that its significance was recognized. Hanson® found sulfur

# G. E. Martin, Tappi, 33, 84 (1950).
8 F. S. Hanson, Paper Trade J., 112, 32 (Jan. 9, 1941).
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contents of thiolignin (kraft lignin) up to 109, and proposed that sulfide
speeds up the kraft cook by rendering the lignin molecule more acid and
thus more soluble in alkali. Ahlm® postulated that sulfur in thiolignin
was present in the mercaptan form, and that it had added at a carbonyl
group on the lignin. Hiagglund® has objected to both of these theories on
the basis that he cannot find any mercaptan sulfur in thiolignin, and that
there are not enough carbonyl groups in lignin to account for the sulfur con-
tent found in thiolignin. As a result of a long series of researches he pro-
poses the hypothesis that lignin first takes up sulfur in the solid phase, pre-
sumably by replacing a hydroxyl group with a mercaptan group. This is
not stable in alkali, and is converted to a sulfide by reacting with another
hydroxyl either in the same or another lignin molecule. The second
step consists of a hydrolytic splitting under the effect of alkali to form free
phenolic hydroxyl groups, thus rendering the lignin soluble in the alkali.

The effect of the sulfur is apparently twofold. It is probable that the
hydrolytic splitting of the phenolic groups takes place much more easily
if sulfur has first reacted with lignin; and second, it is also probable that
the sulfidization blocks a condensation-sensitive group, thus preventing
the formation of larger, less soluble lignin complexes. Both of these ac-
tions of sulfur probably assist in the more rapid dissolution of lignin as
shown from the start of the cook (see Fig. 7), and the blocking of lignin
condensation accounts for the sustained rate of reaction of the kraft cook as
compared to the decrease in lignin removal in the soda cook after condensa-
tion has had an opportunity to take place.

(d) COLOR OF KRAFT PULP :

Since the first sulfur dyes were produced by heating organic material
with sodium sulfide, it was originally assumed that the color of kraft pulp
was caused by sulfur dye formation in the cook. Schwartz, McCarthy,
and Hibbert™ found that the color was due to lignin and its degradation
products. Bard™ produced colors similar to kraft pulp by cooking alpha
pulp in kraft liquor with tannins and short-chain carbohydrates. Since
black liquors from digestions with and without sodium sulfide gave similar
spectral absorbencies, sulfur dye formation, if any, cannot be the cause of
kraft pulp color. Kimble® found in studies of black liquor that 80-909,

8 C. E. Ahlm, Paper Trade J., 113, 115 (Sept. 25, 1941).

0 H. Schwartz, J. L. McCarthy, and H. Hibbert, Paper Trade J., 111, 30 (Oct. 31
1940).

. W. Bard, Paper Trade J., 113, 29 (Sept 18, 1041)
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of the color was due to lignin. Pigman and Csellak’ pointed to lignin as
the primary source of kraft pulp color. The brightness of the pulp was a
direct function of lignin content.

(e) THE EFFECT OF COOKING VARIABLES ON KRAFT PULPS

There have been many publications describing the effect of one or more
variables of the kraft cook on the resulting pulp. Most of these results
were obtained by keeping all conditions constant except the single variable
studied and, as a result, producing series of pulps with varying degree of
delignification. Most comparisons of pulps must be made at the same
degree of delignification to be valid, and therefore most published data on
this subject must be studied with extreme care. Hart and Strapp’® made
a comprehensive survey of the variables in the kraft process, and from their
data pulps may be compared at constant degrees of delignification.

The Effect of Sulfidity. At constant effective alkali (NaOH 4 !/, Na,S)
there were marked changes from 0 to 209, sulfidity, slight changes from
20 to 409, sulfidity, and little change thereafter. The changes noted were:
cooking time and yield were decreased, physical strength was increased,
and chemical constants showed little if any change. .
Variations with Maximum Temperature. . Screened pulp yield decreased
from 48 to 427, on increasing maximum temperature from 160° to 180°C.
Burst and tensile were slightly higher and tear lower for the lower tempera-
ture. Alpha-cellulose and pentosan showed no change with lower cooking
temperature, but viscosity was higher.

Chemical Charge. Screened yield was higher at higher chemical charge,
but the reverse was true of burst. Tear showed no consistent trend. Alpha-
cellulose content was slightly higher at higher charges, but pentosans and
viscosity were lower.

Chemical Concentration. Bray, Martin, and Schwartz’* have made a
study of the effect of chemical concentration over a wide range, and found
best results at 50 g./liter. Most commercial liquors are made at double
this concentration, but in use are diluted nearly to the preferred range by
black liquor or condensate from direct steam, or both.

(f) BY-PRODUCTS FROM THE KRAFT PROCESS
Probably a major share of the kraft pulp produced is made from one or

2 W. W. Pigman and W. R. Csellak, Tech. Assoc. Papers, 31, 393 (1948).

73 1. S. Hart and R. K. Strapp, Pulp & Paper Mag. Can., 49, No. 3, 151 (1948).

4 M. W. Bray, J. S. Martin, and S. L. Schwartz, Paper Trade J., 109, 29 (Nov. 2,
19395.
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another of the various species of pines. The large amounts of extractives
in these woods yield recoverable amounts of by-products.

Turpentine in amounts of 2 gal. per ton of pulp can be recovered by pass-
ing the relief gases through a condenser, running the condensate through a
decanter, and collecting the turpentine from the overflow.

The extractives in pine will dissolve in the alkaline liquor, and will cream
from black liquor after it has been concentrated to half its volume. The
skimmings can be collected by decantation in amounts of 150-200 1b. per
ton of pulp. The crude soaps are treated with sulfuric acid to form a dark
oil known in the trade as ‘‘tall oil.”” Tall oil consists of a mixture of resin
acid, fatty acids, and unsaponifiables.” The first two com prise over 909,
of the total, and are present in fairly equal amounts. The resin acids are
substantially the same as those in American wood rosin™; the fatty acids
are linoleic, linolenic, and oleic; and the unsaponifiables are lignoceric
alcohol and sterols, principally phytosterols.

During World War II the shortage of fats led to extensive studies on
tall oil and to its introduction into many industries some of which are:
soap, emulsion, detergent, flotation, adhesives, paint and vamish, and
printing ink.”

6. Other Pulping Processes

(a) NEUTRAL SULFITE

The neutral sulfite process has come into some prominence in the last ten
years as a method of producing high-yield pulps from hardwoods. This
process in its present form was first proposed by Rue and coworkers™ in
1927. 1t consisted of cooking wood with about 159, of its weight of Na,SO;
with sufficient NaHCO; present to neutralize the acids formed during cook-
ing. The action was so mild that delignification was incomplete, and best
results were obtained on hardwoods, since their lignin content was lower
than that of softwoods.

The process was very little used for several years, but the growing scar-
city of softwoods in the Great Lakes and New England sections, together
with increasing stands of hardwoods, forced the use of the latter in pulping,
and brought the neutral sulfite method to the fore.”® At first its use was

T, Hasselstrom, Paper Trade J., 118, 30 (Apr. 20, 1944).

 G. C. Harris, Tappi Monograph Series, No. 6, 167 (1948).

7 National Southern Products Co., Tapps, 33, 76A (Jan., 1950); 58A (Feb., 1950).

 J. D. Rue, S. D. Wells, F. G. Rawlings, and J. A. Staidl, Chem. & Met. Eng., 34, 611
(1927); Tech. Assoc. Papers, 10, 90 (1927).

" M. W. Phelps, Northeastern Wood Utilization Council Bull., 14, 59 (Jan., 1947).
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to make a high-yicld pulp for board, but now several mills are bleaching the
high-yield hardwood pulp, and are obtaining a papermaking fiber. Bleached
neutral sulfite hardwood pulp has strength nearly equal to softwood sulfite
pulp, and replaces the latter in many papers. Yields of pulp run from 55
to 609, for a bleached papermaking fiber to 80, for board.

(b) PREHYDROLYSIS OF WOOD

During World War II the need for dissolving pulps in Central Europe
became acute, but no cotton linters and very little softwood pulps were
available. Beechwood, which like all hardwoods is high in pentosans,
became the principal raw material. A process of prehydrolysis® was de-
vised to render these pentosans soluble. The wood chips were subjected
to an acid treatment at high temperatures (160-180°C.) for a short time
(1560 min.), and this pretreatment was followed by an alkaline cook.
The pretreatment could be merely a cook in water, the acids in the wood
doing the hydrolyzing; or a small amount of mineral acid, hydrochloric
or sulfuric, might be added. After bleaching, pulps of 957 alpha-cellulose
or higher were obtained. Pulps made by the prehydrolysis process are
already a considerable factor in the American dissolving pulp market.%
It is anticipated that this process will be used to an even greater extent in
the near future.8?

(c) OTHER PROCESSES

Suggestions for methods of pulping of wood have been legion, but few
have survived outside of the laboratory. Many modifications of the es-
tablished processes, principally multistage cooks, have been tried, but the
time consumed, heat lost, chemicals used, or equipment required in the
complications have made them impractical. Many chemicals have been
tried ranging from strong acids, such as nitric, to bases both organic and
inorganic, to neutral organi¢ solvents, such as alcohols and glycols, to
hydrotropic solvents, such as xylene sulfonates, to name a few. None of
these has as yet shown sufficient merit in quality of pulp or in cost to com-
pete with the established processes. Some have been of theoretical in-
terest, but aside from the two mentioned in preceding paragraphs, none
has achieved any commercial production.

8 G. Sirakoff, Holz Roh- u. Werkstoff, 4, 205 (1941); through Chem. Abstracts, 38,
2201 (1944).

8t Anon., Pulp & Paper, 24, 66, 92 (Nov., 1950); Paper Trade J., 132, 11 (Apr. 6,
1951).

82 Anon., Paper Trade J., 134, 41 (Feb. 1, 1952); 11 (Mar. 14, 1952).
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7. Properties of Pulps and Their Constituents Affecting End Use

The many variables in the pulping processes plus the inherent differences
in various wood species can be combined in an alimost infinite number of
combinations to produce a varied assortment of pulps. The properties of
these pulps depend on their content of lignin, cellulose, and hemicelluloses,
on the condition of these constituents, and on the dimensions of the fibers
themse ves.

The principal requirement for a pulp as a chemical raw material is a high
content of alpha-cellulose with almost complete removal of hignin and ex-
tractives, and substantial reduction of hemicelluloses. This will be dis-
cussed fully elsewhere in this volume (see Chapter V1I).

The properties of papers will depend on the degree to which the fibers
will adhere to each other, the ultimate strength of the fibers, the dimensions
of the fibers, and on the relative stiffness or softness of the fibers.

Lignin. The stated purpose of pulping was to remove lignin, and generally
a low lignin content is necessary. In a very raw pulp the lignin remains as
a sheath enveloping the fiber.  Since it does not swell in water itself, hinders
the swelling and hydration of the cellulose in the fiber, and makes the fiber
very stiff, lignin is usually detrimental to paper quality. Sheets made from
such fibers are harsh and low in strength. On the other hand, it is desirable
to leave as much lignin in the fiber as can be tolerated since its complete
removal entails considerable loss and degradation of cellulose. In certain
instances the presence of lignin is desirable. In paperboard it contributes
stiffness to the product, and in hardboard (a wallboard finished at high
temperatures under extremely high pressures) it acts as a resin, making the
product extremely hard and dense.

Hemicelluloses. This fraction is of considerable importance in papermaking.
In the process of beating, where the fibers are bruised and rubbed in a
water suspension, the hemicelluloses absorb water, swell, and become gelat-
inous. During the beating this gel coats the fibers; and when the fibers
are formed into a web, and the web is pressed and dried, the hemicellulose
gel acts as an adhesive, and cements the fibers into a strong sheet. As a
general rule, the greater the hemicellulose content is, the faster the pulp
will respond to beating, the harder and denser will be the resultant paper,
the higher will be its bursting strength and tensile strength, and the greater
will be its transparency. The extremes of paper grades illustrating these
differences are facial tissue having fibers low in hemicellulose, with soft feel
and little bonding; and glassine and greaseproof papers needing the highest
possible amount of hemicellulose to produce a very dense, hard sheet with
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good transparency. In between are such grades as paper towels, blotting,
and soft-type printing papers on the soft side, wrapping papers in the
medium range, and strong bond papers on the hard side.

Cellulose. Some of the discussion of cellulose has already been anticipated.
The presence of cellulose itself in a fiber in undegraded form is no assurance
that a paper will be strong. Pure cellulose is quite soft and has poor

2400

A

Y%

d

- - )
r » o
o] o o
Q [e] o

[

@
o
(o)

DEGREE OF POLYMERIZATION
»
[e]
o

/
/

2400

> 9
[o] (o)
Q [e]

1200

00 10 20 30 40 50 60 70

% OF ORIGINAL WOOD

800

400

DEGREE OF POLYMERIZATION

/'/
/
/

0071620 3020 50 60 70

\J
\\\
L ___]__A

% OF ORIGINAL WOOD

2400

B

>

2000

e
7

»
o
o

1
I
e |
|
|

/

™
o
o

[« ]
o
(o]

DEGREE OF POLYMERIZATION
rS
o

|

1

y +

'I 1

/ i
.I 1
/ !
/ |
|

|

]

!

!

2400

n
(o]
o
Q

1600

1200

800

400

DEGREE OF POLYMERIZATION

0

0010263040 5060 70

% OF ORIGINAL WOOD

D

y/ P
'
/ 4‘/

4
/
4

O 10 20 30 40 50 60 70
% OF ORIGINAL WOOD

Fig. 8. Degree of polymerization of the carbohydrate fraction of (A) sprucewood
holocellulose, (B) sulfite pulp, (C) kraft pulp, and (D) soda pulp (Atchison83). Curves
are shown for both unbleached (solid line) pulps and bleached (dotted line) pulps. Holo-
ccllulose and all pulps werc prepared from the same wood sample.
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fiber-to-fiber bonding qualities. This will produce paper of the soft type
such as facial tissue. On the other hand good bonds from hemicellulose
cannot make a strong shect unless they are complimented in the fiber with
strong cellulose. In general, cellulose contributes tearing resistance to
paper, and when present in nearly pure form will make a permanent sheet.

The condition of the carbohydrate fraction after various cooking and

bleaching trcatments makes an interesting comparison. Atchison,** by
fractional solution methods, developed D.P. curves of the holocellulose of
sprucewood, and of the sulfite, kraft, and soda pulps, both bleached and un-
bleached. His data are sumimarized in Figure 8. The curve for wood holo-
cellulose shows an appreciable fraction of very short-chain hemicelluloses,
relatively little of the medium-length chains, and the bulk of the material
with chain lengths of D.P. 2000 and over. The curves for sulfite and kraft
show the great decrease of the short-chain material, the presence of con-
siderable amount of medium-length chains resulting from degradation
of the longer chains, and the very appreciable loss of long-chain material.
Greatest loss in short-length chains is found in the soda pulp, and the ex-
treme degree of degradation is evident. The relative yield of each carbo-
hydrate product is shown by basing the abscissas of the graphs on the ex-
tractive free wood. By comparing the yiclds along with the shape of the
distribution curve, the magnitude of the over-all degradation becomes
apparent. The further degradation on bleaching is shown in the respective
dotted curves.
Fiber Dimensions. The approximate fiber sizes and variations in cell walls
have already been described. The length of softwood fibers, about 3-4
mm., is generally too long for good forming properties, and reduction of this
length is one of the objects of the physical treatment a pulp receives before
the papermaking process. The small fiber fragments mat together into a
smoother sheet, and being smaller, present more surface for contact with
each other and therefore more bonded strength. If the reduction process
is carried too far the ultimate strength of the fragments will be less than that
of the bonds, and the paper strength will drop correspondingly.

Pulping of wood and making paper from these pulps has long been looked
upon as an art. The discussion of the field has indicated the degree to
which the technical men have reduced it to a science. However, with the
variations of a natural raw material, plus the infinite combinations among
the variables of the processes, and the gaps of our knowledge, it seems that
the complete success of science is still some distance in the future.

83 J. E. Atchison, Paper Trade J., 116, 23 (June 3, 1943).



B. COTTON LINT AND LINTERS
A. F. MARTIN

Cotton is the only plant seed fiber or seed hair to attain major commercial
importance. It is one of the most important raw materials for textiles and
is an important source of chemical cellulose for conversion into derivatives.
Raw cotton consists almost entirely of cellulose, with minor amounts of
waxes and pectins being the chief contaminants.! Lignin is not present in
appreciable amounts. Other seed hairs such as kapok and milkweed floss
are discussed briefly in Chapter I1-D-2.

1. Types of Cottonseed Fibers

Two types of hair, lint fibers (or staple cotton) and linters, are found on
the usual varieties of cotton seed (Fig. 9). These fibers are removed from

Fig. 9. Cotton seeds with fibers: (A) seed with all fibers (lint and linters);
(B) seed with linters after removal of lint; (C) seed with hull fiber after removal
of linters. Courtesy of Hercules Powder Company.

1 J. H. Kettering and C. M. Conrad, Ind. Eng. Chem., Anal. Ed., 14, 432 (1942).

KRN
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the seed in two separate operations. The staple cotton is the major prod-
uct and comprises about half the weight of the seeds which are taken from
the boll of the matured cotton plant. This staple cotton is removed from
the seeds in mills or gins of which there are about 8000 in the United
States. The machines used in this operation are also called gins and consist
primarily of a bank of rotating circular saws. The seeds after the ginning
operation are sent to cottonseed oil mills which delint (that is, remove
linters from) the seeds and crush them to recover cottonseed oil and meal.
There are about 400 oil mills in the United States.

The most important difference between lint fibers and linters is in fiber
length. Nevertheless, the two types of hair differ also in diameter, degree
of collapsing of the central canal, and other features (see Chapter IV-C).
Lint fibers have a length of over 2 cm. and are used primarily in textiles
because they can be spun into thread possessing high tensile strength. The
shorter linter fiber are used form attresses, upholstery, and similar prod-
ucts and especially for the preparation of pure cellulose (‘‘chemical cot-
ton’’) which is used in the manufacture of derivatives.?—?

Several types of linters can be produced by modification of the operation
of the cottonseed oil mill. Mill runs are made by removing the majority
of the linters from the seed in one operation. They have a number-average
fiber length of about 3 mm. and are quite nonuniform. More frequently
the linters are removed in two or more passes through the delinting equip-
ment® (Fig. 10A). The first-cut linters average 6-12 mm. in length and
the second-cuts average about 2 mm. A small amount of fiber remains on
the ends of the cotton seed after the usual delinting operation and is some-
times recovered from the hulls after the seeds are crushed. This product,
known as hull fiber, differs from the other cottonseed fibers in that it is us-
ually produced by abrading the fibers from the pieces of hull in machines
such as the Reynell-Ware defibrator’ (Fig. 10B). Hull fiber may have a
length equal to second-cut linters but is usually somewhat shorter. An
additional small amount of fiber known as “‘delint” is obtained from some of
the seeds which are to be planted to furnish the next season’s cotton crop.

2'W. D. Munson, Ind. Eng. Chem., 22, 467 (1930).

3 G. D. Bieber, Chem. & Met. Eng., 48, 92 (Jan., 1941).

4 E. F. Hinner, Chemurgic Digest, 4, 179 (1945).

5 J. Barsha and P. VanWyck, in R. E. Kirk and D. F. Othmer, editors, Encyclo-
pedia of Chemical Technology, Vol. 3, Interscience, New York-London, 1949, pp. 352-357.

¢ W. R. Woolrich and E. L. Carpenter, Mechanical Processing of Cottonseed, Eng.
Expt. Sta., Univ. of Tennessee, Knoxville, 1935, p. 51.

7C. H. Reynell and A. J. V. Ware (to Reynell-Ware Inc.), U. S. Patent 2,004,731
(June 11, 1935).
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In addition to fiber length, color and degree of contamination are two im-
portant factors in determining the utility of cottonseed fibers. The color of
lint fibers will vary from white to yellow to gray, depending on the species
of cotton and the degree of exposure of the fibers after the boll has opened.
Raw linters are usually olive or buff, although a large proportion of the ap-
parent color may come from the contamination which is present. The for-
eign matter in both lint and linters will include seedcoat fragments; pieces

Ti HULL FIBER
Sy DISCHARGE
C
FEED
MAIN
ROTOR HEAVY
1 TRASH
R SCREENS -
< LINTERS 3
- DISCHARGE =
GRATE '
SEED
DISCHARGE
MOTOR
é CnuLL DiscHARGE -
A B

Fig. 10. Liuters production cquipment. (A) Delinter®: Linters stripped from the
cotton seeds by the saws are doffed by the more rapidly moving brush roll. (B) De-
fibrator’: Linters are abraded from the hulls against the vertical screen by centrifugal
force set up by the main rotor. The heavier hulls fall through the bottom screen, while
the lighter linters are carried inward and upward by the air stream.

of stalk, leaf, and boll from the cotton plant; other plant materials; and
sometimes sand and dust. Both the cotton gins and the cottonseed oil
mills commonly use seed-cleaning equipment as well as fiber-cleaning
equipment in order to upgrade the fibers. The seeds are usually cleaned
with shaker screens; the fibers, with machines called cards or beaters.
Standards have been set up for grading and classifying cottonseed fibers
on the basis of fiber length, color, and extent of contamination. The
official U. S. Department of Agriculture methods involve subjective com-
parison of the fiber samples with standards.® For grading American up-

8 U. S. Dept. Agr., Misc. Pub. 310 (1938).
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land cotton, there are nine classifications which relate to degree of contam-
ination and amount of waste, and six classifications which relate to color.
The fiber length is described by one of twenty classifications between 0.75
and 1.5 inches. The linters standards are similarly divided into seven
grades, with chief emphasis on fiber length and color.*!® Grades 1 to 4 rep-
resent the longer first-cut and mill-run linters; Grades 5 to 7 represent
second-cuts and hull fiber.

For linters fibers which are to be used to make chemical cotton, the sub-
jective grading methods of the Department of Agriculture are not sufficient.
The development of additional objective tests is a goal of the American Oil
Chemists’ Society. Of those developed to date, the most widely used is
the “pot yield” method!! which determines the amount of cellulose which
can be obtained from a given weight of raw cotton linters. The results of
this test are used in determining the price of second-cuts and hull fiber,
with premiums being paid for yields above 739, and deductions made for
yields below 73%. A test for cotton linters contaminants is also under con-
sideration.’> Fiber length is relatively unimportant in chemical cotton
except as it affects the design of equipment to process the cellulose into
derivatives.

2. Economics of Utilization of Cottonseed Fibers in the
United States

In the last ten years, the cotton production in the United States has
varied from about 9 to about 16 million bales per year!'? (Table 2). Sales
prices in this ten-year period have ranged from 11 to 40¢/1b., so that U. S.
cotton is frequently a billion-dollar annual crop.!* Cotton is grown in all
of the southern states from North Carolina to California. The center of
production is shifting from the Southeast, where small farms are the rule, to
Texas and California,'® where the economies of large-scale production mean

9 U. S. Dept. Agr., Bur. Agr. Econ., Service and Regulations Announcement, 94
(1925).

0 G. S. Meloy, U. S. Dept. Agr., Misc. Pub. 242 (1936).

11 1,. N. Rogers, Oil & Soap, 14, 199 (1937); 22, 24 (1945).

12 T L. Rettger, Oil & Soap, 22, 7 (1945).

137, S. Dept. Agr., Bur. Agr. Econ., Statistical Bull. 99 (1951), p. 5; Supplement
(1952), p. 11.

132 U, S. Dept. Commerce, Bur. Census, Cotton Production in the United States—Crop
of 1952, Washington (1953), p. 2.

14, S. Dept. Agr., Bur. Agr. Econ., United States Cotton Statistics, Washington
(1951), p. 2.

1 Ibid., p. 1.
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greater profits. Nevertheless, acreage controls, support prices, and govern-
ment loans are all used to protect the marginal high-cost cotton producer.
These controls have modified the operation of the economic laws of supply
and demand.!?

TABLE 2
Production of Cotton in the United States! 13
Production
Year Acreage harvested (as thousands of
beginning Aug. 1 (in thousands of acres) 500-1b. bales)
1940 23,861 12,566
1941 22,236 10,742
1942 22,602 12,820
1943 21,610 11,429
1944 19,617 12,230
1945 17,029 9,016
1946 17,584 8,640
1947 21,330 11,857
1948 22,911 14,868
1949 27,439 16,128
1950 17,843 10,012
1951 26,687 15,144
1952 — 15,137

The high price of cotton has been a large factor in the growth of the
synthetic fiber industry, which in turn has furnished intense competition
for cotton. In 1949 the textile industry consumed 289, as much synthetic
fiber as it did cotton.!® Both acetate and viscose rayon as yarn can now be
sold at prices below that for cotton yarn.” This situation can exist only
when the price of chemical cellulose is far below the price of cotton textile
fibers. Second-cuts and other cottonseed fibers are used in rayon to the
extent that availability and price will allow.

Cotton linters are recovered in amounts of about 180 pounds per ton!® of
the seeds processed in cottonseed oil mills. They are a by-product in that
their sales value is less than that of cottonseed oil and meal®® (Table 3).

18 Textile Organon, 23, 40 (1952).

1 Textile Organon, 23;, 37 (1952).

18 U. S. Dept. Agr., Production and Marketing Administration, Weekly Cotton Linters
Review, 22, No. 5 (Aug. 31, 1951).

19 Compiled from figures given in: U. S. Dept. Agr., Bur. Agr. Econ., Statistical Bull.
99 (1951), p. 368; U. S. Dept. Agr., Agricultural Statistics, Washington (1951), p. 125;
various issues of U. S. Dept. Agr., Production and Marketing Administration, Weekly
Cotton Linters Review.
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TABLE 3
Gross Sales Value of Cottonseed Products in the United States!?

Sales value in millions of dollars

Year Cottonseed Cottonseed

beginning Aug. 1 oil meal Linters
1940 93.2 52.1 27 .4
1941 153.4 64.2 33.5
1942 178.6 75.4 37.6
1943 157.6 89.0 31.7
1944 168.8 94.8 34.2
1945 129.8 79.0 -
1946 241 .1 161.2 57.8
1947 334.9 164 .7 52.8
1948 262.8 151 .4 39.9
1949 229.9 160.7 58.6
1950 242.2 128.7 115.8

Nevertheless, since the profit margin in oil and meal may be comparatively
small, linters sales are of great importance to the oil mills. The amount of
linters, being a function of the size of the cotton crop, will vary from year to
year. In addition, the demand for chemical cellulose has shown an unus-
ually large growth rate. The result is that in several periods the total
amount of chemical cellulose including wood pulp has been insufficient to
supply the demand, and linters prices have risen sharply.® Because of
planned expansions in the wood pulp industry and an apparent leveling-off
in demand for rayon, it is expected that prices will remain fairly stable at
reasonably low levels for the next several years.

The bleaching establishments which transform second-cut linters into
chemical cotton follow the policy of purchasing raw linters only upon re-
ceipt of a binding contract for finished chemical cotton. The operators of
the bleaching establishments have a threefold function. As bankers, they
finance the purchase of raw linters and are repaid on delivery of the chemi-
cal cotton. As warehousers, they store up to a full year’s supply of raw
linters. Finally, as manufacturers, they transform raw linters into the
custom-made types of chemical cotton.

3. Cottonseed Fibers in Other Countries

The United States produces about one-half of the world’s supply of cot-

% {. S. Dept. Agr., Production and Marketing Administration, Weekly Cotton Linters
Review, 19, No. 29 (Feb. 18, 1949); 21, No. 38 (Apr. 20, 1951); 23, No. 13 (Oct. 23,
1952).
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ton.?! As shown in Table 4, other countries producing more than a million
bales a year are U.S.S.R., India, Egypt, China, Brazil, and Pakistan. Of
these countries, China, India, and Pakistan produce only small quantities of

TABLE 4

Production of Cotton in Principal Cotton-Growing Countries?! for Year Beginning
August 1, 1949

Production

(as thousands of
Country 480-1b bales)
United States. ... .. 16,800
U.SSR.. . . . 2,700
India. . . 2,300
Egypt. 1,796
China (including Manchuria) 1,700
Brazil... . . . .. 1,385
Pakistan. . .. 1,000
World total, including all other countries. . . . . . 31,190

linters, primarily because transportation is insufficient to support a cotton-
seed oil industry. The strains of cotton grown in Egypt have no linters on
the seed, that is, the seeds are “‘bald.”’?* The production of linters outside
the United States is therefore limited chiefly to Brazil, Mexico, U.S.S.R.,
East Africa, and Paraguay.

Linters purification plants have in the past been installed close to the
large users of chemical cotton. Thus, England, Germany, France, Italy,
and Japan have bleaching establishments which depend entirely upon im-
portation of linters. The trend, however, is toward purification of linters
in the countries in which they are grown. Currently, the consumption of
chemical cotton in Europe and Japan is so great that the United States
bleaching establishments export sizable quantities to these areas.?

-

4. Linters Purification

All the cottonseed fibers may be purified by similar means, even though
the equipment for carrying out the purification will vary depending on the
fiber length. The bales of lint cotton are broken up and mechanically

2t U. S. Dept. Agr., Bur. Agr. Econ., Statistical Bull. 99 (1951), pp. 128-129.

22 American Cotton Handbook, American Cotton Handbook, Inc., New York, 1941,
p. 128.

2 U. S. Dept. Commerce, Bur. Census, (/. S. Exports of Domestic and Forcign Mer-
chandise, Report No. FT410, Part 1, 13 (Nov., 1951).
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cleaned at the textile mills but usually undergo no other purification until
after they have been spun into yarn or woven into cloth. The subsequent
purification process usually consists of a desizing operation, an alkaline
boil, and a hypochlorite (or peroxide) bleach with thorough washing to re-
move the remaining bleaching solution.*!

The transformation of linters into chemical cotton demands an unusual
amount of quality control and will be described in detail.®=** The chemi-
cal operations involved in purification of raw linters are pressure digestion
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Fig. 11. Linters batch purification process. Courtesy of Hercules Powder Company.

in alkaline liquors, and multistage bleaching. The sequence of steps is
similar to that used in wood pulping by the soda process (see Chapters
VI-A and VII), but the exact conditions employed are different because of
the differences in the types and amounts of impurities which must be re-
moved and in the physical form of the raw cellulosic material. Linters
purification steps are primarily designed to remove wax, pectins, and small
amounts of coloring matter which are distributed on or in the fiber, and at
the same time to destroy almost completely the contaminants which are
physically dispersed in but separate from the linters. In addition, the
purification steps regulate such important chemical cotton properties as
viscosity and reactivity.

24 J. H. Kettering and R. M. Kraemer, U. S. Dept. Agr., Tech. Bull. 941 (1947).

% J. A. Lee, Chem. & Met. Eng., 48, 90 (Apr., 1941).

2 Chem. & Met. Eng., 48, 108 (Apr., 1941).

% Hercules Chemical Cotton, Hercules Powder Co., Wilmington, Del., 1947, 35 pp.

% Bukipulp, Buckeye Cotton Oil Co., Memphis, Tenn., 1949, 40 pp.

2 How Chemcot Is Custom Made to Your Specifications, Southern Chemical Cotton
Co., Chattanooga, Tenn., 24 pp.
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The raw linters contaminants include particles of boll, stalk, leaf, and the
palisade-cell layers of hull which are quite resistant to the usual chemical
treatments. In addition, somewhat larger quantities of the epidermal
layer of the cottonseed hull (called ‘“‘hull pepper’”” or ‘hull bran”) are pres-
ent in raw linters but are more easily removed in the purification steps.
The loss of hull pepper is a major reason for the drop in yield during purifica-
tion.

Batch equipment is commonly used to perform the purification steps
(Fig. 11), but recently a completely continuous process® has been installed
in one of the bleaching establishments.

(a) Selection of Raw Linters

The amount of contamination in raw linters is one of the major factors
influencing the quality of chemical cotton and the uses for which it may be
sold. Both the quantity and type of contamination will vary widely in
linters from different cottonseed oil mills and even in the production from a
single mill. The bleaching establishments rely upon the experience of
highly skilled inspectors to purchase enough high-quality raw linters to
make chemical cotton within specification.

Representatives of the bleachers go to almost every cottonseed oil mill to
sample the production and to approve individual bales for shipment. Often
the inspectors advise the oil mills as to the quality needed for the chemical
industry and suggest methods of obtaining larger quantities of satisfactory
linters from the seeds. The response of the oil mills to the need for im-
proved quality has been good, and present quality levels are high compared
with those of a few years ago.

Each carload of inspected linters is further tested at the purification
plant. In many cases, this testing may include a complete laboratory-
scale purification. After testing, the linters are segregated and stored ac-
cording to the grades of chemical cotton in which they may be used. As
expected, the larger the stock of raw linters, the better is the opportunity
for selection so that uniform satisfactory quality levels may be maintained
in all grades of chemical cotton.

The quality level of raw linters can be improved to some extent by me-
chanical cleaning operations in the bleaching establishment. Equipment
which separates contaminants from linters by centrifugal action on a water

% W. E. Segl (to Hercules Powder Co.), U. S. Patent 2,673,690 (Mar. 30 1954);
Chem. Eng., 61, 116 (1954).



VI. PREPARATION FROM NATURAL SOURCES 559

slurry?®! is now in commercial operation. Beaters, screens, and other ap-
paratus may be used to clean dry linters.3%33

() Digestion

The bales of raw linters are usually disintegrated by mechanical opening
equipment as a first step in the purification process. When mechanical
cleaning treatments are used, they are applied after the bale opening and
prior to digestion. For digestion, the opened linters are wetted with
sodium hydroxide solution of the required strength (usually 2 to 49,) and
are transported to the digesters. Digestion factors such as time, tempera-
ture, and concentration of alkali must be balanced to get the desired degree
of cellulose purification and the desired level of final viscosity. Wetting
agents are often added in small amounts to the digestion liquors to aid in
removing impurities.?* Continuous digestions are reported to be carried
out in times as short as 10 min. and at temperatures as high as 185°C.%
Batch digestion, either in vertical stationary digesters or in rotating or
tumbling digesters, is usually carried out at 135-170°C.for 2to6 hrs. Even
though the pressure treatment is carried out in the absence of air, cellulose
is degraded by the contact with hot alkali. Severe digestion conditions
result in loss of yield and loss of viscosity.

After digestion, the spent liquor (‘‘black liquor’’) must be removed by
efficient washing operations. In batch processing this is done by displace-
ment in false-bottom tubs, an operation which is feasible because of the
rapid draining characteristics of the cotton linters. Countercurrent con-
tinuous vacuum washers® are rapidly coming into favor because they use
less water and consequently minimize dilution of the black liquor.

The black liquor contains most of the soluble organic materials which
are removed from linters during the purification process. This liquor may
be evaporated and burned as is done in the wood pulping industry (see
Chapter VI-A). Recovery of the caustic soda used in digestion is a part of
this operation. The economics of black liquor recovery require minimum
dilution for profitable operation.

3t 7, D. Atkinson (to Buckeye Cotton Qil Co.), U. S. Patent 2,504,944 (Apr. 18, 1950)

32 A.J. V. Ware, U. S. Patent 2,210,016 (Aug. 6, 1940).

33 A. K. Schwartz and F. J. Walker (to South Texas Cotton Qil Co.), U. S. Patent
2,239,059 (Apr. 22, 1941); A. K. Schwartz, E. Bradshaw, and F. J. Walker (to South
Texas Cotton Qil Co.), U. S. Patent 2,274,385 (Feb. 24, 1942); Chem. Abstracts, 36, 4354
'1042).

# E. K. Bolton (to E. I. du Pont de Nemours & Co.), U. S. Patent 2,048,775 (July
28, 1936); Chem. Abstracts, 30, 6210 (1936).

3% Filters for the Process Industries, Bull. 214, Oliver United Filters, Inc., New York,

3 pp.
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(c):'Bleaclzing

As a result of the digestion step, the linters have been freed from most of
the contaminating substances but are still tan in color and generally re-
quire bleaching treatments. Viscosity, reactivity, and other properties
may be further adjusted during bleaching. Time, temperature, pH, and
concentration of bleach are the important factors in the bleaching opera-
tion. It is customary to use multistage treatment with a sequence of steps
similar to that employed in wood pulp purification (see Chapter VII). The
active bleaching agents may be chlorine, hypochlorite, chlorine dioxide,
peroxides, permanganate, and other oxidizing agents, although the first
two are most frequently used. The bleach requirements for cotton linters
are so low that excess reagents must generally be added in order to get a
sufficiently high concentration to exert a bleaching action. It is, therefore,
not usually possible to employ the common wood pulping practice of using
less than the bleach demand in order to prevent attack on the cellulose.
Special precautions must be taken in linters bleaching to prevent or to
regulate cellulose degradation.®

The bleaching treatments must be carefully controlled and coordinated
with selection of raw linters and with digestion® so that the finished product
specifications for such factors as color, viscosity, and cleanliness may be
met. Because these specifications vary from grade to grade, the bleaching
procedures cannot be standardized. Custom bleaching is the usual prac-
tice.

Batch bleaching is generally done in large, well-agitated, stainless steel-
lined tubs. Interstage washing is carried out in the same tubs, and the
liquors are drained off through false bottoms. Cotton bleaching is also
carried out in continuous equipment similar to that of the wood pulp in-
dustry. Both low-consistency and high-consistency towers are used,
while washing is accomplished on rotary table filters. All the bleaching
equipment is constructed of corrosion-resistant materials because contami-
nation of the purified cellulose must be avoided.

The bleaching operation also includes in many cases a treatment with
sulfuric or other acids to act as souring agents and To yedtice the ash content

. . . . \
Sequestering agents and che as oxalic acid are also often used t¢
remove metal ions in the final pur ion steps.

L N

3% A, M. Dodson (to Hercules Powder Co.), U. S. Patent 2,478,379 (Aug. 9, 1949);

Chem. Abstracts, 43, 9447 (1949).
% L. M. Sheldon (to Cellulose Research Corp.), U. S. Patent 2,190,274 (Feb. 13,

1940); Chem. Abstracts, 34, 4267 (1940).
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(d) Drying

Before drying, the purified chemical cotton is usually submitted to fur-
ther mechanical treatments such as riffling® or centrifuging, in order to re-
move siliceous® or other foreign matter which was not removed by chemical
treatment.

Chemical cotton is usually dried and packaged in sheet form for the vis-
cose, cellulose ether, and paper trades, and in loose form for most other uses
(Fig. 12). The temperature dnd time of drying have in general a great in-
fluence on the physical form of the finished product and its reactivity.
Careful drying is, therefore, of the utmost importance.

The first step in drying in loose form is dewatering the slurry by screens
and rubber-covered squeeze rolls to a moisture content of approximately
50%._ The pads of chemical cotton from the squeeze rolls are fed through
pickers revolving at high speed which put the linters in a fluffy form.% A
layer of fluffed linters on a metal apron is carried through a tunnel dryer.
Air of carefully controlled temperature and moisture content is blown
through the cellulose layer. The dried cotton is baled, weighed, and
wrapped in kraft paper in readiness for release for shipment. Loose pulp
bales usually average about 180 Ib. with a moisture content of about 5%,.

Conventional fourdrinier papermaking equipment is used to dry chemi-
cal cotton in sheet form. Jordan engines are used to reduce the fiber
length so that a smooth, strong sheet can be obtained. Careful adjustment
of this cutting treatment is necessary to get uniform sheet properties. As
in the case of loose pulp, sheet pulp is dried at controlled temperatures.
The thickness, density, formation, and porosity of the sheet may be reg-
ulated over wide ranges to fit the requirements of each customer. For
some uses, the continuous sheet from the machine is cut, stacked, and
baled; for other uses, the sheet is wound onto rolls of specified width. The
bales generally weigh 400 Ib.; the rolls may weigh as much as 600 1b.%

Chemical cotton for acetylation use is generally dried at low temperature
(60° to 80°C.) in order to retain reactivity. Overdrying must be partic-
ularly avoided. Cotton for papermaking is often dried to a high moisture
content. The other grades of chemical cotton are usually less critical”in
regard to drying conditions, but a uniform product must always be ob-
tained.

# W. E. Henry (to Hercules Powder Co.), U. S. Patent 2,394,378 (Feb. 5, 1946);
Chem. Abstracts, 40, 6815 (1946). .

3% A. Langmeier (to Hercules Powder Co.), U. S. Patent 2,576,464 (Nov. 27, 1951);

Chem. Abstracts, 46, 1257 (1952).
© W. E. Segl (to Hercules Powder Co.), U. S. Patent 2,516,262 (July 25, 1950).
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(e) Analysis

The different grades of chemical cotton and the narrow specifications for
these grades require careful analytical control at every stage in the purifica-
tion process.” The analytical work begins with raw linters and includes
“pot yield” determinations, small-scale purifications, and visual inspection.
The digestion liquors are analyzed for alkali strength, and the digested
linters are tested for such properties as viscosity and cleanliness. At each
stage in the bleaching operation, viscosity and cleanliness will again be
measured and other tests will be employed. As might be expected, a com-
plete analysis is made of the finished, dried chemical cotton so as to make
sure that the requirements of the customer are met. In many cases, the
final analysis includes the small-scale preparation of derivatives such as the
acetate and viscose. Such use tests are especially valuable in predicting
how the chemical cotton will behave in the customer’s manufacturing
operations. (The details of the commonly used cellulose tests may be
found in Chapter XII.)

5. Uses for Chemical Cotton

Chemical cotton has achieved outstanding success in the preparation of
those derivatives in which good clarity, freedom from color, and high
strength are of importance.2=%%":28  This success is due in large part to the
exceptional purity of cotton cellulose as distinguished from cellulose ob-
tained from other sources. In addition, chemical cotton is almost always
the standard cellulose which is used for the preparation of new cellulose
derivatives. However, since chemical cotton is not available in large
enough quantities to fill all needs, wood pulp is frequently substituted in
the manufacture of established derivatives up to the extent that quality
requirements will permit. Chemical cotton, therefore, finds widest uses
when the good strength, color, clarity, and fiber properties which it can con-
tribute are essential to the finished product.4!

(a) Viscose and Cuprammonium Rayon

The largest present use for chemical cotton is in the manufacture of high-
tenacity rayon by the viscose process (see Chapter IX-F). The strength
of tire cord from chemical cotton, especially under the severe heat and stress
encountered in motor vehicle operation, is outstanding. The recent com-
mercial development of the prehydrolysis—sulfate wood pulping process*?

41 C, J. Malm, Svensk Papperstidn., 50, No. 11B, 135 (1947).
2 Pyulp & Paper, 24, 66, 92 (Nov., 1950); Paper Trade J., 132, 11 (Apr. 6, 1951)
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(see Chapter VI-A) is expected to cause keen competition for chemical cot-
ton in high-tenacity rayon. This development is an indication of the dy-
namic nature of the chemical cellulose industry and of the constant need for
improvement if present markets are to be kept or new markets obtained.

Chemical cotton is also the preferred raw material for conversion by the
viscose process into extruded sausage casings. High wet strength is the
necessary property in this use. In the viscose textile rayon industry,
chemical cotton was displaced by wood pulp almost 20 years ago because of
the availability of the latter raw material.

Chemical cotton finds wide use in the cuprammonium rayon industry,
which specializes in strong, fine yarns. The spinning process, which de-
pends on drawing down thick (0.5-1.0 mm. diameter) filaments to low
deniers, can take advantage of the high strength contributed by chemical
cotton.

(b) Cellulose Esters

The exceptionally good color obtainable from chemical cotton has made it
the base for cellulose acetate and nitrate which are to be used in clear or
pastel plastics. Photographic film, whether acetate or nitrate, is generally
made from chemical cotton in order to have good clarity. In rayon uses,
chemical cotton, when used as a portion of the cellulose furnish, is said to
contribute to ease of spinning and to strength of yarn.

Chemical cotton is widely used in the manufacture of nitrocellulose ex-
plosives. It is the preferred raw material for rocket powder. Because it
can be furnished at very high viscosity levels, it is the only chemical cellu-
lose used in the manufacture of dynamite.

(¢) Cellulose Ethers

As in the case of cellulose esters, chemical cotton is used in the manufac-
ture of ethers where color, clarity, and high viscosity are important. In
these alkaline manufacturing processes, chemical cotton with its low caus-
tic-soluble content has distinct advantages in yield as compared with wood

pulp.
(d) Paper and Miscellaneous Uses

The uses for rags in the manufacture of paper which have developed as a
result of the strength, permanence, and brightness of the cotton fibers are
described in Section C of this Chapter VI. The diminishing supply of
high-quality rags has created interest in the use of purified cotton linters in
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the paper field.** Purified linters do not usually give strengths equivalent
to rags when conventional beating conditions arc employed, but perma-
nence and brightness are excellent. In many cases, the combination of
chemical cotton with bleached sulfate wood pulp will give papers entirely
equivalent to the conventional bond papers made from rags and bleached
sulfite. Chemical cotton is often added as a part of the paper furnish to
give absorbency, bulking value, and good formation.

The high porosity of linters sheets has resulted in the development of
numerous specialty uses. Laboratory and commercial filter papers are
generally made from chemical cotton. Other chemical cotton papers are
impregnated with resins for the manufacture of plastic laminates, floor
coverings, and lubricating-oil filters. These specialty applications are ex-
pected to be of growing importance in the future.

3 W. H. Jones, Paper Trade J., 121, 145 (Sept. 27, 1945); 123, 29 (Aug. 29, 1946).



C. RAGS

HARRY F. LEWIS

Cotton and linen rags have long been an important source of cellulose
for all uses. In the United States their use has been limited to paper and
fiber stock. However, rags have been used in other countries as raw mate-
rial for cellulose derivatives as well as for paper; for example, various types
of new cotton waste were used, in the immediate past, in nitration processes.
This discussion will be confined to the utilization of cellulose from rags in
this country.

In the earliest period in American history, rags represented almost the
only raw material available for the manufacture of paper, and it might be
said that the amount of paper produced was controlled by the amount of
rags thus collected. Wood pulps produced by the sulfite and sulfate proc-
esses have gradually supplanted rags in one type of paper after the other.
Today rags are going principally into high-grade bond and writing paper
and into ledgers where permanence and durability are of importance, and
into blottings, fiberboards, and felts, where absorbency and porosity must
be obtained.

As the result of these developments, the amount of rag stock produced
and converted into fine paper at first fell off considerably. During the
past few years, however, the production of rag-content paper in the United
States has again shown an increase—170,110 tons in 1947, as against an
estimated 100,000 tons in 1899. These production figures do not mean,
however, that rag stock production has increased 70%,. The modern
papers average 409, rag content because common practice is to dilute rag
stock with other papermaking fibers. The earlier papers were 1009, rag
content.

The rags used for conversion into bleached rag stock, one of the purest
forms of cellulose produced technically, may be either new rags or old rags.
New rags include bleached cuttings from the textile field, such as light
prints, white and fancy shirt cuttings, shoe cuttings, and blue overalls.
The old rags are sold under a variety of classifications, being termed old
whites, thirds and blues, blue overalls, and the like.

Naturally, these different materials show considerable variation in the

566
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noncellulosic impurities which must be removed in the cooking and bleach-
ing processes; hence, there is some variation in processing required to re-
move these different components. The rags before cooking are sorted, cut,
and dusted.

New rags may contain as sizing agents starch, certain synthetic resins,
and saponifiable and nonsaponifiable fats and waxes. They may also con-
tain synthetic fibers, including besides the derived cellulose fibers (rayons)
such newer fibers as those made from polyamides, polyesters, and acryloni-
triles. New rags may be white or dyed. Faster dyes, which are continually
being developed, complicate the problem of dye removal. Various resins
such as the ureas, melamines, acrylates, and polyvinyls may have been
added to impart stiffness, freedom from wrinkling, or other special effect.
Rubber and rubber derivatives are often present in knit goods. Old rags
contain similar contaminants and frequently also contain inorganic and
organic dirt. Many of these noncellulosic substances are removed during
the normal pulping processes; however, a sufficient number of the materials
cause trouble to warrant avoiding use of rags containing them. In addi-
tion, the synthetic fibers are undesirable constituents of rags intended for
conversion to paper in that these fibers contribute nothing in the way of
strength and may detract from the appearance of the sheet and degrade its
physical characteristics.

The cooking chemicals generally used for removing the various impurities
or rendering them susceptible to bleaching include lime, lime and soda ash,
and caustic soda. Grimm!® has studied the action of the different alkalies
on vegetable and animal fibers and concluded that sodium carbonate in
excess works well on vegetable but not on animal fibers, and that sodium
hydroxide attacks vegetable fibers, destroys animal fibers, and saponifies
waxes, fats, oils, etc.; in contrast, the use of lime results in less degradation
of vegetable fibers and at the same time destroys animal fibers and colors.
In general, the effect of lime on cellulose is milder than that of an analogous
amount of caustic soda; hence, with stocks where the minimizing of deg-
radation is an important factor, lime is used; in this case, the cooking
period must be extended. When the pulping agent is either sodium hydrox-
ide or sodium carbonate, the majority of the fatty impurities present go into
solution as soluble salts of fatty acids following saponification. Non-
saponifiable hydrocarbons are first emulsified but may recoagulate on the
fibers in the beater to appear in the finished paper.

In the presence of vat dyes such as indigo and the indanthrenes, the

1 H. Grimm, Zellstoff u. Papier,!l, 7,32 (1921,
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action of the cooking agent may be extended by the use of strong re-
ducing agents, for example, sodium hydrosulfite (Na»S;0s) or the modified
hydrosulfites, or milder reducing agents such as the modified starches and
simple carbohydrates. Thorough mixing of the hydrosulfite with the rags
in the presence of the least possible amount of air, followed by a washing
operation to remove the reduced dye, is essential to good stripping of such
pigments. These conditions are particularly important in the case of
indanthrene-dyed rags.

Laughlin? has studied the effect of variables such as time, temperature,
and concentration of cooking chemicals on the degradation of cellulose.
He showed that a cooking process using 3.5, NaOH or 109, lime carried
out for 3 hrs. at temperatures corresponding to 100 to 150 1b. steam would
not degrade the cellulose too greatly; conditions in excess of these proved
to be harmful, with pressure and chemical concentration having more
effect than time.

It is almost impossible to outline any set of conditions as being standard
for the processing of these various grades of rags. The amount of cooking
chemical used depends on the rag being cooked; white rags take less chemi-
cal and time than do colored ones, clean rags less than dirty ones. In the
United States, the cooking operation is generally carried out in horizontal
boilers having capacities from 5000 1b. to 16,000 1b. or more. Rarely does
the caustic used exceed 109, of the weight of the rags nor the lime 20%.

The product obtained from the rag boiler after cooking and washing is
generally far from the brightness desired; hence, it is necessary to remove
the cooking residues by bleaching. The cooked rags are first washed,
generally in a beater equipped with a washing cylinder, in order to remove
soluble colored substances or loosened dirt. Lime-cooked rags are generally
washed with cold water to take advantage of the greater solubility of lime
in cold water. After washing is complete, the roll is lowered, and the cut-
tings are drawn out to separate them into threads and the threads into
fibers. When this stage is achieved, bleach is added. Most rag mills use
calcium hypochiorite for the purpose, although other bleaching agents have
been proposed, and at least one of the newer ones, sodium chlorite, is said
to yield a product of satisfactory color with no degradation of cellulose.

A number of investigations have been made on the effect of the variables
of bleaching on the quality of the rag stock produced. Crain® has con-
sidered in detail the effect of variables such as pH, temperature, and time
of bleaching on the chemical constants and physical properties of the

2 E. R. Laughlin, Paper Trade J., 97, 39 (Oct. 26, 1933).
¥ R. C. Crain, Paper Trade J., 103, 37 (Dec. 10, 1936).
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bleached pulp. He has shown that, for hypochlorite bleaches between pH
4.85 and 9.5, the maximum degradation as measured by viscosity occurs
at or near the neutral point. Degradation also occurs more rapidly with
increase in temperature; this is particularly true above 45°C. Crain’s
work confirms the experiments made by Birtwell, Clibbens, and Ridge,*
by Clibbens and Ridge,® and by Davidson® on the action of bleaching
agents on cotton to be used for textile purposes. (A detailed discussion
of factors affecting bleaching is given in Chapter VII.)

After a satisfactory color has been achieved, the stock is dropped into a
drainer with or without washing. Hereit evens up in brightness and softens
somewhat, possibly due to the degradation which may occur. Inasmuch
as in the manufacture of the various grades of rag papers a mixed furnish
of stocks of different sources and cooking processes is used, the drainers
both improve the color and at.the same time provide storage facilities for
the different stocks.

The physical and chemical characteristics of the drainer stock will depend
upon the quality of the rag before cooking, the severity of cooking and
bleaching, thoroughness of washing, and conditions existing in the drainer.
The three chemical constants most commonly used to characterize rag
stocks are the cuprammonium viscosity, copper number, and alpha-cellu-
lose content (see Chapter XI1). Standard methods for carrying out the
determinations have been established by the Technical Association of the
Pulp and Paper Industry.”®® Bleached stocks in a good mill will vary in
cuprammonium viscosity from 30-40 to 200~400 centipoises, in copper num-
ber from 0.1 to 1.5, and in alpha-cellulose from 90 to 989,. Few rag stocks
will be obtained having the optimum values in these various ranges; it is
not uncommon, however, to see bleached stocks from new rags having a
viscosity of 250, copper number of 0.1, and alpha-cellulose content of 97.5%.
High-grade new rag stock of this quality will contain principally alpha-
and beta-cellulose; rag stock from old rags may contain small amounts of
gamma-cellulose.

In view of the fact that high-quality, rag-content papers are widely used
where permanence is desired, the nature of the term ‘‘permanence’’ in this

4 C. Birtwell, D. A. Clibbens, and B. P. Ridge, J. Textile Inst., 16, T13 (1925).

5 D. A. Clibbens and B. P. Ridge, J. Textile Inst., 18, T136 (1927).

8 G. F. Davidson, J. Textile Inst., 24, T185 (1933); 25, T174 (1934); 29, T195
(1938); 31, T81 (1940).

7 Tech. Assoc. Pulp & Paper Ind., Standards, T 206 m-37 (Sept. 15, 1937).

% Tech. Assoc. Pulp & Paper Ind., Standards, T 215 m-38 (Jan., 1938).

9 Tech Assoc. Pulp & Paper Ind., Standards, T 203 m-40 (Jan. 15, 1940).
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connection is of interest. The term is associated with the concept of life
expectancy as applied to paper. The life expectancy of a paper may de-
pend on the complex chemical system of the sheet as well as on the external
conditions encountered by the sheet during its use or storage. The direct
determination of this life expectancy has not been done. It is unfortunate
that actuarial statistics are not as easily obtained with paper as with humans
and that they do not have the same wide interest; otherwise, permanence
might be estimated with some sureness. To make the collection of data
more difficult and less probable, the life expectancy of a permanent sheet
extends for several centuries and many generations of investigators.

The next best approach is to devise means for accelerating the more im-
portant processes of natural degradation so as to obtain relative figures
which will in themselves be without absolute value but will enable an esti-
mate of the relative permanence of a number of sample sheets under condi-
tions which are readily reproducible. One such accelerating agent is an
increase in the temperature at which the sheet is maintained. The ac-
celerated aging test of the Bureau of Standards' is carried out for 72 hrs.ina
current of moving air at 100°C. Changes in the chemical composition and
physical characteristics of the sheet establish a measure of the permanence
of the sheet. Ultraviolet light has been used by a number of investigators
as an accelerated aging test, although possibly its greatest use is in obtaining
a measure of the color stability of a sheet. (This may be related to the
fastness of the dyes used in the sheet furnish.) Wood pulps show wide
variation in ultraviolet-light color stability. Any attempt to establish a
quhntitative relationship between the results obtained by an accelerated
aging test and the life expectancy of a paper is not warranted except in
terms of the deteriorating conditions specified in the particular accelerated
test employed.

The conditions within the sheet which influence its permanence include
the acidity of the sheet, the nature and amount of additives and impurities,
and the quality of the pulp stock used in the furnish. The pH of the water
extract!! gives a measure of the acidity; this is related to the amounts of
papermaker’s alum and rosin size used in the manufacturing process. In
general, the lower the extract pH, the less permanent is the sheet in terms
of the Bureau of Standards test; this is supported by experience with com-
mercial papers. Sheets having an extract pH of 3.0-3.5 may be expected
to undergo degradation in a relatively few years even where high-grade
rag stocks are used in the furnish. The same papers having an extract pH

0 R. H. Rasch, Bur. Standards J. Research, 7, 1 (1925).
11 Tech. Assoc. Pulp & Paper Ind., Standards, T 435 m-42 (July, 1942).
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of 5.0-5.5 will last many more years. This effect is strikingly illustrated
by Hanson,!? who was intrigued by the fact that certain sections in a book
printed on rag paper in 1576 were badly discolored and weakened but others
were white and sensibly strong. The strong white sheets all had higher
calcium carbonate ash (2.5-3.09,) and extract pH value. The weaker
sheets had less ash (less than 19,) and showed lower extract pH’s. The
gradation from white to brown was in direct order with the increase in
carbonate ash and the diminution in strength and extract pH of the sheets.

The quality of the stock going into the sheet may be measured by the
alpha-cellulose content, the cuprammonium viscosity, and the copper
number; it may be concluded from studies at the Bureau of Standards and
The Institute of Paper Chemistry that the higher the alpha-cellulose con-
tent and viscosity of the stock and the lower its copper number, the longer
will be the life expectancy of a sheet made from that stock, other things
being the same.!®!* Again, any attempt to establish a quantitative rela-
tionship between the results of any of these tests and the life expectancy of
the sheet is unwarranted since these results together with the pH do not
represent all of the factors in the sheet influencing its permanence. The
mechanism of degradation and the resistance of the sheet to degradation
are complex and at best are not too clearly understood.

Among the other factors which have been established as causing a sheet
to degrade are the sulfur dioxide in the atmosphere,’®!® metallic resi-
dues which catalyze the oxidation of sulfur dioxide to sulfur trioxide,
acids and other corrosive material in the inks,’® fungus attack under
favorable conditions of heat and humidity, and the action of hot sunlight
at high humidity. Under any of these conditions, the best-made sheet will
deteriorate rapidly. The better the sheet, the longer will it withstand such
deterioration. Under normal conditions, a sheet of permanent paper will
last a long time. For permanent storage of valuable papers, precautions
must be taken to maintain optimum conditions of storage with the elimina-

12 R, S. Hanson, Paper Ind. and Paper World, 20, 1157 (1939).

13 H. F. Lewis, Paper Trade J., 95, 29 (Nov. 24, 1932); 96, 41 (May 11, 1933).

14 R. H. Rasch and B. W. Scribner, J. Research Natl. Bur. Standards, 11, 727 (1933);
23, 405 (1939).

15 A, E. Kimberly, J. Research Natl. Bur. Standards, 8, 159 (1932); U. S. Bur. Census,
Vital Statistics, Special Reports 3, No. 33, 1563 (1937).

18 M. S. Kantrowitz and R. H. Simmons, Proc. Graphic Tech. Conference, 1936, 3.

7 W. H. Langwell, Tech. Bull., Brit. Paper Board Mfg. Assoc., 29, No. 1, 21 (1952);
No. 2, 52 (1952).

18 M. E. Whalley, ‘“Abstract of Report to League of Nations on the Permanence of
Paper,” Paper Trade J., 97, 32 (July 20, 1933).
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tion of degrading light waves and undesirable atmospheric constituents.

Often associated with permanence is the term durability. Not all per-
manent papers are also durable but paper such as currency which will be
handled extensively must be both permanent and durable. A permanent
paper which is initially strong will generally be classified as durable.

Apart from the use of rag cellulose in the fine papers, large amounts of
rags go into the manufacture of felt for later impregnation with asphalt
for roofing purposes or impregnation, coating, and printing for floor cover-
ings. The paper used is generally soft and very porous; because a free
sheet is desired, the beating process is carried out with a minimum of
hydration.

Quantities of rags also find their way into the manufacture of vulcanized
fiber, which operation involves the treatment of waterleaf paper, usually
made from old rags, with a solution of zinc chloride or with sulfuric acid.
For many types of fiber, old rags work better than new rags or wood pulp,
although the latter is used to a considerable extent. The virtues of old
rags may well lie in their characteristic combination of degradation and
oxidation. A number of plies of the treated sheet are combined, and the
laminated sheets are passed through successive baths of ever weaker zinc
chloride and finally into fresh water. After drying, pressing, and calender-
ing, the material is ready for use in electrical insulation, in the manufacture
of luggage and trunk coverings, and for other related applications.

Although for years the principal source of cotton fiber for the manufac-
ture of high-grade paper has been rags, within recent years there has been
an increasing use of cotton linters and even the long staple lint cotton (see
Section B of this Chapter VI). In the case of the latter, some attention has
been paid to the development of cotton types which would yield fibers show-
ing improved papermaking qualities. Promising results have been obtained.



D. BAST FIBERS, FIBROVASCULAR ELEMENTS, CEREAL
STRAWS, AND GRASSES!?

SIDNEY D. WELLS

This section will deal primarily with the use of bast, stem, and leaf fibers
for the preparation of cellulose pulps and not with the use of these fibers
for textiles or cordage. Regardless of the end use of the fibers, the isola-
tion of the fibrous constituents of the plant material from the nonfibrous
constituents is largely mechanical. The filamentous character of the
fibrous elements is retained as much as possible when use for spinning and
weaving is contemplated, whereas reduction to the ultimate fiber, usually
too short for textile purposes, is practiced when use for papermaking or
chemical cellulose is the objective.

The bast fibers form fiber bundles between the outer bark and the woody
portion of the stems of plants. Their function is to give strength and flexi-
bility to the stem. Bast fibers are also called “‘soft” fibers. Before they
can be used in the chemical cellulose, paper, or textile industries, they must
be separated from the wood of the stem and to a greater or less extent from
the gums and other materials which hold them together to form the inner
bark. The ultimate fibers of which these bundles are composed are gener-
ally short, so that, except for chemical conversion, the bundles themselves
are not broken down this far.

The fibrovascular elements of plants are the veins of the leaves and stems.
Their function is not only to give rigidity, as is the case with the bast fibers,
but also to transport water and plant foods. These vessels with their pro-
tective tissues form fibers that are larger and stiffer than the bast fibers.
Hence, they are often known as ‘‘hard” fibers.

! This section is in part a revision of that on ‘“‘Bast Fibers'’ prepared by Kyle Ward,
Jr., for the first edition, pp. 539-549.

? In Bibliography Series No. 176 of The Institute of Paper Chemistry, Part II by C.
J. West, is given an annotated bibliography of bast fibers up to August, 1950; in Part I,
Series No. 171, is given an annotated bibliography of cereal straws up to October, 1949.
Additional information can be found in the Bibliography of Papermaking published by
the Technical Association of the Pulp and Paper Industry. The availability of these
bibliographies makes unnecessary the inclusion of many literature references in this
contribution.
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The cereal straws, cornstalks, sugar cane, and esparto are all derived
from plants that are classified as grasses and are monocotyledons. Me-
chanical separation of the fibrovascular bundles is rarely practiced because
of the futility of the operation; pulping is accomplished by digestion of the
material as harvested without any effort to remove the nonfibrous constit-
uents before cooking. Separation after pulping can be accomplished but
usually paper or board made therefrom contains both the nonfibrous and
the fibrous elements in much the same proportions that they occur in the
original plant material as harvested.

1. Bast Fibers

The principal bast fibers are flax, hemp, jute, ramie, and paper mul-
berry. Other less important sources are sunn, kenaf, cadillo, baobab,
nettle, hops, okra, milkweed, lespedeza, soybean, kudzo, sweet clover, and
alfalfa.! Rarely can the value of the bast fiber, for papermaking or chemi-
cal cellulose, warrant the cost of cultivation and collection for those pur-
poses alone. Although much work has been done in studying these fibers
primarily for papermaking, the information gained has been of academic
interest and the instances of verification through commercial use are ex-
ceedingly rare. When the flow of commerce is interrupted by war, interest
in new fibers and sources of fiber becomes active, but when normal exchange
of products in international commerce is restored, the well-established
sources regain their pre-eminence. Much hand labor is usually required to
produce an adequate-supply of these substitute fibers for further processing
for dissolving pulps, papermaking, textiles, and cordage. This can be
accomplished only in those sections of the world where such labor is avail-
able at rates much lower than in more industrially advanced areas.

Bast fibers were the principal source of cellulose for papermaking for
many centuries before the cotton fiber occurred in any important quantity
as rags available for papermaking purposes. Linen, from the flax plant,
was by far the main standby and it still excells in its adaptability for use
in the highest grades of paper. When the flax plant is grown for fiber, the
seed is sown more densely so that the plants crowd each other and the stems
are comparatively free from branching until reaching the crown; the pro-
duction of seed is a minor consideration. When raised for seed for linseed
oil, as is largely the case in the United States and most flax-producing
countries in the temperate zones of the world, the seed is sown more widely
and the plant is more branchy in character. For many years the straw

3 J. M. Mathews, Textile Fibers, 5th ed., Wiley, New York, 1947.
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obtained as a by-product from the production of flaxseed has been burnt or
allowed to rot in the fields to the extent of several million tons each year in
the United States and in comparable amounts in Canada, Argentina, Russia
and India, which are important areas in the production of flaxseed.

The actual plant fiber from which the bast fibers are derived usually
amounts to from 10 to 209, by weight of the stalks or stems. The re-
mainder is waste or, at best, a source of fuel to operate the necessary equip-
ment. The decortication of flax straw exemplifies the processing and
general principles involved in all bast fiber production. Mechanical
treatments which remove the nonbast woody fragments of the stem from
the fiber include the rippling or separation of the seed, decortication of the
fiber, and scutching; these operations require considerable hand labor.
Preliminary mild enzymatic treatments (cailed retting) decompose the pec-
tins and gums and thus facilitate the mechanical separation without deg-
radation of the cellulose. However, retting processes are, in general, too
expensive for production of bast fiber for papermaking.

When rags or textile wastes are available at the price of rags or cuttings,
it is uneconomical to start with the original flax plant for the manufacture
of paper. Rags and cuttings have benefited by all the treatments through
which the preparation of the textile product has proceeded.

The straw from seed flax, on treatment with brakes, is commercially
useful as upholstery tow and insulation quilts. In the United States alone,
however, several million tons of flax straw are produced in an average year
and only an insignificant quantity is used for industrial purposes. The
manufacture of cigaret paper from flax straw utilizes part of this agricul-
tural residue which would otherwise be wasted. During the years leading
up to the 1930’s, the manufacture of cigaret paper occurred to the largest
extent in France and other European countries. A few mills existed in the
United States but not nearly enough to supply the domestic needs. Linen
rags supplied the largest proportion of the fiber used. With the threaten-
ing conditions occurring in the late thirties, it became apparent that the
supply of foreign cigaret paper or of imported linen rags would probably
be seriously restricted. Consequently, the domestic manufacturers in the
field studied the factors involved in producing cigaret paper from flax tow
obtained from seed flax straw and to a remarkable extent were successful.
The Forest Products Laboratory had been engaged during the 1920’s in
pulping flax tow with various cooking liquors.# Those composed of caustic
soda and sulfur or caustic soda and sodium sulfide mixtures (similar to

¢ E. R. Schafer and C. E. Curran, U. S. Forest Products Laboratory, Mimeographed
Report R1159 (1938).
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those used in kraft wood pulp practice) showed considerable promise when
applied to flax tow. Multistage chlorination, caustic extraction, and mild
hypochlorite bleaching had also been developed in the carly 1930's, so that
the tools became available to produce pulps from flax tow that made very
satisfactory cigaret papers. The newest and largest mill in the field was
built in North Carolina, making the United States sclf-sufficient in its total
production of cigaret paper. In the United States 200,000 to 300,000 tons
of flax straw were utilized annually for making cigaret paper in 1948 to
1951. The yields of bleached fiber amounted to approximately 89, of the
weight of the original flax straw processed.

Flax pulp must produce paper having wearing properties impossible of
attainment with cotton fiber or wood pulp to justify consideration. The
needs for the great majority of paper products and dissolving pulps can be
met by cotton or purified wood pulps. Under these circumstances it is
very difficult, if not impossible, to organize the collection, transportation,
and purification of agricultural residues on a substantially competitive
basis.

Although the utilization of flax straw in the manufacture of cigaret
paper has indicated a limited solution of the use of this agricultural by-
product, there still remains 85 to 909, of the total annual production which
finds no commercial use. In the manufacture of cigaret paper, a certain
amount of degradation of the cellulose in processing can be permitted. If a
large portion of the annual crop is to be used, the original degree of poly-
merization of the cellulose in the bast must be preserved. At the same
time, a higher purity of the cellulose is necessary if utilization is to be ex-
tended to the manufacture of banknote or currency papers or if the fine
paper manufacturers are to be induced to pay a price greater than the pre-
vailing prices of high-grade cotton rags or purified wood pulps. The actual
flax fiber that withstands all the various stages of pulping and purification
and which, under the best canditions, occurs in the final paper product,
amounts to about one ton per fifteen tons of flax straw harvested for the
purpose. The value of the final product must justify the large volumes of
raw material entering the system. Textile fibers have long been sold at
prices that can justify such costs. Closer integration of the production
of the so-called “line” fiber for textiles and cordage, with the utilization of
the combings as tow for papermaking, may be possible and, to whatever
extent it is, the economics of the system can be benefited. The demand for
textile fiber must be balanced by the demand for papermaking fiber. When
not in proper balance, the benefits of integration may cease to exist.

Hemp for textile purposes undergoes a type of retting process similar to
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that employed for flax. The fiber thus obtained is used in ropes and cordage
and as a substitute for flax in the cheaper linens. Hemp is grown widely
in Europe and Asia, and, to a lesser extent, in the United States. In the
last country its growth is controlled by law, since the narcotic marijuana
is produced from the same plant.

Jute is also retted, usually in pools of stagnant water. When retting is
complete (from 10 to 20 days), the bast fiber is easily separated from the
woody stem. As a textile it is used in twines and cordage and in rough
fabrics, such as carpet backing or burlap bags.® India produces practically
the entire world supply of jute.

Ramie finds much less commercial utilization than flax, hemp, and jute
fibers. The reason for this lies, in part at least, in the difficulty of purify-
ing and spinning the fiber. Simple retting is not sufiicient for removing
the bast fiber, as in the case of the preceding crops, and none of the many
mechanical methods suggested for decortication has established itself in-
dustrially. In China, the bast fibers are strippel off by hand in long rib-
bons. The bark and some of the gums are scraped off, also by hand. The
fiber thus obtained must be further deguinmed before spinning, which is
difficult to do without injury to the fiber. Retting is not satisfactory, and
chemical treatmients, especially alkaline cooks, seem to be the most promis-
ing. Ramie is grown in quantity only in the Far East,® although small
plantings,” mostly for experimental purposes, have been made at many
places in the southern part of the United States.

The bast fiber of the paper mulberry is unusual in that the fiber is proc-
essed into a fabric without either spinning or weaving. The clean fibers
are laid out wet in several layers and allowed to dry overnight. The next
morning they will be found to have adhered to each other to form a single
layer which is beaten with a wooden mallet until it forms a smooth strong
cloth.®* The paper mulberry is grown in India and Japan and on the islands
of the Pacific.

Sunn is prepared by a retting process similar to that used for true hemp
and finds its main use in the preparation of nets and cordage. This plant
is grown extensively in Southern Asia.

Kenaf is used like jute for cordage and sacking but, in general, is inferior.
Cultivation and processing are also similar to that of jute. Kenaf is said

5 N. C. Chaudhury, Jute and Substitutes, 3d ed., W. Newman & Co., Calcutta, 1933,
249 pp.

8 G. L. Carter and P. M. Horton, Ramie, Louisiuna State Univ. Studies No. 26, L. S.
U. Press, Baton Rouge, 1936, 100 pp.

7L. H. Dewey, U. S. Dept. Agr., Misc. Pub. 518 (1943), 95 pp.
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to have been introduced into India from Africa. Today the commercial
crop is almost entirely obtained from India, and one frequently used name
for the fiber is Deccan hemp, the name coming from the section of India in
which kenaf is grown. Gambo hemp and ambari hemp are other names
for the same material.

Cadillo or urena fiber?® is the bast fiber from certain tropical shrubs which
include Urena lobata and Urena sinuata. These fibers, with those from
some other shrubs, are now being designated as Cuban jute and are recom-
mended as substitutes for true jute.

The bast fiber of the baobab, or monkey’s bread tree (Addansonia digitata),
is known as Adansonia fiber and finds some use as cordage. The tree is a
native of Africa, but is now grown in both the East and the West Indies.

The nettle is reported to be an excellent textile fiber and received a great
deal of attention in Germany during the war years of 1914-18 and 1939-
45. The fiber content of the wild nettle is about 6%, but this has been in-
creased by cultivation to 12-139%,. The fiber may be separated from the
stalk by retting, as with flax, or by mechanical decortication, as with ramie.
In either case, strips of fiber are obtained which must be chemically de-
gummed.

The hop fiber can be separated by retting, but the process is time con-
suming and not very practicable.

The bast fiber of the potato plant has been studied in Germany for tex-
tile purposes, but it* does not appear to be economically practical under
normal circumstances.

The bast fibers of certain trees, such as the willow or sequoia, have found
some very limited applications in textiles, usually as cordage or felting ma-
terials. The bast of the castor bean plant has also been recommended for
this purpose.

2. Cellulase Pulps from Bast Fibers

The bast fibers have never had any industrial importance in the prepara-
tion of rayon or of chemical cellulose except when increased demand and
interruption in the supply of cotton and wood pulp may have caused a
search for other sources. There is considerable patent literature on the
subject.? The following is a brief summary of the methods proposed for the
utilization of these materials.

There are three possibilities to be evaluated if any bast fiber plant is to
be considered as a source of cellulose. First, the separated bast fiber may
be used. However, the quality of these long fibers is very high, and they
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are usually too valuable for textile purposes to compete with cotton or
chemical wood pulp in the cellulose industry, except in the form of rags
or similar textile wastes. Second, the woody residues from the bast fiber
separation may be pulped. These residues have received considerable
attention in the case of the important textile materials, flax and hemp.
Third, the entire stem may be treated. This is not simple, for a process
capable of completely pulping the woody portion is so drastic that the bast
fibers lose the ability to resist wear for which the bast plant was chosen.
Cotton rags or wood pulp can usually be obtained in a free market at a cost
lower than that of collecting and processing fibrous plants; if the special
properties possessed by the bast cellulose are lost in the processing, there is
no point in trying to utilize them. Flax straw is decorticated by breaking
between rolls to ““fine tow”’ amounting to about 209, of the original straw.
It is then cooked with approximately 159, caustic soda and 5%, sodium
sulfide. The ultimate yield of paper is one ton from fifteen tons of straw.
Flax straw is now the source of much of the fiber in the long-established
mills engaged in the manufacture of cigaret paper in western Massachusetts,
New Jersey, and Pennsylvania and in a new plant in North Carolina.
When the decorticated fiber is used for papermaking, the mechanical treat-
ment may be carried to the extent that the tow is too short for the purposes
other than paper or chemical cellulose manufacture. More complete re-
moval of the nonbast constituents is possible, however, without degrading
the cellulose of the bast, as is invariably the case when chemical methods
are used. It has recently been found possible to produce bleached pulps
of high viscosity satisfactory for the manufacture of banknote paper and
for use with cotton in the manufacture of high-grade ledger and other rag
papers. The mechanical disintegration of the woody matter, when about
959, dry, proceeds much faster than that of the bast fiber when the tow or
fluff is beaten with rods; the bast fibers can be isolated by means of screens
and by pneumatic separation, and are then treated at room temperature
with dilute caustic soda. Finally, with multistage chlorination, caustic
extraction, and bleaching, a shive-free pure white pulp is secured having a
TAPPI viscosity greater than 100 centipoises.®

Where the special wearing characteristics of the bast fibers are desired,
primarily because cotton and wood pulp fibers are incapable of such develop-
ment, it is obvious that the woody shive from the flax stem or branch struc-
tures must be removed as completely as possible before any chemical pulp-

8 S. D. Wells (to The Institute of Paper Chemistry), U. S. Patent 2,298,994 (Oct. 13,

1942); Chem. Abstracts, 37, 1868 (1943); U. S. Patent 2,452,533 (Oct. 26, 1948); Chem.
Abstracts, 43, 3198 (1949); and patent applied for.
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ing occurs. Otherwise, the cellulose fibers and cells from the pulping of the
shive will contaminate the bleached bast pulp and the paper made there-
from will appear, on microscopic examination, to be adulterated with wood
pulp. With complete decortication of the straw, the yield of bast should
not exceed 209, of the original chaff-free straw. On subsequent pulping and
bleaching, the final products, free from cellulose derived from the shive but
containing all the bast, cannot exceed 12.59; of the original agricultural
residue. It isconsequently apparent that only manufacturers of the papers
that command exceedingly high prices can afford to use it. The proper-
ties possessed by the properly prepared fiber, however, are such that the
high cost is justified.®

3. Fibrovascular Elements

Many fibers used in commerce and industry consist of filaments of indefi-
nite length rather than individual fibers. These filaments are obtained by
separating the fibrovascular elements of stems and leaves from the paren-
chyma tissue by means of scraping, beating, scutching, and combing,
usually by hand. The product is valued principally for its strength, either
wet or dry, and its ability to be spun or twisted into cords or coarse threads
which can be used for rope, cordage, or twine and in coarse textiles, such
as burlap, bagging, netting, matting, and hammocks. The filaments have
essentially the same chemical composition as the original plant, and the
presence of noncellulosic matter is not important in so far as it does not
affect the durability, strength, or other physical properties of the product
made therefrom. Their value for cordage is usually so much more than
the prevailing price of paper stock that they are usually not considered as
sources of cellulose. Among the fibers of this class may be mentioned the
following: henequen, sisal, abaca, phormium, and caroa. In addition are
latona, mescal, zapupe, cantala, ixtle, pita, cabuya, fique, cocuiza, pitre,
yucca, banana, palm, palmetto, zray, and toquilla which have local im-
portance or which enter occasionally into world commerce. They are all
generally classified as leaf fibers and comprise from 10 to 209, of the leaf
and stem substance from which they are derived.”

When these materials are subjected to the usual alkaline cooking treat-
ments, the individual ultimate fibers are liberated and the noncellulosic
constituents are dissolved. The lengths of the ultimate fibers bear no rela-
tion to the lengths of the filaments from which they were derived. Sisal,
for instance, yields a fiber not much longer than short-fibered hardwoods,

* H. S. Spencer, Pulp & Paper Mag. Can., 47, No. 10, 95 (Sept., 1946).
v G. H. Lafontaine, Pulp & Paper Mag. Can., 52, No. 7, 142 (June, 1951).
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such as poplar, beech, birch, or maple. Manila hemp and caroa, on the
other hand, yield a very long and uniform fiber, capable of use in the manu-
facture of high-priced papers suitable for special uses such as tags, sand-
paper, flour sacks, electric insulation, tea bags, stencils for mimeographing,
and lens paper. These fibers do not fibrillate or hydrate on beating to the
same extent that bast fibers, wood pulp, or rag fibers do, and papers made
therefrom are characterized by an unusual combination of porosity, resist-
ance to wear, and wet and dry strength (see Chapter VIII).

4. Cereal Straws

Rye, wheat, oat, and barley straws have been an important source for
cellulose fiber since the invention of paper between a.p. 25 and A.p. 58 by
Tsai L'un, secretary in the court of Honaug-Han, emperor of China. In
fact, the use of straw antedates linen and cotton rags as well as wood pulp,
the most important source of cellulose at the present time. At the time of
and prior to about 1860, straw was the principal source for cheaper papers,
and most of the newspapers of that period were manufactured from a mix-
ture of rag and soda straw pulp. Newspaper files of the Civil War period
in our large public libraries are in much better condition than those of the
First World War because of the greater permanency of straw pulp as com-
pared with groundwood pulp.

With the advent, during the last half of the last century, of the soda,
sulfite, and sulfate processes for pulping wood (in addition to the mechani-
cal process which was invented in 1855) (see Section A of this Chapter VI),
straw was replaced by wood pulp on account of the lower cost of producing
the latter, and straw pulp is now used only in papers where it is desired to
impart properties such as most even formation not possessed by papers
made from the more recent competitors. Advances in the art of pulping,
however, have greatly enlarged the possibility of reducing the cost of pulps
from cereal straws. Some of the more recent processes, such as multistage
bleaching with chlorination and caustic extraction, have so improved the
quality and so enlarged the range of properties which can be obtained that
it seems probable that the use of straw may attain a relatively more im-
portant role in the future. In the older and longer established industrial
countries, straw has always retained its position as a source of cellulose.
It seems reasonable to expect that this position will be regained to an im-
portant extent in the United States as the supply of virgin timber becomes
more limited and the dependence upon second or third growth cordwood.

becomes more common.
Most of the straw used for paper pulp in the United States is cooked with
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milk of lime, dolomite lime being preferred. About 109, of calcium oxide
or 139, of burnt dolomite is required. The cooking is carried out in spheri-
cal rotary digesters at a temperature of about 115°C. for8to 10hrs. There
is usually considerable false pressure, so that the pressure as shown by the
pressure gage will usually be at least 45 Ib./sq. in. After cooking, the pres-
sure is relieved (this is accompanied by the escape of considerable ammonia
produced during the digestion), and the contents are dumped on a conveyot
and piled in heaps for drainage and a further softening of the knots and more
resistant portions through seasoning in the presence of the spent liquors.
The material is then washed in beaters equipped with drum washers, or the
spent liquor is pressed out by means of screw or roll presses, and the fibers
separated by passage through rod mills. The product may be further
washed on vacuum filters or decker washers and is then suitable for further
treatment with jordans for the manufacture of corrugated paper, capstock,
egg-case filler board, and ordinary stiff cardboard.

The yield of board obtained is usually between 65 and 709, of the weight
of straw used; the mineral matter present varies from 10 to 159, of which
about half is silicaand the other half magnesium and/or calcium compounds.

When the straw is reasonably free from weeds and has been baled while
dry and stored under cover, the pulp obtained as described above can be
bleached with chlorine, caustic extraction, and hypochlorite in several
stages to produce a superior white pulp which is suitable for high-grade
uses. Only since 1932 has availability of suitable equipment made this
procedure possible and then only in locations where stream pollution from
the spent cooking liquors is not objectionable. Ultimate yields up to 509,
of the weight in the dry straw are obtained; this fiber is softer and not so
easily slowed down in draining properties as when the older conventional
cooking methods are used.

Among the foremost common cereal straws, rye straw is preferred because
of its somewhat longer fiber and higher cellulose content; wheat straw
comes next. Oat straw is used where the supply of the other two is inade-
quate; the yield of cellulose obtained therefrom is noticeably lower, and
the pulps produce a paper or board inferior in strength. Barley straw is
objectionable on account of the beards which are not readily reduced in the
cooking operation.

The soda and sulfate processes are well established in continental Europe
and for the last decade have been used in Great Britain. The silica present
in the straw interferes with settling in the causticization of the recovered
soda, so that recoveries of 65 to 809, are more common as compared with
80 to 909, for soda and kraft pulp mill processes in which wood is used.
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In recent years, several pulp and paper mills have been built in South
America, South Africa, Europe, and the Phillipines which use the Pomilio
process!! for the pulping of cereal straw and bagasse. The process consists
of digestion of vegetable fibrous material with caustic soda at moderate
temperature and concentration, washing, treatment with chlorine, extrac-
tion with dilute caustic soda solution, washing, and bleaching with cal-
cium hypochlorite. It differs from the multistage bleaching of mildly
cooked soda pulps in that a much greater part of the pulping and purifica-
tion of the plant material is accomplished by the chlorine than by the caus-
ticsoda. The electrolytic production of chlorine and caustic soda is an im-
portant part of the process, and sodium chloride is considered the primary
chemical rather than caustic soda or chlorine.

World patent rights to the Pomilio continuous process have been ac-
quired by the Cellulose Development Corporation of Hatch End, Middle-
sex, England. With the experience gained by the operation of a pilot
plant of a daily capacity of about three tons, this firm has designed and
built over twenty commercial plants in various parts of the world, among
which is the Cie Nord-Africaine de Cellulose recently built and placed in
operation at Baba-Ali in Algiers. The process used in these plants is com-
pletely continuous and is known under the name of Celdecor-Pomilio.
Straw and esparto grass are the only fibrous raw materials processed in the
last-named plant, and production is reported as 35 tons of high-grade white
paper per day.

Caustic soda will pulp wheat and rye straw!? if the chopped material, in
the presence of five to six times its weight of water, is passed through two
rod mills in series at temperatures between 95 and 98°C. The pulped
material can be further purified by digestion under 60-1b. pressure in rotary
cookers with an excess of caustic soda. The partially spent cooking liquors
can be used as the source of caustic soda in the preliminary treatment with
rods, so that a two-stage cooking system results with countercurrent flow
of the cooking chemical. Unusually effective utilization of the chemical is
thus attained, with higher yields and more effective use of equipment be-
cause of the reduction in bulk of the straw through the rod mill action.

Cereal straw may be pulped effectively by means of sodium carbonate
and sulfur or sodium sulfite. Both processes have been adopted by Ameri-
can strawboard manufacturers in the production of superior corrugated
paper under the name of “Strawkraft’’ and odorless egg-case fillers under

11T, G. L. Becker, “Twenty-five Years’ Pulping Developments of Agricultural Resi-
dues,” Paper Trade J., 132, 16 (Mar. 23, 1951).
128, D. Wells and P. A. Forni, Paper Trade J., 112, 32 (June 12, 1941).
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the name of “Nuprocess.” Yields of 65 to 709, of fiber are realized, and
products are obtained which are from 50 to 1009, stronger than correspond-
ing products cooked with lime. The extension of the use of Hydrapulpers,
Dyno Pulpers, Pulpmasters, and similar equipment to straw pulping has
recently shown considerable merit when active reagents such as caustic
soda and sodium sulfide are used. The Northern Regional Laboratory has
designated the process as the mechanicochemical process.!* Recent devel-
opments have shown that superior pulps can be made from cereal straws
by using dilute caustic for soaking the straw from 48 hours to 3 days at
room temperature.!* The Cartiera F. A. Marsoni at Villorba in Italy has
used for several years a cold caustic process in the production of very satis-
factory greaseproof and glassine papers from cereal straw.

5. Esparto Grass

Esparto was first used as a source of papermaking cellulose fiber by
Thomas Routledge in Great Britain in 1856. It has since become one of
the major sources for fiber in Great Britain and is imported from Spain
and Northern Africa. Bales of the grass are used as return cargo in steamers
transporting British coal to countries bordering the Mediterranean.

The bales of grass on receipt at the paper mill are opened, dusted in a
conical duster or willow, and charged into a vertical digester larger in
diameter in proportion to height than is customary in cooking wood by
either the soda or kraft processes. The digester is provided with a per-
forated false hottom through which the cooking liquor is withdrawn and
pumped to above an annular perforated distributing plate just below the
top of the digester. This plate distributes the liquor uniformly over the
charge. In the course of 2.5 to 3 hrs. the digestion is completed. In filling
a digester, several additions of the loose grass are necessary to make a com-
plete charge (in much the same manner as when straw is charged into the
globe rotaries used in American strawboard mills) since the material packs
more closely as cooking proceeds. Rotaries are not used, however, because
of the objectionable effect of the rotation on the fiber structure. Vessels
holding as much as seven tons of esparto grass have been reported in use.
The liquor charged will test 45 grams per liter of NaOH and the temperature
used may reach 148°C. with a gage pressure of 50 Ib./sq. in. On comple-
tion of the cook, the steam is blown off to recover the heat, and the strong

13 S 1. Aronovsky in J. Newell Stephenson, editor, Pulp and Paper Manufacture,
Vol. 2, McGraw-Hill, New York, 1951, pp. 67-69, 76, 77.

14 S D. Wells (to Mine & Smelter Supply Co.), U. S. Patent 1,769,811 (July 1, 1930);
Chem. Abstracts, 24, 4634 (1930).
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black liquor is allowed to drain. The charge of chemical and the volum
of liquor may be changed to meet variations in the quality and conditio:
of the grass; these modifications are a matter which depends upon the judg
ment of the supervisors. A more extensive description is given by Bever
idge.16

After the strong black liquor is drained off, the pulp is flushed with ho
washings from earlier cooks and finally with hot water. The pulp is the
treated in much the same manner as that followed in wash pan or diffuse
operation in soda and sulfate mills operating on wood.

Papers made with esparto pulps as the major portion of the furnish hav
excellent bulking properties. The faithfulness with which they reproduc
the tones and impressions of type and plates accounts for the distinctive
ness of printing in England. Although the length of the fibers is less thai
that obtained from coniferous woods, the fiber diameter is much less anc
the strength of the paper obtained is ample for printing purposes. Th
retention of china clay, with which Great Britain is abundantly supplied, i
unexcelled and the over-all cost of the furnish compares favorably with th
cost of furnishes based upon wood pulps made by the sulfite and soda proc
esses.

Furnishes containing esparto pulps in considerable proportion remai
dispersed to a remarkable degree in the formation of the web on the wir
of the paper machine and resist agglomeration better than most othe
fibers. For this reason the formation of the sheet is usually better. Ther
is probably a close relationship between this property and the retention o
clay with which the use of esparto is usually associated.

Considerable success is also reported by users of the Celdecor-Pomili
process in pulping a wide range of fibrous agricultural residues and fibrou
materials derived from the grasses, and the organization of harvesting tech
niques and machinery can be expected to follow the more extended use o
such materials.

6. Bamboo

Bamboo is now an important source of cellulose in India. The sod:
process as modified by Raitt!® is used; it involves the preliminary crushin;
of the bamboo nodes and countercurrent use of the alkali in a two-stag
digestion. Higher yields of cellulose are obtained than from cereal straws

18 J. Beveridge in J. Newell Stephenson, editor, Pulp and Paper Manufacture, Vol. 2
McGraw-Hill, New York, 1951, pp. 85-91.

18 W. Raitt, The Digestion of Grasses and Bamboo for Papermaking, Crosby, Lockwooc
& Son, London, 1931, 116 pp.
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but the operation must bear the cost of the collection, whereas with cereal
straw this cost is borne by the grain. In India, where the supply of bamboo
is enormous and labor exceedingly cheap, an industry of considerable mag-
nitude has become established.

7. Bagasse and Cornstalks

Bagasse and cornstalks have been the subject of papermaking develop-
ments on numerous occasions since the middle of the last century. These
efforts have all failed because of the bulkiness of the raw material, the large
proportion of nonfibrous cellulose which is less resistant to pulping than
the fibrous material, and the fact that most attempts to utilize new mate-
rials are in the hands of promoters rather than under the guidance of estab-
lished operators. For the future, however, with advances in pulping tech-
nology, it is conceivable that bagasse pulping operations can be made
feasible where the economics of competitive materials will allow it.” The
procedure referred to for use on wheat straw, which consists of a counter-
current two-stage cook with the rod mill as a continuous digester for the
first stage, has been found to be particularly applicable to bagasse and
cornstalks. The nonfibrous cellulose material produced is used as a stiffen-
ing agent in paperboard manufacture, and bleached cellulose fiber is used
for light-weight and high-grade papers for numerous uses. Four tons of
cornstalks or bagasse have been found to yield one ton of high-grade
bleached cellulose fiber and one ton of the nonfibrous material mentioned
above.!®

8. Value of Annual Plants

In the manufacture of viscose rayon and staple fiber, purified straw pulp
found use in Germany in the 1930’s. For cellulose esters, such as the
nitrate and acetate, and cellulose ethers, such as the methyl and ethyl
ethers, cotton linters, and purified wood cellulose low in pentosan content
are preferred. The pulps obtained from annual plants, especially cereal
straws which comprise the largest source of cellulosic material collected
as a step for the harvesting of a more valuable product, have a high pento-

1 Chem. Eng. News, 30, 2708 (1952).

18 3. D. Wellsand J. E. Atchison, Paper Trade J., 112,34 (Mar. 27, 1941); S. D. Wells,
U. S. Patent 2,029,973 (Feb. 4, 1936); Chem. Abstracts, 30, 2000 (1936); U. S. Patent
2,181,556 (Nov. 28, 1939); Chem. Abstracts, 34, 2174 (1940); Ind. Eng. Chem., 21, 275
(1929); S. D. Wells and R. Steller, Paper Trade J., 116, 45 (Apr. 15, 1943).
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san content; where this constituent is unobjectionable, an enormous
source of material is available.

The degree to which plant fibers can be used in paper manufacture de-
pends upon the dimensions of the fibers, the proportion of fibrous to non-
fibrous cells, and the physical properties of the fiber, rather than upon the
chemical properties of the pulp. With the exception of the bast fibers of
flax, hemp, ramie, and the like, the pulps from annual plants are high in
pentosans and hemicelluloses. The fibers ‘‘hydrate,” that is, become more
resistant to drainage of water, on mechanical treatment more easily than
wood pulps or rag fibers; in general, this property limits their use to papers
in which the amount of mechanical treatment given the pulps is compara-
tively mild. The retardation of free drainage on mechanical treatment (in
some instances even pumping) interferes with the subsequent bleaching and
washing operations, with the formation and drainage of the sheet on the
fourdrinier wire or cylinder mold, and with the removal of the water from
the sheet on the presses. Consequently, weak brittle paper often results,
or the rate of production of the paper may be retarded. With due con-
sideration of these properties, however, annual plant fibers may contribute
to the quality of the product or reduce the cost of fabrication. They are
not suitable, however, as general-purpose pulps and should be used only
in papers where they contribute definitely desired characteristics.

Cereal straws have been used as a source of cellulose fiber for paper and
other products throughout the Christian era. The feasibility of their use
depends entirely upon economic factors. Recent improvements in pulp
purification will probably extend the use of straw, particularly for paper
products to which its fiber will impart the superior sheet-forming proper-
ties. The same may be said of grasses such as bamboo, bagasse, and corn-
stalks. Utilization of the nonfibrous cells as a stiffening agent in ordinary
paperboard further contributes to the feasibility of the use of annual
plants as a source of cellulose fiber. Of the agricultural fibrous residues
occurring each year, probably cornstalks comprise the largest single item
in the United States; the annual volume amounts to probably over 40
million tons. Much study has been applied to the utilization of corn-
stalks, and several industrial ventures have been attempted. The per-
fection of systems of good roads in the corn belt has greatly contributed to
the feasibility of utilization. The possibility of employment during the
winter months is always attractive except during war periods when labor
is unusually scarce. The storage of cornstalks has been found to be
feasible through periods of several years duration at Ames and Dubuque,
Iowa, and Danville, Illinois; the losses have been no more and to some
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extent less than in the storage of baled straw. All that seems necessary
for solving the problem of utilizing cornstalks is the assurance of a depend-
able outlet to justify the attention of agricultural engineers and manufac-
turers of farm equipment. With the integration of paper and board manu-
facture, the assurance of a supply of baled shredded cornstalks, and an out-
let when the supply is assured, there seems to be no valid reason why much
of this fibrous residue annually occurring cannot be profitably utilized.



CHAPTER VII

BLEACHING AND PURIFICATION OF WOOD
CELLULOSE

R. S. HatcH

The bleaching of wood cellulose, from one point of view, represents a
continuation of the pulping process. The objective of pulping is the re-
moval of the maximum amount of noncellulosic constituents in wood
(lignins, fats, waxes, tannins, water-extractable material, and carbo-
hydrates related to cellulose in nature) through the use of relatively low-
priced chemical reagents, with a maximum yield of crude cellulose. At-
tempts to remove all the noncellulosic material by such methods result in
severe degradation of the cellulose itself and subsequent loss of yield.
The bleaching processes applied to this crude wood cellulose effect further
purification under relatively mild, controllable conditions. A more ob-
vious function of bleaching, as the name implies, is the actual whitening of
the pulp. In some instances, this is simply a manifestation of the particular
state of purity achieved. In other cases, the whitening action involves
destruction of colored contaminants without appreciably raising the degree
of refinement.

A. GENERAL PRINCIPLES

The techniques employed in bleaching of wood cellulose are dependent
on the nature of the pulp being processed and on the anticipated end use.!
Processing details fall into one of three general categories in accordance
with the following objectives-

1. For certain types of pulp such as groundwood or semichemical pulps,
the objective is the partial removal, or alteration, of the colored noncellu-
losic residues to provide a product of satisfactory brightness or ‘‘whiteness”

! For an excellent discussion of the bleaching of pulps, see also J. P. Casey, Pulp and
Paper, Vol. 1, Interscience, New York-London, 1952, Chapter V; F. Kraft in J. N.
Stephenson, editor, Preparation & Treatment of Wood Pulp (Pulp & Paper Manufac-
ture, Vol. I), McGraw-Hill, New York, 1950, Chapter 7.
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to serve as a background for printing and illustrations, without materially
reducing the yield of these pulps with respect to the original wood.

2. The bleaching of chemical pulps, commonly designated as sulfite,
sulfate, and soda pulps involves substantially complete removal of non-
cellulosic impurities as well as the production of a finished product having
a satisfactory degree of brightness. The extent of brightness desired is
dependent on end use.

3. Pulps intended for the manufacture of cellulose derivatives are fur-
ther purified during the bleaching operations through the removal of car-
bohydrates (such as pentosans, hexosans, and uronic acids) which normally
accompany the pure cellulose as it exists in wood.

It is possible by specific oxidation or reduction treatments to bleach the
colored noncellulosic contaminants (chiefly lignin) in a crude wood cellulose
furnish. Such techniques are ordinarily applied to groundwood or semi-
chemical pulps (process category 1). The removal of lignin can be ac-
complished by more severe oxidative methods which result in profound
degradation of the aromatic system. At the same time there occurs con-
siderable oxidative damage to other noncellulgsics and to cellulose itself.
A more selective and less expensive method for removing the bulk of the
lignin is by means of chlorination, following which the chlorinated lignin
can be washed out by appropriate methods. Further purification and
simultaneous whitening of the pulp is normally effected by controlled oxi-
dative treatments. Alkaline extraction processes are also applied if a
further reduction in the level of noncellulosic carbohydrates is desired.
The process involving chlorination and mild oxidative bleaching with or
without alkaline extraction is customarily applied to the so-called chemical
pulps (process category 2). The thorough refining of chemical pulp for
cellulose derivative applications involves the use of more drastic alkaline
extractions and preferably multistage oxidative bleaches (process category
3).

-

B. SPECIFIC BLEACHING TREATMENT
1. Chlorination

The first chemical wood pulp prepared in this country was made by the
soda process which was brought here from England by Watt and Burgess
in 1854. These pioneers proposed to use chlorination in the bleaching of
soda pulp and obtained a patent? for a bleaching process, the first step of
which was chlorination. The process was not a commercial success because

t C. Watt and H. Burgess, U. S. Patent 11,343 (July 18, 1854).
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of the high cost of elemental chlorine at that time and because of the lack
of suitable acid-resisting equipment for commercial operation. The
use of elemental chlorine as a step in the bleaching process was not con-
sidered again until the end of World War I when liquefied chlorine became
a cheap and readily available article of commerce.

For the bleaching of sulfate pulp in which chlorination was the first step,
de Vains?® obtained a German patent in 1913 and a U. S. patent in 1914.
The de Vains patent was followed by a patent to Drewsen* in 1918 in which
a very similar process was used. Cataldi® was granted a patent in 1916
for the use of chlorination in the bleaching of straw and other lignin-con-
taining pulps.

In considering the action of chlorine on crude wood cellulose, there will
be frequent occasions to use the term ‘‘bleachability.”” This represents a
measure of the amount of chlorine in the form of an oxidizing agent which
a given sulfite pulp will consume under certain standard conditions. Many
different methods have been suggested for this purpose, but the one most
used in this country is the TAPPI permanganate test.® The test measures
the number of milliliters of 0.1 V KMnOQ, consumed in acid solution by one
oven-dry gram of pulp under standard conditions of concentration, time,
and temperature. Multiplication of this value by 0.355/x gives the so-
called ‘‘chlorine bleachability,”” which is a rough approximation of the chlo-
rine in the form of hypochlorite which would be consumed by 100 grams of
pulp when bleached to a standard brightness.” The factor x varies with
permanganate number between about 0.8 and 0.5 for the usual sulfite
pulps. The method has been extended to sulfate pulps for which the factor
x is generally 0.9 or higher. A recent article by Alander® illustrates con-
cisely the relationships between the various bleachability numbers.

When chlorine is dissolved in water, the following equilibrium exists:

HOCI + HCl (1)

Cl; + H:O

3 A. R. de Vains and J. F. T. Peterson, German Patent 283,006 (Feb. 26, 1913);
A.R.de Vains, U. S. Patent 1,106,994 (Aug. 11, 1914).

4 V. Drewsen (to West Virginia Pulp & Paper Co.), U. S. Patent 1,283,113 (Oct. 29,
1918); Chem. Abstracts, 13, 187 (1919).

§ B. Cataldi, Brit. Patent 101,475 (Sept. 11, 1916); Chem. Abstracts, 11, 209 (1917);
French Patent 482,222 (1916).

¢ Tech. Assoc. Pulp Paper Ind., Standards, T 214 m-50.

7 The term brightness is a measure of the light reflected from the surface of a sheet
of pulp at a wavelength of approximately 457 millimicrons. This reflectance is measured
with a spectrophotometer and is referred to the reflectance at the same wavelength of a
surface of pure magnesium oxide (see Chapter XII-A-3-f).

8 P. Alander, Finnish Paper Timber J., 33, No. 6, 201 (1951).
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It is obvious that the composition of this equilibrium mixture, and therefore
its effect on organic matter, is highly dependent on pH. Thus, under very
acidic conditions, pH of 2 or less, the solution contains chiefly dissolved
undissociated chlorine. Although some oxidation can occur under these
conditions because of the presence of some hypochlorous acid, the environ-
ment is conducive to chlorination as can be expressed by the equation (R
designates the organic residue):

RH + Cl; ——— RCI + HCI (2)

As the acidity of the chlorine-water system is decreased, the formation of
hypochlorous acid is favored with resultant increase in the rate of oxidative
attack as represented below:

RH + ClI; + HO —— ROH + 2HCI (3)
RCH; + 3Cl; + 2H,0 ——— RCOOH + 6HCI (4)

Increasing dissociation of hypochlorous acid to hypochlorite ion follows at
higher pHs (above 5), and the rate of oxidation is thereby decreased since
the latter has a somewhat lower oxidation potential than does HOCI.
In alkaline environments, the reaction is slow but entirely oxidative.

Although there may be a brief preliminary oxidative attack of aqueous
chlorine on cellulose and noncellulosic materials in a typical chlorination
process (equations 3 and 4), the pH of the slurry quickly drops because of
the hydrochloric acid liberated, and substitution of lignin hydrogens by
chlorine (equation 2) then becomes the predominant reaction. It should
be observed that the chlorination reaction maintains a high level of acidity
because of simultaneous hydrochloric acid formation. When the lignin
in the wood pulp is saturated with chlorine, a slow oxidation reaction
then proceeds until all the chlorine is consumed. According to equation 2,
one-half of the chlorine added should appear as hydrochloric acid when true
chlorination is complete, but in the case of equations 3 and 4 all the chlorine
added will appear as hydrochloric acid.

The course of a chlorination is illustrated by the curve in Figure 1.
A sample of unbleached sulfite pulp having a test bleachability of 4.99,
chlorine was suspended in water and thoroughly agitated. Chlorine gas
was bubbled in at a fixed rate and samples were withdrawn at the points
indicated on the curve. The ordinates on this plot represent the test
bleachability after washing the samples withdrawn; the abscissas show the
percentage of the chlorine consumed, based on the original test bleach-
ability. This curve is a straight line to a point representing 30%, of the
test bleachability after which the slope begins to change, and at point A,
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which represents 409, of the test bleachability, the slope changes sharply
and the curve again assumes a straightline character. Thus it would ap-
pear that true chlorination or substitution is dominant approximately as
far as point A on the curve but from this point on oxidation as shown in
equations 3 and 4 dominates. The ratio of hydrochloric acid formed to
chlorine added will vary somewhat depending on how long the process is
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Fig. 1. Residual bleachability of a sulfite pulp versus the chlo-
rine requirements for single-stage bleaching. True chlorination
reaction is approximately complete at point A. From this point
on, oxidation begins to dominate.

allowed to continue after point A is reached. In any case, at or shortly
after the end of chlorination one would expect on the basis of stoichiometry
that the ratio would be nearer to 1:2 than to 1:1. As confirmation of this
view regarding the nature of the process, a number of investigators®—!2

9 E. Heuser and R. Sieber, Z. angew. Chem., 26, 801 (1913).

10 P, Waentig, Papier-Fabr., 25, Tech.-wiss. T1., 340 (1927).

111, Rys, Papier-Fabr., 26, Tech.-wiss. T1., 256 (1928).

12 O, Kress and E. H. Voigtman, Paper Trade J., 97,29 (Aug. 17, 1933).
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have found that between 50 and 609, of the chlorine added finally appears
as hydrochloric acid.

The actual practice of pulp chlorination is illustrated by the following
account which specifically concerns sulfite pulp. Experiments have shown
that if a sulfite pulp is chlorinated to point A in Figure 1, and then the prod-
ucts of chlorination are washed out and the washed pulp is bleached with
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Fig. 2. Viscosities of sulfite pulps treated with chlorine and with
hypochlorite. The bleachability of the pulp was 5.3%; the chlorine
used was 3.45% in each case. A, chlorination; B, hypochlorite
bleaching.

hypochlorite, the minimum amount of total chlorine will be required to
bleach the pulp to a standard brightness. With sulfite pulp it is customary,
however, to chlorinate to approximately 659, of the test bleachability
and wash before the final bleach. This practice is followed because any
additional degradation which may be involved in chlorinating to 65%,
rather than to 409, of the test bleachability is relatively small, and the over-
all cost of bleaching is less because chlorine in the form of hypochlorite
costs about 509, more than elemental chlorine.

The curves in Figure 2 illustrate the advantage, as far as viscosity re-
tention is concerned, of chlorination over hypochlorite oxidation as the
first operation in the bleaching process. The illustration involves two
samples of the same pulp, one treated with elemental chlorine in an amount
equal to 659, of the test bleachability, and the other with hypochlorite.
It should be noted that in the case of chlorination (curve A), the viscosity
of the chlorinated pulp has become nearly constant at the end of 1 hr.,
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whereas the viscosity of the hypochlorite-treated pulp (curve B) is not only
lower at the end of 1 hr. but is decreasing rapidly.
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Fig. 3. Comparison of action of chlorine and hypochlorite on sulfite pulp. The
points on these two curves were determined on pulp samples taken at the same
points indicated on the curves in Figure 2. A, chlorination; B, hypochlorite
bleaching.
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Fig. 4. Residual bleachability of sulfite pulp. The points on these two curves
were determined on pulp samples taken at the same points indicated on the curves
in Figure 2. A, chlorination; B, hypochlorite bleaching.

The curves in Figures 3 and 4 demonstrate other technical and economic
advantages achieved by proper chlorination in the first bleaching stage.
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Curve A in Figure 3 indicates that at the end of 1 hr. approximately 95%,
of the chlorine added has been consumed. If hypochlorite is used instead
of chlorine, only about 659, is consumed at the end of 1 hr. (curve B).
In Figure 4, curve A (chlorination) denotes a residual bleachability of
approximately 0.5%, chlorine after 1 hr., whereas curve B (hypochlorite
treatment) shows a residual bleachability of 2.09} at the end of this time.

The chief reason why the chlorination of sulfite pulp brings about such
a great reduction in bleachability is that the chlorinated lignin residue in
sulfite pulp is soluble in the acid solution resulting from chlorination.
Thus, these readily oxidized materials are mostly removed and do not con-
sume large quantities of reagent in the hypochlorite bleaching stage.
With sulfate and soda pulps these considerations do not apply. The
lignin residue of these chlorinated pulps is almost entirely insoluble in the
acid solution and must be removed by alkaline extraction. If a sulfate
pulp having a test bleachability of 6.09, chlorine is chlorinated with 3.99,
chlorine (659, of the test bleachability), the chlorinated pulp after washing
will still have a residual bleachability of nearly 3.09, chlorine.

Sulfate pulps made from coniferous woods are generally chlorinated to
about 659, of the test bleachability. Exceptions are made in the case of
some sulfate pulps prepared from hardwoods where it has been found that
chlorination cannot be carried beyond approximately 409, of the test
bleachability without severe degradation. In Figure 1 it has been shown
that oxidation under acid conditions begins to dominate after about 409,
of the chlorine, based on the test bleachability, has been consumed. It
appears that the thin-walled vessels prevailing in certain hardwoods are
more easily degraded by oxidation in acid solution than are fibers from
coniferous woods.

Dodson!? obtained a patent in 1949 which is said to minimize greatly
the drop in viscosity which occurs when pulps are chlorinated under acid
conditions. According to this patent, the addition of small amounts of
amines, substituted amines, and salts of the amines, as well as chloramines,
suppresses the drop in the viscosity of pulps undergoing chlorination. An
examination of curve A in Figure 2 shows that sulfite pulp undergoing chlo-
rination suffered a viscosity drop of about 25%, in the course of 1 hr. Ac-
cording to the Dodson patent much of this viscosity drop will be prevented
by the addition of amines or amine derivatives amounting to from 0.03
to 6.09, of the chlorine used.

Although chlorination is considered a definite part of the bleaching treat-

12 A, M. Dodson (to Hercules Powder Co.), U. S. Patent 2,478,379 (Aug. 9, 1949);
Chem. Abstracts, 43, 9447 (1949).
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ment, it should be understood that under normal conditions chlorination
is in no sense a bleaching process but rather an extension of the pulping
process, the object of which is to render the lignin remaining in the fiber
soluble either in acid or alkaline solutions.

2. Alkaline Extraction

In the discussion of the chlorination of sulfite pulp, it was stated that
most of the chlorinated sulfite lignin was readily soluble in the acid chlorinat-
ing solution. However, the lignin and coloring matter in the medullary
ray fiber is not soluble and, though it represents only a small portion (5 to
109,) of the total fiber, it has been found that a mild alkaline extraction
following chlorination will remove at least a portion of this material. By
washing the alkaline-extracted pulp prior to final hypochlorite bleaching,
improved brightness may be realized. The alkaline extraction of sulfite
pulps intended for paper manufacture is carried out at either high or low
consistency,!* at prevailing temperatures, and under very mild alkaline
conditions. Usually 10 to 15 1b. of caustic per ton of pulp is used for this
purpose. For the manufacture of sulfite pulps for cellulose derivatives,
more drastic caustic extraction is employed as will be discussed later (see
Section D-3 of this Chapter VII).

Since the chlorinated lignin residues in sulfate and soda pulps are not
soluble in the acid chlorinating solution, it is necessary to remove as much
of this material as possible by alkaline extraction to avoid high concen-
trations of oxidants in the final bleaching. Cold alkaline extraction is of
little value for the maximum removal of the chlorinated lignins of sulfate
and soda pulps. The general practice is to extract the chlorinated pulp
at a temperature of 65° to 70°C. and at a consistency of 10 to 159, for a
period of about an hour. The amount of caustic soda is usually 20 to 40 Ib.
per ton of pulp. Hot alkaline extraction will, after washing, reduce the
bleachability of the extracted pulp enough to permit hypochlorite bleach-
ing in one or two stages without excessive degradation.

3. Hypochlorite Bleaching

The chlorination of sulfite pulp and the chlorination plus alkaline ex-
traction of sulfate and soda pulps result in the removal of most of the non-
cellulosic incrustants which tend to protect the cellulose against oxidative
degradation. However, chlorinated pulp is still colored and must be

14 The consistency of a pulp is defined as the percentage of pulp solids in a measured
volume of suspension.
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submitted to some type of oxidation to destroy the color adsorbed on the
fiber. For the purpose of destroying this color, many oxidizing agents
have been tried, but those which have been adopted commercially are
limited by their specific action and their price. The cheapest of all oxidiz-
ing agents are the hypochlorites in the form of sodium or calcium hypo-
chlorite, and these are the most widely used in the bleaching of pulp. For
special qualities in the finished product, the oxidizing agents sodium per-
oxide, hydrogen peroxide, sodium chlorite, and chlorine dioxide have been
used in increasing amounts in recent years. These special bleaching agents
will be considered after the use of the hypochlorites is discussed.

The role of different oxidizing agents in the degradation of cellulose has
been covered in Section C of Chapter III. There it is shown that the deg-
radation encountered in hypochlorite bleaching is largely influenced by
the pH and temperature of the treatment. The action of hypochlorite
at pH 7 brings about a sharp reduction in viscosity and a corresponding in-
crease in the copper number. The reagent becomes less degradative with
increasing pH. Under any conditions, hypochlorite bleaching causes some
carbonyl and carboxyl group formation in the cellulose molecule. The
end products in exhaustive hypochlorite bleaching are carbon dioxide and
low molecular weight organic acids.’® It is evident from the foregoing
that careful control of bleaching variables is necessary for the production
of bleached pulps of maximum physical and chemical quality.

The final bleaching of sulfite pulp is usually done in one hypochlorite
stage, especially if the chlorinated pulp has been given a mild, cold alkaline
extraction after chlorination. The consistency is usually held at 14 to
169, and the temperature at 30° to 35°C. If no alkali is present, the pH
will droy rapidly to a point where the cellulose will suffer marked degrada-
tion (see Section B-1 of this Chapter VII). To avoid degradation it is
customary to add enough caustic soda at the start of the bleaching to keep
the pH not less than 8.0 during the entire bleaching cycle. An excess of
alkali over that necessary to neutralize the acids formed will act to slow
down the bleaching action. To avoid this, various buffering agents such
as magnesium oxide or alkaline phosphates have been suggested but caustic
soda is most generally employed. A slight excess of hypochlorite over that
necessary to complete the bleaching is always used because complete’
exhaustion of the bleach will cause color reversion.

In the case of sulfate and soda pulps, chlorination fails to reduce the
bleachability as much as is the case with sulfite pulp. Furthermore, even

18 H. Rashback and F. H. Yorston, Quart. Rev., Forest Products Laboratory of Can-
ada, No. 7, 12 (July-Sept., 1931).
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after hot alkaline extraction, the bleachability is still considerably higher
than that for chlorinated sulfite pulp. It is also true that pulps produced
by alkaline cooking processes are more easily degraded by oxidizing agents
especially if the concentration of the oxidizing agent is high. To avoid
high concentration of oxidant, it is customary to divide the bleaching of
sulfate and soda pulps into two or more stages with washing between stages.
Some mills subject the pulp to a mild alkaline extraction between stages.
The temperature, pH, consistency, and excess bleach at the end of the proc-
ess are the same as in the bleaching of sulfite pulps. It has also been
found that treatment of the pulp after the final bleaching stage with a
solution of sulfur dioxide or other acid to a pH of 5 to 6 will increase bright-
ness and prevent later color reversion. Furthermore, the acidification of
the bleached pulp with sulfur dioxide reduces ferric iron to the ferrous
state and lowers the ash content of the pulp.

Although chlorination, hot caustic extraction, and final hypochlorite
bleaching yield pulps of satisfactory brightness from most wood species,
there are pulps made from some wood species (specifically Douglas fir)
which are very difficult to bleach to satisfactory brightness because of the
dark color of the pulp after caustic extraction. A modification of the nor-
mal process has been found to give very satisfactory results.

The pulp is first chlorinated in the normal manner. Following this it is
washed and neutralized at low consistency to give a pH slightly over 7,
and then is washed and thickened to a consistency of 10 to 129,. A cal-
culated amount of hypochlorite, equivalent to approximately 80%, of the
test bleachability of the chlorinated and neutralized pulp, is added together
with enough caustic to keep the pH above 8 during the bleaching cycle
which, at a temperature of 30°C., is from 1 to 1.5 hrs. The partially
bleached pulp is then washed and extracted with 1.5 to 2.09, caustic,
based on the pulp, at 65° to 70°C. after which it is washed and given a final
bleach in one or two stages. The partial hypochlorite bleach after chlorina-
tion gives a pulp, after caustic extraction, of a light buff color instead of a
dark brown color, and the final bleaching may be much less drastic.

A similar modification is proposed by Rue and Sconce.!® According to
their method, an excess of chlorine is added to the unbleached pulp and
allowed to react for only a short time (5 to 10 min.) after which lime slurry
is added to neutralize the hydrochloric acid formed and to convert the ex-
cess chlorine to hypochlorite. The hypochlorite is allowed to exhaust in a
retention tower or tank, then the pulp is washed, extracted hot with caustic,

1 J. D. Rue and J. S. Sconce, Tech. Assoc. Papers, 16, 503 (1933).
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and bleached. This process is in use in some mills and is said to give satis-
factory results. It should be noted, however, that the hydrochloric acid
formed during the chlorination must be neutralized with lime whereas, if
the correct amount of chlorine is used for chlorination and the pulp is
washed in the acid condition, no alkali is consumed for neutralization.
Furthermore, lime salts of chlorinated lignin are much less soluble than
sodium salts and are more difficult to bleach.

4. Chlorine Dioxide and Sodium Chlorite

During the past ten years, chlorine dioxide and sodium chlorite have
come into extensive use especially in the final bleaching of alkaline-cooked
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Fig. 5. Oxidatign potentials of different oxidizing agents
used in pulp bleaching as a function of pH.®* Courtesy of
Solvay Process Division.

pulps.’”  Sodium chlorite and chlorine dioxide have lower oxidation poten-
tials than hypochlorous acid, and can act as efficient oxidizing agents for
the destruction of color while having a minimum degrading action on cellu-
lose when used under proper conditions of pH and temperature.’® Figure 5
shows the oxidation potentials of sodium hypochlorite, chlorine dioxide,

17 G. Jayme and S. Mo, Papier-Fabr., 39, No. 33, 193 (Aug. 16, 1941).
18 0. Samuelson and C. Ramsel, Svensk Papperstidn., 53, 155 (1950).
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sodium chlorite, and sodium peroxide.? It should be noted that in the
case of chlorite, at no ordinary pH level does the oxidation potential (i.e.,
oxidative driving force) exceed that of a mild (pH 10) hypochlorite bleach.
The use of chlorite under mild acidic conditions permits a selective attack
on readily oxidized colored noncellulosic contaminants without damage to
the cellulose structure itself. Chlorine dioxide is somewhat less selective
but, as the potential curves show, it is considerably safer than hypochlorite
in the acid range.

Sodium chlorite was first produced commercially in this country by pass-
ing chlorine dioxide into a caustic soda solution in the presence of a suitable
reducing agent ® The product was sold originally under the name ‘‘Tex-
tone”’ and was recommended for the bleaching of cotton textiles to high
brightness values. Later the name was changed to “C2"” and the product
was recommended for the final bleaching of pulps which were difficult to
bleach to high brightness without the severe degradation resulting when
hypochlorite was used.2

Sodium chlorite is a yellowish, readily soluble salt which may be stored
and shipped without danger?? provided it is kept out of contact with
organic material. When acidified, sodium chlorite yields chlorous acid
and chlorine dioxide which are the active bleaching agents. If only small
quantities of chlorine dioxide are needed, sodium chlorite offers a conveni-
ent means of storage although it is more expensive than chlorine dioxide
generated as it is used.

The most rapid development of processes for the generation of chlorine
dioxide on a commercial scale occurred in Sweden.?® Sodium chlorate
in acid solution is reduced by diluted sulfur dioxide gas, and the chlorine
dioxide gas is absorbed in water. The chlorine dioxide solution must be
used promptly to avoid loss of oxidizing power by decomposition. Chlorine
dioxide obtained by this process contains some chlorine, the ratio of chlorine
to chlorine dioxide being about 1 to 20. A recent synthesis involves reduc-

19 The Oxidation Potentials of Common Bleaching Agents, Research Report 1949,
Alkali Section, Solvay Process Division, Allied Chemical & Dye Corp., Syracuse, N. Y.,
1949.

20 G. P. Vincent, Chem. Inds., 47, No. 3, 280 (Sept., 1940); G. P. Vincent (to Mathie-
son Alkali Works), U. S. Patents 2,092,944-5 (Sept. 14, 1937); Chem. Abstracts, 31,
8134 (1937). )

21 G. P. Vincent, Mfrs.” Record, 109, No. 12, 34 (1940).

22 M. C. Taylor, J. F. White, G. P. Vincent, and G. L. Cunningham, Ind. Eng. Chem.,
32,899 (1940); J.F. White, M. C. Taylor, and G. P. Vincent, Ind. Eng. Chem., 34, 782
(1942)

28 G, Holst, Svensk Papperstidn., 50, 472 (1947).
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tion of an acid solution of sodium chlorate with methanol vapor. This
process is said to yield chlorine dioxide free of chlorine.

Chlorine dioxide bleaching is carried out at relatively high consistency
and at temperatures of 50° to 60°C. in closed bleachers to prevent loss of
reagent during the bleaching cycle. Then the bleached pulp is treated
with sulfur dioxide, which destroys excess chlorine dioxide, and is then
washed.

Since the chlorine equivalent of chlorine dioxide costs approximately
four times that of elemental chlorine, the use of chlorine dioxide is largely
limited to final bleaching only where its unique properties make it of special
value in producing high brightness with minimum cellulose degradation.

5. Peroxide Bleaching

Peroxidic materials (hydrogen and sodium peroxides) are of obvious
interest as oxidative bleaching agents. However, because of poor avail-
ability and lack of suitable techniques, peroxides have not until recently
been employed in the chemical purification of wood cellulose. The re-
agents are now used very successfully in the bleaching of groundwood and
semichemical pulps.2# The low oxidation potential for peroxide (see Fig.
5) denotes a high degree of selectivity. It has actually been established
that under ordinary bleaching conditions, very little degradation of
cellulose occurs.? At the same time, the peroxide potential is sufficiently
high to destroy readily oxidized, colored lignin residues. Thus, although
the relative cost of these reagents is high, this is offset by the fact that they
permit a high degree of whitening of crude wood cellulose furnishes without
serious yield loss.

In actual practice certain precautions must be taken to prevent rapid
peroxide decomposition. In the presence of large amounts of iron and
copper, such as may enter through service water, peroxide decomposition
far exceeds the rate at which the furnish may be oxidized. Normally,
sodium silicate and magnesium sulfate are added to inhibit this catalyzed
decomposition.? The additives incidentally have a desirable buffering
action.

Although the chief use of peroxidic bleaching is in the instances referred
to above, it is known that the technique can be applied as a finishing treat-

34 J. P. Casey, Pulp and Paper, Vol. 1, Interscience, New York-London, 1952, pp.
296-302.

# H. Staudinger and J. Jurisch, Papier-Fabr., 35, Tech. TI., 459 (1937).

2 J. S. Reichert, D. J. Campbell, and R. T. Mills, Paper Trade J., 118, 45 (Apr. 13,
1944).
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ment for previously chlorinated and hypochlorite-bleached chemical pulps.
Thus, peroxides are to some extent interchangeable with chlorites and chlo-
rine dioxide.

6. The Washing Operation

One of the most important operations in the bleaching process is washing
after the different chemical treatments. Soluble residues from any of the
operations, if left in the pulp, will interfere with the steps which follow,
causing increased consumption of chemicals. Pulp is now washed almost
universally on continuous vacuum filters by a comnbination of dilution
washing and displacement washing. Pulp from any of the bleaching steps
must be diluted to a consistency of 1 to 1.59, before entering the filter.
Modern vacuum filters are capable of discharging a pulp cake having a
consistency of 10 to 209, depending on whether or not press rolls are used.
Thus, when a pulp slurry of 19} consistency, having the soluble solids evenly
distributed in the aqueous phase, is thickened to a consistency of 109,
in passage over a vacuum filter, nearly 90% of the soluble material will
pass out with the filtrate. Showers are provided to complete the removal
of the soluble solids by displacement washing. The wood cellulose fiber
possesses a complex physical structure which shows strong tendencies to
adsorb or to hold impurities tenaciously in the minute fiber canals; con-
sequently the washing of pulp is not as simple as the theory of washing
would make it appear. Each step in multistage bleaching requires large
volumes of water for washing, so countercurrent techniques are employed
as far as is practical. The most highly contaminated filtrates, such as
those from chlorination and caustic extraction, are sent to the sewer.
Fresh water is used for showers on the filters handling bleached pulp, and
the effluent from these filters is used for dilution on the next filters in line.
By utilizing countercurrent washing, it is possible to accomplish efficient
purification in multistage bleach plants with the use of 30,000 to 40,000 gal.
of water per ton of pulp bleached. Water for use in the bleach plant must
be very low in color, of high clarity, and as free as possible from metal ions,
especially iron, copper, and manganese, which, if present, will act as cata-
lysts to degrade the cellulose in the bleaching steps.

C. EQUIPMENT FOR COMMERCIAL CHLORINATION,
BLEACHING, AND ALKALINE EXTRACTION

Equipment designed for the chlorination of pulp must be strictly acid
resistant since the pH of the pulp slurry, shortly after chlorination is started,
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drops rapidly to a value between 1 and 2. For alkaline extraction, vessels
of plain steel or tile-lined concrete are quite satisfactory. Equipment for
hypochlorite bleaching is usually constructed of tile-lined concrete or steel
and need not be highly resistant to acid because the bleaching action is
normally carried out at a pH greater than 7.

1. Chlorination Equipment

Chlorination at the customary 3 to 49, consistency level may be per-
formed in batch or continuous chlorinators. As pointed out previously,
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Fig. 6. Type VL batch chlorinator: (A) tank; (B) central
draft tube; (C) constricted throat of draft tube; (D) propellor.
This chlorinator has been widely adopted in this country for the
chlorination of both sulfite and sulfate pulps. Courtesy of Pulp
Bleaching Co., Seattle, Wash.

the action of chlorine on either sulfite or sulfate pulp is rapid, and no at-
tempt is made to control temperature. As temperature is increased, the
reaction rate increases, but it is necessary only to provide equipment suffici-
ently large to accomplish the exhaustion of the chlorine in a reasonable
time at water temperatures attained during the cold season.
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In simple batch chlorination, a known weight of pulp is introduced into
a suitable vessel, and a weighed or metered amount of chlorine is bubbled
into the slurry over a relatively short period of time. Following this, the
chlorine is allowed to react until it is exhausted, and the chlorinator con-
tents are then pumped over an acidproof washer. Figure 6 is an elevation
of a commonly used batch chlorinator. This chlorinator consists of a

Fig. 7. Kamyr batch chlorinator: (A) tank; (B) external pipe for return
of pulp; (C) inlet for chlorine gas or chlorine water; (D) impeller. Courtesy
of Sandy Hill Iron & Brass Works, Hudson Falls, N. Y.

tile-lined concrete or rubber-covered steel tank A and a central draft tube B
with a constricted throat C. A propeller D is located in the throat of the
draft tube and is designed to circulate the pulp slurry downward through
the draft tube and upward around the outside. Chlorine gas from a suit-
able liquid chlorine evaporator is piped to a point directly above the intake
of the impeller or a solution of chlorine in water may be piped to the same
point. Chlorine gas may be measured with a flowmeter or it may be de-
livered from a weighing tank. The chlorinator is filled with the unbleached
pulp slurry of known consistency and bleachability. The amount of chlo-
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rine calculated from the test bleachability is then run in as rapidly as it will
be absorbed. At the end of about 1 hr. the chlorinated pulp is pumped
to an acidproof vacuum washer and washed free of acid.

The Kamyr batch chlorinator is shown in Figure 7. This chlorinator
depends upon a pump instead of an impeller for circulation. The pump
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Fig. 8. Continuous chlorinator: (A) point at which pulp
suspension mixed with chlorine is introduced; (B) point at
which the chlorinated pulp suspension is discharged. Cour-
tesy of Pulp Bleaching Co., Seattle, Wash.

circulates the pulp upward through the tank A and the return is through
an external pipe B. Chlorine gas or chlorine water is injected at C.

The present trend in chlorination of both sulfite and sulfate pulp is toward
continuous methods. Continuous chlorinators are usually vertical towers
of sufficient capacity to allow the proper retention time for the completion
of chlorination at system rate of flow. They may be constructed of tile-
lined concrete or rubber-covered steel. If good mixing of chlorine and pulp
is assured, the continuous process is quite satisfactory, and considerable
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building space as well as power input may be saved. One form of continu-
ous chlorinator is shown in Figure 8. Good mixing of the chlorine with
the pulp is secured by injecting the chlorine into the suction of the pump A
which delivers the pulp to the bottom of the tower. Intermittent agita-
tion may be supplied by agitating arms located at different levels in the
tower. The chlorinated pulp is discharged at the top of the tower through
B to a suitable acidproof washer.

Fig. 9. Kamyr continuous chlorinator: (A) flow
box for introduction of pulp; (B) inlet for chlorine;
(C) channel for mixing. Courtesy of Sandy Hill
Iron & Brass Works, Hudson Falls, N. Y.

The Kamyr continuous chlorinator is shown in Figure 9. This chlorin-
ator has a special agitating zone located in the base of the tower to secure
good mixing of chlorine and pulp. Chlorine is injected into the discharge
of the pump which feeds the tower, and the mixture of pulp and chlorine
is thoroughly agitated in the channel C before rising through the tower
and discharging to an acidproof washer.

2. Bleaching Equipment

After either acid- or alkaline-cooked pulps have been chlorinated, they
are washed on acidproof vacuum washers. These washers consist of a
cylinder, usually of rubber-covered cast iron, and a stainless steel wire
covering. The cylinder, with its wire covering, operates either in a rubber-
covered steel vat or an acidproof tile-lined vat. After the pulps have been
washed, they are caustic-extracted in the case of alkaline-cooked pulps
(see topic 3 below) or, in the case of acid-cooked pulps, they may be
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bleached immediately or given a very mild cold alkaline treatment. In
either case, pulps are usually washed again after alkaline treatment. The
washing after alkaline treatment is done on vacuum washers which need
not be acidproof.

The hypochlorite bleaching stage (or stages) is carried out at a relatively
high consistency (usually 16-187%,) and as before by a batch or continuous
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Fig. 10. Type VW batch bleacher with dilution chest: (A)
plow designed to sweep close to bottom of tank; (B) screw con-
veyor. Courtesy of Pulp Bleaching Co., Seattle, Wash.

process. One of the widely used batch bleachers is the so-called Type VW,
as illustrated in Figure 10. This bleacher was originally developed and
patended by Fletcher.?” The bleacher consists of a cylindrical tank with a
hemispherical bottom constructed of concrete or steel and tile lined. A
central shaft, on which is mounted a heavy screw conveyor B and a plow
A designed to sweep close to the bottom of the tank, is the means of cir-
culation. Openings are provided for charging the bleacher with pulp and
chemicals and discharging the bleached pulp into a dilution chest. This

7 P. K. Fletcher, U. S. Patent 1,466,499 (Aug. 28, 1923); Chem. Abstracts, 17, 3790
(1923).
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bleacher is capable of circulating 6 to 8 tons of pulp at 16 to 187, consist-
ency in the following manner. The plow A forces the pulp at the bottom
of the tank into the screw conveyor which elevates it to the top of the tank
where it discharges and returns to the bottom by gravity. Pulp at this
consistency loses fluid when mechanical force is applied, thus increasing the
solids ratio. Liquid is squeezed out of the pulp as it is gathered by the
plow and forced into the screw conveyor. Then, when the pulp is dis-
charged at the top of the conveyor, it absorbs fluid from the surrounding
mass and reaches an equilibrium moisture content as it descends again to
the plow. Thus, it will be seen that there is a constant turnover of the
fluid in contact with the pulp as the circulation proceeds. Moreover, the
plow constantly removes a cross section of the pulp as it returns by gravity
to the bottom. The net result is an intimate mixing of bleaching fluid
with the fiber, with internal friction tending to flex and open up the fiber
bundles and expose them to the bleaching action. This method of process-
ing provides a cleaner bleached pulp. The bleachers described operate on a
batch cycle of 2 to 4 hrs. and many of them are installed as part of modern
multistage bleaching systems.

For batch processing, the bleachability of the chlorinated and washed
pulp is determined. The bleacher is filled with a definite tonnage, and
bleach liquor, slightly in excess of that required as determined by the
bleachability, is added together with sufficient caustic and hot water or
steam to complete the bleaching action at a pH not less than 8 and at a
temperature of 30° to 35°C.

Shortly after the introduction of the batch bleacher just described,
Thorne?® proposed a continuous unit for high-consistency bleaching. Figure
11 is an elevation of a modern Thorne-type bleacher. This bleacher con-
sists of a tower A built of tile-lined concrete or rubber-lined steel. A
double-shaft mixer B, in which pulp, bleach solution, and hot water or
steam are intimately blended feeds into the top of tower A, and a scraper
C feeds the bleached pulp into a twin discharge screw D and a dilution
chest E. The tower A is designed to give sufficient retention time for
completion of the bleaching reaction at system rate of flow. After the
tower is filled from the mixer B, the scraper and twin discharge devices
are started and bleaching proceeds continuously. Ina continuous bleacher
of this type, no provisions are made for intermittent mixing as in the case
of the batch units; consequently uniform processing depends on the inti-
mate mixing of pulp and bleaching solution as they enter the tower.

The Kamyr Machine Works of Sweden has designed a continuous,

28 C. B. Thorne, U. S. Patent 1,656,765 (Jan. 17, 1928).
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high-consistency bleacher which does away with the dilution chest and
also provides a zone where intimate mixing at low consistency is accom-
plished before the treated pulp is discharged. An elevation of this bleacher
is shown in Figure 12. Pulp, steam, and bleaching chemicals pass into
the tower A through the double-shaft mixer B at consistencies of 18 to 16%.
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Fig. 11. Thorne-type continuous bleacher: (A) tower; (B) double-
shaft mixer; (C) scraper; (D) twin discharge screw; (E) dilution chest.
Courtesy of Improved Paper Machinery Corp., Nashua, N. H.

When the tower has been filled, dilution water enters the bottom of the
vessel through nozzles C and reduces the consistency to 2 or 3%; a circu-
lating pump D circulates this low-density slurry around the channel E
while a discharge pump F withdraws the bleached pulp at system rate of
low. The high-consistency pulp undergoing bleaching floats on the low-
consistency bleached pulp in channel E.

The bleachers described in the preceding paragraphs, in one form or
another, are used as the hypochlorite stage or stages of modern multistage
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bleaching systems in which hypochlorite or chlorine dioxide bleaching is
preceded by chlorination.

When solutions of chlorine dioxide are used for bleaching, it is necessary
that all parts of the bleaching equipment be acidproof because bleaching is
carried outatapH of 4 to 6. Temperatures used in chlorine dioxide bleach-
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Fig. 12. Kamyr continuous bleacher: (A) tower; (B) double-shaft mixer;
(C) nozzles; (D) circulating pump; (E) channel; (F) discharge pump; (G)
cylindrical bottom piece with conical top. Percentages represent consistency
of the pulp. Detail of bottom is shown at the left. Courtesy of Sandy Hill
Iron & Brass Works, Hudson Falls, N. Y.

ing are usually 50° to 60°C. All metal parts of bleachers used for bleach-
ing with chlorine dioxide should be covered with a rubber composition cap-
able of withstanding the operating temperatures. Furthermore, it is
desirable to carry out chlorine dioxide bleaching at pressures slightly above
atmospheric because of the relatively poor solubility of chlorine dioxide in
water.
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3. Alkaline Extraction Equipment

The equipment for alkaline extraction is generally of the same type as
used for bleaching. For batch extraction, the Type V W bleacher as shown
in Figure 10 or one of similar design is used. For continuous extraction,

5%1{ 20

Fig. 13. Kamyr contintivus causud cauactor: (A) vacuum washer; (B) mixing
trough; (C) pump; (D) pipe; (E) steam mixer; (F) screw press; (G) tower.
Courtesy of Sandy Hill Iron & Brass Works, Hudson Falls, N. Y.

the tower shown in Figure 11 is used to a large extent. The Kamyr Ma-
chine Works has developed an ingenious extractor for this purpose as shown
in Figure 13.

The operation of this extractor is as follows: Washed pulp from vacuum
washer A is delivered into a mixing trough B, to which both fresh caustic
solution and returned caustic are added in predetermined amounts; then
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the pulp is concentrated to give a consistency of about 69,. The pump C
delivers the mixture through pipe D to a steam mixer E and a screw press F
at the bottom of tower G. The screw press thickens the hot mixture to
approximately 209, consistency. This thickened pulp rises through tower
G and is discharged at the top to a washer. The effluent from the screw
press is pumped back to trough B for dilution of the pulp from washer A
to the desired 69 consistency. Fresh caustic is added here to compensate
for the caustic contained in the 209,-consistency pulp rising through
tower G. This design of tower is recommended in cases where it is desir-
able to extract at temperatures above 100°C. This may be done by con-
structing tower G high enough to give a static head of more than one
atmosphere.

D. QUALITY REQUIREMENTS FOR SPECIFIC PRODUCTS
1. Nonpermanent Papers

For most papermaking purposes (i.e., nonpermanent papers), pulps
bleached by the methods outlined in the preceding paragraphs are entirely
satisfactory as raw material. The chief requirement for such pulps is
that they provide papers of adequate physical strength. Minor proportions
of retained noncellulosic materials are of no great concern provided that
their color contribution has been eliminated by simple and inexpensive
bleaching techniques.

2. Permanent Papers

In the so-called permanent papers, the presence of pentosans, hexosans,
and short-chain carbohydrate material is undesirable because such con-
taminants eventually induce discoloration and embrittlement. These
papers have becn made, in the past, entirely from cotton and linen rags
(see Chapter VI-C). The rapid development of synthetic fibers and the
increasing use of these fibers in mixture with cotton for a great variety of
textiles have greatly restricted the availability of rags as raw material for
permanent papers. At the present time there is increased use of bleached
cotton linters as well as specially purified wood pulps for this purpose.

The higher degree of sulfite pulp refinement which appears to be necessary
in the permanent paper application can be realized by suitable alkaline
extraction. In the bleaching of sulfite pulp for most papermaking pur-
poses, the alkaline extraction after chlorination, if used at all, is very mild
(e.g., 0.759, alkali based on the pulp at prevailing mill temperature).
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For the production of papermaking high-alpha pulp (for permanent papers),
the caustic soda concentration is usually 1 or 2%, and the extraction tem-
perature is increased to 75-110°C. The conditions of alkaline extraction
are ordinarily kept sufficiently mild to avoid excessive yield loss and any
adverse effects on beating characteristics. Under certain conditions,
however, yield must be sacrificed in the interests of quality.

The equipment used for hot alkaline extraction is the same as that used
for normal alkaline extraction. If the extraction is carried out by a batch
operation as in a Type V W bleacher, a closed version of this bleacher must
be used for operation at temperatures exceeding 100°C. The Kamyr-
type caustic extractor previously described (Fig. 13) is capable of operating
at temperatures above 100°C. at the bottom of the retention tower because
of the static head.

Many attempts have been made to increase the yield of hot-alkaline-
extracted sulfite pulp by adding reducing agents such as sodium sulfite
or sodium sulfide on the theory that the shrinkage may be due, in part,
to the presence of atmospheric oxygen which will attack the resistant cellu-
lose in the presence of alkali at elevated temperature. The alkaline re-
fining of wood pulps has been extensively studied by many investigators.
Excellent reviews of this subject have been presented by Jayme? and by
Rys and Bonish.®

3. Purified Pulp for Cellulose Derivatives

Pulp for the manufacture of cellulose derivatives calls for special tech-
niques in the preparation of the unbleached pulp as well as in the bleaching
and purification process. One of the most important properties of pulp for
cellulose derivatives is reactivity or the ease with which the cellulose under-
goes esterification and etherification reactions. Other important considera-
tions involve viscosity, alpha-cellulose content, reducing groups, carboxyl
content, and the presence of metal ions. These so-called dissolving pulps
are usually cooked to a lower bleachability than is customary for paper-
making pulps. The viscosity of the unbleached pulp is also controlled
within as narrow limits as practical in the cooking process. In the bleach-
ing process, chlorination follows normal practice. Alkaline extraction is
more or less drastic depending on the end use of the pulp. The final vis-
cosity of the bleached pulp depends, first, on the viscosity of the unbleached
pulp and, second, on the conditions of the final bleaching. After chlorina-

 G. Jayme, Paper Trade J., 106, 37 (May 26, 1938).
® L. Rys and A. Bonish, Paper Trade J., 108, 31 (May 11, 1939)..
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tion, the pulp must have a viscosity appreciably higher than that required
in the finished product. The final viscosity is controlled by manipulation
of the bleaching variables: temperature, pH, time, and bleach concentra-
tion. Acidification of the bleached pulp to a pH of 5 to 6 aids in reducing
metal-ion contamination to an acceptable level.

Pulps for nitration or for the manufacture of rayon or cellophane are
usually given a hot alkaline extraction at temperatures not exceeding
100°C. In actual practice, 3 to 49, caustic based on the pulp will provide
in a 100°C. extraction a refined cellulose of the desired alpha-cellulose con-
tent (90 to 949) at over 909, yield.®! Because of the low caustic proportion
and the fact that extensive dilution occurs in washing, caustic recovery
is not attempted in an extraction process such as specified above.

Sulfite pulps intended for the manufacture of high-tenacity rayon and for
cellulose esters must be purified to an even greater extent. To attain the
required high alpha-cellulose content, usually 94.5 to 96.5%, it is necessary
to increase the amount of caustic in the extraction process. Caustic
proportions of 5 to 129, based on the pulp will provide a wood cellulose of
the above purity in a hot extraction (temperature range, 100° to
120°C.).3132 However, this caustic concentration at the temperatures
specified generally results in a poor yield (70-809, for purification of 86—
889 alpha pulp).?! On the other hand, the alkali proportion is not high
enough to necessitate recovery measures.

Practically quantitative yields of refined pulp are obtained by cold ex-
traction with higher caustic concentration. Solutions of mercerizing
strength, approximately 17.5%, NaOH, will raise the alpha-cellulose con-
tent of chlorinated sulfite pulps to above 97%,%! but under these conditions
extensive swelling occurs and in subsequent washing and drying, the
fibers collapse and become unreactive. It is therefore necessary to select
a caustic solution of concentration such that swelling of the fibers will not
exceed a certain maximum value, while at the same time the alpha-cellulose
content will be raised to the desired percentage. For example, experi-
ments have shown that a chlorinated sulfite pulp, extracted with an 87,
caustic solution at 30°C., will not have been swollen enough to render it
nonreactive after washing and drying. Because of the sensitivity to oxi-
dation of cellulose in high-strength alkali, the low-temperature caustic
extractions are usually performed in the substantial absence of atmospheric
oxygen. Closed vessels are used and air is displaced beforehand by steam
injection. It is necessary on economic grounds to recover caustic from

31 G, A. Richter, Ind. Eng. Chem., 33, 1518 (1941).
32 N. W. Coster and R. Vincent, Paper Trade J., 119, 27 (Sept. 21, 1044).
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such treatments, since an 8%, concentration for 109, slurry density rep-
resents 1440 1b. of ingredient per ton of pulp. The caustic washed from
the purified pulp must be evaporated to the proper concentration and re-
used until the organic solids content becomes too great. At this point,
the material is subjected to dialysis or is evaporated and burned to remove
organic contamination. Sulfate white liquor used for cooking in the sul-
fate process may be utilized to raise the alpha-cellulose content of sulfite
pulp to the desired level, and the washings may be sent to a sulfate recovery
system in those localities where a sulfate mill is adjacent to the sulfite mill.

Manufacturers of cellulose derivatives have shown increasing interest
in the use of purified pulps manufactured by the kraft process for conver-
sion into cellulose derivatives. Sulfate pulp cooked by the normal kraft
process, even when drastically purified, is not suitable for the manufacture
of cellulose derivatives because it is not reactive. The sulfate process,
as normally operated, may bring about some type of cross-linkage between
cellulose and residual carbohydrates.

It was discovered in 1931 that if wood was first subjected to an acid
hydrolysis prior to the sulfate cook, the alpha-cellulose content of the re-
sulting pulp was much higher, and the pulp when purified and bleached
was sufficiently reactive for the production of cellulose derivatives.3?
Somewhat later, continued research in Germany led to a practical procedure
for this operation.?* During World War II the prehydrolysis process
was operated on an extensive scale in Germany with use of dilute sulfuric
acid, solutions of sulfur dioxide, or water at elevated temperatures. The
solutions of the hydrolyzate separated from the wood were subjected to
fermentation for the production of either alcohol or food yeast.

Prehydrolyzed sulfate pulp is purified by the same general processes as
are employed in the bleaching of normal sulfate pulp. The pulp is first
chlorinated, then washed and extracted with caustic soda at elevated tem-
peratures. When pulps of-high purity are required, the strength of the
caustic used in hot alkaline extraction may be as high as 10 to 159, based
on the pulp, with temperatures as high as 120°C.

The alkaline-extracted pulp is then bleached in one or more stages either
with hypochlorite alone or with hypochlorite as one stage and chlorine di-
oxide as a final stage. It is then acidified with sulfur dioxide and washed.
This bleaching process will result in a bleached pulp having an alpha-

83 G. A. Richter (to Brown Co.), U. S. Patents 1,787,953-4 (Jan. 6, 1931); Chem.

Abstracts, 25, 816 (1931).
34 G. Sirakoff, Holz Roh- u. Werkstoff, 4, 205 (1941); through Chem. Abstracts, 38,2201

(1944).
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cellulose content of over 949, and sufficiently reactive for the production
of various cellulose derivatives.

4. Groundwood and Semichemical Pulps

For years groundwood made from eastern wood species such as spruce
and balsam was sufficiently bright when combined with unbleached sulfite
to produce a newsprint of satisfactory brightness. As the newsprint
industry moved westward and wood species such as western hemlock
were used for the production of groundwood, the resulting newsprint was
not as bright as that produced from eastern wood species. Manufacturers
therefore attempted to raise the brightness of western groundwood first
through the use of reducing agents. The first reducing agents tried were
bisulfite solutions. These raised the brightness somewhat but the improve-
ment was only temporary and was not entirely satisfactory. The manu-
facturers then turned to the use of hydrosulfites, chiefly in the form of zinc
hydrosulfite, produced by the action of SO, on a zinc-dust slurry. This
gave a much greater and more permanent increase in brightness. Zinc
hydrosulfite is now being used in some of the western newsprint mills.
In the meantime, large-scale production of sodium and hydrogen peroxides
has resulted in extensive use of these reagents for the bleaching of ground-
wood. These compounds produce a much higher brightness and one which
is more permanent without materially reducing the yield of groundwood
on the basis of the original wood.

The considerations in the bleaching of semichemical pulps are similar
to those outlined above, in that it is desirable to achieve a whitening action
without serious yield loss. Accordingly, peroxides are used widely in
purification of semichemical pulps. Some work has been done on the
bleaching of such materials with a combination of mild chlorination
followed by peroxide bleaching. Under these conditions the yield suffers to
some extent but higher brightnesses are obtained.

E. NEW TRENDS

1. Use of New Reagents

It is doubtful if any fundamentally new lower cost methods of producing
chemical pulps will be developed for some time. Both the sulfite and alka-
line cooking processes have been advanced to the point where maximum
recovery of the cooking chemicals may be accomplished. Also these chemi-
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cals are low in initial cost. As an additional economy feature, the organic
material dissolved from the wood can be utilized as fuel for production of
steam and electricity. A similar situation prevails with regard to semi-
chemical pulps since in their preparation the same chemicals are used ex-
cept in reduced proportions.

The bleaching process has until comparatively recently been confined
to the use of hypochlorites, which are still the cheapest oxidizing agents
available. During the past decade, the development of successful methods
for production of chlorites and chlorine dioxide has led to increasing use
of these oxidizing agents because of their unique properties of destroying
colored material in highly refined wood cellulose without inflicting severe
degradation. Under the most favorable conditions, the cost of these oxi-
dizing agents is much higher than the cost of hypochlorites. Nevertheless
chlorités and chlorine dioxide have found, and will continue to find, a place
in the industry in instances where exceptional brightness with minimum
degradation is the objective. These two reagents are logically applied in
finishing techniques for pulps which have already been bleached under
mild hypochlorite conditions. It is improbable that these reagents will
be applied in the near future to relatively crude wood celluloses because
of their high cost. It is known that certain mixtures of chlorite and
hypochlorite?s or mixtures of chlorine and chlorine dioxide®® can be used
under slightly alkaline conditions to provide efficient and relatively non-
degradative bleaches. The mechanism of interaction of reagents in the
two instances referred to is not completely understood. Insofar as carefully
controlled dilution of the more expensive reagents with hypochlorite or
chlorine gives about the same effect as use of chlorite or chlorine dioxide
alone, there is an important economic advantage to be gained by these
techniques. Such processes will certainly be used to an increasing extent
in the years to come.

Peroxide bleaching of semichemical or groundwood pulps has been de-
veloped extensively in recent years.?* The peroxides, as reagents new to
wood pulp technology, have proved to be excellent bleaching agents in
these applications. Peroxide bleaching of these relatively crude forms
of wood cellulose will continue to be the subject of active investigation.
Also it is likely that peroxides, together with chlorine dioxide and chlorites,
will find increasing use as final-stage bleaching agents in multistage puri-
fication processes.

8 G. P. Vincent, L. E. Russell, and V. Woodside, Paper Trade J., 121, 25 (Nov. 15,

1945).
% G. P. Vincent, Paper Trade J., 124, 53 (June 26, 1947).
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2. Continuous versus Batch Processing

The tendency of modern chemical engineering practice is constantly
away from batch operation toward continuous operation. This trend is
very marked in wood pulp processing. Chlorination is now almost uni-
versally carried out as a continuous process. The treatment is always
performed at a fluid consistency, and with efficient mixing there is sufficient
time for very uniform chlorination of the lignin remaining in chemical pulps.
Caustic extraction may also be accomplished by a continuous process, and
satisfactory results are obtained by this means. When the bleaching proc-
ess was confined to the use of hypochlorites alone, intimate mixing of
fibers and bleaching agent was essential for a uniform result. The chlori-
nation process has, to a great extent, reduced the differences from fiber to
fiber, and continuous bleaching processes are being more universally
adopted. If there is sufficient mixing and flexing of the fiber bundles dur-
ing the bleaching operation, entirely satisfactory results may be obtained
at high slurry density in a continuous process, particularly if more than
one bleaching stage is employed.

Continuous bleaching systems can be operated with lower power input
and require less building space. On the other hand, batch systems have
been so designed that the batch bleachers serve as building columns and
offer ample room for installation of the necessary facilities for multiple
washing. In the final analysis, there is little doubt that continuous
bleaching systems will completely supplant batch bleaching.

3. Chemical Control

The chemical control of bleaching systems is relatively simple and rapid,
and accurate methods for the determination of bleachability throughout
the process are well established. The maintenance of temperature and pH
through the use of automatically controlling instruments has greatly simpli-
fied bleach plant operation. Rapid methods for the determination of
viscosity throughout the bleaching process have been developed and
enable the bleach plant operator to control the final viscosity of a given
pulp through the use of suitable charts or nomographs.

As a result of all of these modern chemical and engineering tools, the proc-
esses involved in the bleaching and purification of wood cellulose have
been simplified to the point where product quality is readily controllable.






Chapter VIII

PROPERTIES AND TREATMENT OF PULP FOR
PAPER

James D’A. CLARK

Almost all cellulose that is produced for the market appears in sheet
form from which it is converted mainly to paper or board. Purified pulps
and cotton linters intended for chemical purposes are also conveniently
handled as sheets. For most chemical purposes, and after conversion into
paper and board, the strength and behavior of the sheet both dry and wet
are of interest. The marked changes occurring in pulp during ‘‘beating”’
(i. e., the process in which natural cellulose fibers in the presence of water,
are pounded, rubbed, or otherwise subjected to mechanical action) and
during preparation for sheet formation, are discussed in considerable de-
tail in this chapter. Supplementing this discussion are brief descriptions
of the main types of beating machinery and an account of several theories
which have been advanced to explain the action of this equipment, which is
of great technical importance. One theory—a composite of several theo-
ries—-will be applied to interpret the effects of beating and allied phenoinena
on the fibers, pulps, and papers. Brief mention will also be made of the
influence of the chemical composition of the pulps on their papermaking
performance.

Those who are interested primarily in cellulose reactions should not
dismiss lightly this chapter on the qualities of pulps which impart different
properties, such as strength, to paper. The forces that hold two fibers to-
gether in paper are essentially the same as those that hold the fibrils to-
gether in an individual fiber. Conditions of drying and the cohesion of
the elements that lead to a strong sheet of paper also make a fiber more
difficult to swell and less reactive.

A. PHYSICAL PROPERTIES OF PAPER PULP

Paper is made from a water suspension of less than 0.5, of suitably
prepared fibers, by continuously flowing it onto, then draining the water
621
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away through, a traveling, endless, fine-meshed screen called the “wire.”
Usually modifying materials, such as size, papermaker’s alum (Al(SO,)s),
color, and mineral filler (often china clay) are added to the fiber mixture
before dilution. After draining, a matted or felted web of wet fibers re-
mains on the wire from which additional water is removed by suction.
The web is then carried by an endless woolen ‘‘felt’—actually a woven
blanket—through two or three pairs of press rolls to squeeze out as much
more water as is possible. The remaining water, now present to the extent

of about twice the weight of the fiber, is evaporated as the web is pressed

against the successive smooth surfaces of revolving, steam-heated cylinders

by an endless, porous ‘‘dryer felt.” The dried web, usually containing

from about 3 to 8%, of moisture, passes between calender rolls to smooth it,

after which it is wound into rolls (reeled up). One or both sides of the web

may be coated either on the paper machine or afterwards, to provide a

special surface for printing or other purposes.

The characteristics of the finished paper are influenced by each step
in the process, but the main factors are the type of fibers used and especially
the manner of preparing them. So far, the evaluation of the quality of
pulp by the industry has been largely empirical. Besides estimation of the
whiteness (brightness) of the pulp and its cleanliness, the usual method
consists of making the pulp into sheets after one or more degrees of beating
and subjecting the resulting sheets to physical tests normally applied to
paper.! Measurements made are basis weight (i. e., weight per unit area,
for pulp usually expressed in grams per square meter), resistance to burst-
ing and tearing, and less frequently folding endurance, tensile strength,
and permeability to air. An arbitrary measure of the ease of draining water
from the prepared pulp suspension is also often made.

As would be expected, desirable qualities of a pulp depend largely on those
of the paper into which it is to be transformed. Most paper made is sub-
sequently printed, and when under the pressure of the block in common
letterpress printing, it should have a smooth, even, ink-receptive surface.
This calls for a sheet having uniform thickness and density, so that when
viewed against the light, its appearance should approach that of milky
glass and not be “wild” or mottled. Smoothness of surface and ink re-
ceptivity are more readily obtained by using pulp having thin fibers;
also, the shorter the fibers are, the easier it is to secure a good formation
or “look-through.” When shorter fibers are used, the strength of the sheet
is decreased. However, unlike papers for wrapping purposes, a high

! A comprehensive discussion of paper tests may be found in J. P. Casey, Pulp and
Paper Chemistry and Technology, Vol. 11, Interscience, New York-London, 1952.
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strength is not essential for printing papers, so that finely ground wood,
reworked waste paper, soda pulp from deciduous or hardwood trees like
poplar, gum, and birch, and from esparto grass, all of which have an aver-
age length in the order of 1 mm., constitute the bulk of the “furnish.”
Wrappers and other papers that must have a high strength to withstand
applied forces are commonly made from coniferous or softwood trees such
as spruce, pine, hemlock, and fir, which initially have average fiber lengths
in the order of 3.5 mm. Fibers from some of these species, for example,
most southern pines, are inclined to be not only longer but also relatively
coarser, which makes them less well suited for conversion into fine printings.
Cotton, and especially bast fibers such as linen, can be readily beaten so as
to split lengthwise into fine and relatively long fibrils and thus may be
converted into very fine-textured, strong sheets such as for currency, fine
writing, and cigaret papers. As an example of a special requirement,
pulp for cigaret papers is usually prepared from flax because of the better
smell and taste of its smoke; also, to make the sheet made from the well-
fibrillated fibers soft and porous, it is “‘filled”’ with about 309, of precipi-
tated chalk.

1. The Strength of Paper

In the pulp and paper industry, “strength’” has no definite meaning
except the ability of the paper to withstand one or more kinds of applied
force. In North America, standard paper tests are carried out with the
specimens conditioned in an atmosphere of 509, relative humidity and
73°F.; elsewhere, these tests are run often at the old standard of 65%,
relative humidity and a slightly lower temperature.

The least complex strength test, the tensile breaking load, is deter-
mined by applying a gradually increasing pull to a strip of paper, usually
15 mm. wide and 180 mm. long, at such a rate that a break occurs in about
a quarter of a minute. The percentage of elongation of the strip before
fracture—that is, its ‘‘stretch’’—is often measured simultaneously.

When a pull is applied to a strip of paper, the resisting components are
the structure itself and the individual fibers. The fibers lie mainly in the
plane of the paper and are intertwined, kinked, and twisted. Provided
that mutual contact was made while the fibers were wet and was not
brought about by calendering after the sheet was dried, the joints extend
over an area and cohere to a degree governed by the nature of the fiber,
its preparation, and the way in which the paper was made. When a small
tensile force is applied to the paper strip, an almost perfectly elastic and
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recoverable strain will result, corresponding to the unbending or uncurling
of the component fibers as happens with a woven fabric. A greater pull
will cause more unbending, but soon in one or two places the joints between
two fibers, one of which is being particularly stressed by the applied load,
will break, thus introducing a small irrecoverable strain in the structure.
If the pull is increased to break a number of joints and straighten out more .
fibers in its direction and then is removed, many of the displaced fibers will
require a considerable time to assume their relaxed position. The shrink-
age due to this factor constitutes a delayed recoverable, or frictional,
elastic strain. Also, as the pull is progressively increased, any fiber that
has been straightened out and aligned in the direction of the pull will
prevent a further stretching of the structure until it is either pulled loose or
broken. The position of such a heavily stressed fiber is analogous to that
of a very tough earthworm being tugged from its hole by a robin. If the
tugging has proceeded for some time with such meager results that the robin
releases the worm, the part of the worm outside of the hole will snap back
for a distance corresponding to the elastic strain; the part in the hole and,
to a minor extent, the upper part of the worm will contract more slowly for
a distance corresponding to the delayed recoverable strain; the distance
that the lower end of the worm was elevated by the robin, together with the
extent that the worm may have been permanently stretched, constitutes
the nonrecoverable strain.

The changes inside the noncrystalline or amorphous regions of a fiber
submitted to a pull are probably similar to those in the stressed strip of
paper. The molecules and crystallites in these regions correspond to the
fibrils and the individual fibers in the paper. One difference is that in a fiber
the individual structural elements are almost parallel to each other in each
of the various concentric zones. This subject is dealt with more fully in
Chapter IV-B.

After the development and use of a new testing instrument of ingenious
design, Steenberg? and coworkers,3® at the Swedish Forest Products
Research Institute, published a comprehensive study of stress—strain-time
relationships of paper which has done much to focus attention on the vis-
coelastic properties of paper. Because of these properties, the strength
of paper determined at normal loading speeds should not be relied upon
to assess its resistance to sudden shock loads nor to prolonged stress below

1 B. Steenberg, Svensk Papperstidn., 50, 127 (1947).

3 B. Steenberg, Svensk Papperstidn., 50, 346 (1947).

4 B. Ivarsson and B. Steenberg, Svensk Papperstidn., 50, 419 (1947).
8 B. Ivarsson, Svensk Papperstidn., 51, 383 (1948).
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the breaking load. Rance® showed that strips of paper having a tensile
strength of 10 kg. under normal testing conditions broke after 14 hrs.
under an applied load of 8 kg.; after 20 days under a 6-kg. load; and after
220 days under a 4-kg. load. A summary with some other applications of a
study of stress—strain—time relationships has been published.’

2. Common Tests for Paper

The outcome of the common physical tests for paper is dependent on the
basis weight of the sheet, usually expressed as pounds per 500-sheet ream of a
certain size, often 24 by 36 in. The bursting test, the most frequently
used test, is made by clamping an area of the sheet, effectively 1.24 inch
in diameter, against a rubber diaphragm and applying increasing hydraulic
pressure beneath the diaphragm until the paper bursts. The maximum
pressure attained is the value reported. The bursting strength more or
less parallels the tensile strength in the direction in which the paper has the
least stretch, usually the strongest direction of the paper. The ratio of
bursting strength to tensile strength increases with the ability of the paper
to stretch.

The tearing resistance is found by a pendulum type of instrument which
measures the work done to tear several sheets through a fixed distance and
is reported in terms of force (in grams) required to tear a single sheet. The
measured work also includes bending the specimen and rubbing the torn
edges past each other. The result depends mainly on the length of the
fibers, on the bulkiness of the sheet and its stretch, and for weak sheets on
the degree of fiber cohesion. For a sheet of fibers that do not cohere well,
the tear increases as the cohesion between the fibers is increased by any
means, until the cohesion becomes sufficient to dissipate the applied tearing
force over an appreciable area around the point where the tear is progress-
ing. After this degree of cohesion is reached, a further increase serves to
diminish the tearing resistance, usually quite rapidly, because increased
cohesion beyond the optimum for tearing resistance has an effect similar to
increased sheet density; both serve to concentrate the applied tearing force
over a smaller area of the sheet and thus make it more effective.

The folding endurance of a sheet of paper is the number of double folds
that a strip 15 mm. wide and under a tension of about 1 kg. will withstand
over a line across its width until fracture. The result is dependent on the

¢ H. F. Rance, Proc. Tech. Sect., Paper Makers’ Assoc. Gt. Brit. & Ireland, 29, 449

(1948).
7 B. Steenberg, Pulp & Paper Mag. Can., 50, No. 3, 207 (1949).
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third or fourth power of the applied tension, so that folding endurance
as measured by current methods is unduly sensitive to the normal tensile
strength of the strip. True folding endurance is dependent mainly on the
length and fineness of the fibers, their elasticity, and on the stretch of the
sheet.

The air resistance, the inverse of air permeability, is usually measured
in terms of the number of seconds for 100 cc. of air, under pressure of about
12 cm. of water, to flow through 1 sq. in. of paper. It depends on the dens-
ity of the sheet and on the specific surface (i. e., the exposed surface per
gram) of its components.

It has long been known that when a sheet of newly formed paper has
been dried under tension, as when clamped against a polished plate in-
stead of being allowed to shrink freely while drying, the tensile strength
is increased by about 10 to 509, and the stretch to the breaking point is
diminished by nearly 509,. The loss of stretch is mainly due to the re-
moval of the nonrecoverable component. There is also a corresponding
drop in bursting strength of 10 to 209, a decrease in tearing resistance of
up to 50%, and usually a severalfold increase in folding endurance. In
consequence, paper tests made on pulp test sheets give highly arbitrary
values which depend on how the pulp was prepared, how the sheets were
formed, and how they were pressed and dried.

Interpretations of such common tests are not only quite complex, but
at best merely serve to indicate whether the pulp is more or less suitable
for a given paper; they give little information concerning the underlying
causes for one pulp to be better or worse than another in any respect.
Occasionally, to supplement these physical data, measurement of viscosities
and such chemical tests as alpha-, beta-, and gamma-cellulose content,
copper number (ability to reduce Fehling solution), and chlorine demand
are made. However, as will be briefly discussed later, unless the results
are extreme, chemical tests by.themselves do not provide a good measure

of any papermaking quality of a pulp.

3. Pulp Testing

A more fundamental approach to pulp testing is needed, and one® which
has shown some promise involves consideration of six pulp qualities rather
more basic than those just discussed. However, it should be emphasized
that producers and consumers of pulp are mutually restrained from the
easy abandonment of orthodox methods, so that up to the present, only

8 J. d’A. Clark, Pulp & Paper Mag. Can., 49, No. 10, 202 (1948).
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meager progress in this direction can be recorded. The following qualities
were chosen, not because they necessarily represent the best for the purpose,
but because as a group they comprise a fairly complete characterization of
the papermaking qualities of pulp which can be deduced from a practical
system of currently available measurements. The factors involved are
(a) fiber length, (b) dry fiber flexibility, (c) wet fiber flexibility, (d) co-
hesion, made up of (1) the extent of the area in bonded contact and
(2) the intensity of the bonding, (e) intrinsic strength of the fibrous ma-
terial, and (f) ability of the pulp to respond to the wet mechanical treat-
ment or beating. Of these factors, beating is one of the most important
because of its pronounced effects on most of the other factors. For
example, an appropriate beating treatment, without the addition of supple-
mentary materials to the pulp furnish, can so modify fiber length, flexi-
bility, and area of cohesion that an average pulp may be made into such
extremes as a fairly satisfactory blotting paper or a fairly good transparent
greaseproof wrapping paper. The nature and measurement of the first
five factors involved in this newer concept of fiber quality will be discussed

before beating.
(a) Fiber Length

Even today there is no general agreement as to what may be meant by
the “length” of fibers in a pulp, mainly because there is a choice of express-
ing it in a variety of ways, including the numerical average length of the
fibers (which is much affected by the lower limit of the length of the particles
considered to be ‘“‘fiber’”’) and the weighted average length by length, by
projected area, by volume, and by true weight. Thus the ‘‘average’”
fiber length of untreated black spruce fibers has been reported to vary
from 0.74° to 3.48' mm., usually without definition of the type of average
employed. Perhaps because of this uncertainty, as well as the tediousness
of making individual fiber measurements, fiber length has been a test some-
what in disrepute. It is clear that just as the molecular length of cellulose
affects the strength of the structure it composes, so the length of the fibers
affects the strength of paper. Although the number-average length seems
to determine the strength of polymers (see Chapter XI), the weighted
average length by weight (which will be hereinafter termed ‘“weight-
average length”’) was shown by Clark!! to be the important one in the case

% J. B. Calkin, Paper Trade J., 91, 44 (Aug. 28, 1930).

b C. D. Mell, quoted by E. Sutermeister, The Chemistry of Pulp and Papermaking,
2nd ed., Wiley, New York, 1929, p. 57.

1 7. d'A. Clark, Paper Trade J., 115, 36 (Dec. 24, 1942).
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of paper, perhaps because the individual fibers, unlike molecules, vary
in thickness and especially because in a test sheet of paper the fibers are
isotropic, lying equally in all directions. He found if L was the weight-
average length either of the longest fraction of wood pulp fibers separated
out, cut, and reclassified, or of rayon fibers cut to various lengths, the
tensile strength of test sheets varied as L"?, the burst directly with L,
and the tearing resistance as L*. Some confirmation of these ratios is
indicated in a subsequent study!? by the U. S. Forest Products Laboratory.
Fiber length had no measurable effect on the density of the paper nor,
contrary to an erroneous common conception which widely persists, on the
ease with which water drained from the pulp. Also, if the thickness of all
fibers was held constant and if equal weights of uniformly long and short
fibers were mixed, the test results on paper made from the mixture cor-
responded closely with tests on a sheet made from uniform fibers having
the same weight-average length as the mixture and did not correspond at all
with tests on a sheet made from much shorter uniform fibers having the
same number-average length as the mixture.

These findings are at variance with several previously reported results on
the effect of fiber length except one,!® but in all the other previous findings
with that exception, the test specimens were prepared after classifying a
whole pulp into portions. There is a significant correlation between the
length of a natural fiber in a pulp and its thickness,* so it is believed that
most of the effects of varying fiber length reported were masked by the
important influence of accompanying changes in fiber thickness. The
importance of thickness is evident because the flexibility of a rod of circular
cross section varies inversely as the fourth power of its diameter, and the
number of fibers in a unit area of a sheet of paper of a given basis weight
varies as the square of their diameter.

The weight-average fiber length (see TAPPI method T 223 sm-53) is
conveniently determined from the fiber distribution with a classifier of the
Bauer-McNett type!! or more rapidly with the Clark Four-Screen Classi-
fier.?® The specimen fibers, highly diluted in water, are caused to flow
through a series of compartments parallel to the faces of screens of de-
creasing mesh. If the fibers are shorter than twice the screen opening they
can turn a somersault on the edge of an opening and pass through. Other-

12 Sulfite Pulp for Paper, U. S. Forest Products Laboratory, Mimeographed Report
1596 (1943).

13 R. B. Brown, Paper Trade J., 95, 145 (Sept. 29, 1932).

14 J. H. Graff and R. W. Miller, Paper Trade J., 109, 31 (Aug. 10, 1939).

1 A. E. Reed and J. d’A. Clark, Tappi, 33, 294 (1950).
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wise they remain in the compartment ahead of the screen. However, fi-
bers longer than twice the size of the openings in the screens may pass
through if the fibers are bent or if they are very flexible, so there is always
the likelihood of a small error in the determination of length distribution
curves and weight-average lengths, unless this effect is measured and
allowed for.

(b) Dry Fiber Flexibility

Dry fiber flexibility may be defined as the deflection of a dry fibrous ele-
ment which results from an applied bending moment. It depends
markedly on the thinness of the element and its walls, and to a lesser extent
on humidity. Fibers are usually tubular, and when the fibers are dried,
the sides of most thin-walled fibers collapse to form flat tubes; they there-
fore bend much more easily, are more flexible, and compact together better
than do thick-walled fibers.

In most trees, especially conifers, the summerwood fibers are thick-
walled and stiff; the thin-walled springwood fibers, though of equal
diameter tangentially and of even greater diameter radially, are more
flexible. Paper made from the former is bulky, weak, and brash; paper
made from the latter is relatively dense, strong, and pliable. The thin-
walled fibers, although individually weaker than the thick-walled fibers, are
more numerous in sheets of the same basis weight. Thus they distribute a
force applied to the sheet over a greater area and use their strength to
greater advantage by virtue of their greater flexibility as well as their
greater bonded area.

Since the solid cellulosic material in common papermaking fibers does
not vary greatly in its resistance to bending, an approximate measure of
dry fiber flexibility is that of the total length of a gram of fiber. This can be
ascertained!! in about half an hour by optical projection; cumulative
measurements are made on a fiber suspension of known dilution and volume
which has been immobilized by the addition of a gel.’® Another approxi-
mate measure of dry flexibility is a determination of the average diameter
and wall thickness of the fiber from direct measurements of cross sections
made on the unpulped fibrous material, for example, wood. These are
neither difficult nor tedius to make if a photomicrograph of known enlarge-
ment of a representative cross section is available. .

Because dry fiber flexibility is closely related to fiber fineness, a measure
of either property provides a fair index of the relative surface smoothness

12 See TAPPI method T 232 sm-53.
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and ink receptivity of paper made from the pulp, if an allowance is made for
the possible splitting of the fibers by subsequent treatment.

(c) Wet Fiber Flexibility

Wet fiber flexibility is influenced not only by the factors which govern
dry fiber flexibility, but also by the extent to which the fibers were bruised
or internally split and fibrillated, or rubbed or externally split, during beat-
ing. These factors are not important in dry flexibility because in most
cases the split fibrous elements rebond as they dry.

The ease with which fibers are flexed when wet is most conveniently
measured by the apparent density (or its reciprocal, the apparent specific
volume) of pulp test sheets after these have been wet-pressed and dried
without pressure on a polished metal disk in accordance with the standard
pulp testing method (TAPPI Standard T 205 m-50). Alternatively,
the apparent density may be measured indirectly by the free shrinkage of
the pressed moist sheet when dried in the air. As water leaves a freshly
deposited moist sheet of paper, adjacent fibrous elements are drawn to-
gether by surface tension. Campbell!® has pointed out that the force in-
volved is independent of fiber thickness and, in consequence, may amount
to thousands of pounds per square inch for the finer fibrous elements, which
accordingly will give a harder, denser, more compact sheet. A disturbing
element in the relationship between sheet density and wet fiber flexibility
may be the curliness of the fibers, but this is a minor one unless the fibers
were curled artificially, as will be discussed later.

It should be emphasized that, contrary to widely held opinion with an
occasional dissenter,® fiber length per se is not an appreciable factor in
sheet density nor air permeability; such opinions originally were based on
data derived from length-fractionated whole pulps, in which experiments,
as already mentioned, fiber thickness was an unconsidered covariable.

-

(@) Fiber Cohesion

Fiber cohesion includes both the area of fibrous elements bonded together
and the intensity of the bonding. The former may be measured by optical
means as developed by Parsons,'” when the specific surface of the pulp is
known. A measure of fiber cohesion as a whole is the transverse tensile
strength per unit area of a test sheet. A good method for determining this
is the viscosity—velocity product (VVP), measurement developed by the

16 W. B. Campbell, Can. Dept. Interior, Forest Service Bull. 84 (1933).
17 S. R. Parsons, Paper Trade J., 115, 34 (Dec. 17, 1942).
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Institute of Paper Chemistry.’® It consists in passing a heavy roller over a
drop of highly viscous liquid on a face of the sheet and finding the limiting
surface speed of the roller needed to blister or split the paper. The in-
tensity of bonding may be judged by dividing the calculated force to split
the sheet by the estimated percentage of the fractured area in fiber-to-fiber
contact.

From a theoretical point of view, the measurement of the intensity of
bonding is an interesting one, because it must relate to the chemical and
physical nature of the surfaces in contact and is probably not increased by
beating subsequent to the interiors of the fibers being exposed. In prac-
tice, as has already been intimated, fiber cohesion is of importance with
respect to paper strength, not because of any direct resistance offered to an
applied stress, which would be quite low, but because of the frictional
resistance developed by individual fibers tending to be displaced length-
wise by an imposed stress. When the fibrous elements are long in relation
to their diameter, as is the case with fibrils derived from cotton and bast
fibers, then the magnitude of fiber cohesion becomes correspondingly less
important, particularly as the sheet becomes increasingly dense and the
elements are packed closer together. It must be emphasized that only
relatively small cohesive forces are needed to anchor firmly a fiber embedded
in a normal sheet, particularly if the fiber is long.

If the normal tensile strength of a test sheet is divided by a function,
preferably the square root,!! of the weight-average length of the fibrous
elements and by the apparent density of the sheet, a practical index of
fiber cohesion may be derived. This reduces cohesion to a single number
which is reliable at least to the extent of telling if the pulp being tested is
proficient or deficient in this property.

(e) Intrinsic Strength of Fibers

The intrinsic strength of a fiber may be found directly by attaching the
ends of an individual fiber to the ends of two strips of paper with sealing
wax, and measuring the tensile strength of many fibers this way by an ap-
paratus fashioned after a chainomatic balance, then dividing the breaking
load of each by its cross section measured microscopically.

Because of the delicate procedures needed to handle individual fibers and
their variability which entails many data for accuracy, it is much easier
to work with sheet material and determine this property indirectly by the

18 Anon., Paper Trade J., 123, 24 (Oct. 31, 1948); 123, 24 (Nov. 7, 1948).
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tensile strength of the sheet as the span between jaws approaches zero as
proposed by Hoffman Jacobsen.!®

The assumption is made in a standard handmade test sheet that half of
the fibers are oriented in the direction of pull. An improved attachment de-
signed by Clark® for a tensile tester is shown in Figure 1. The test®=is

TANG FOR UPPER GRIP

%J__n

&
-
X

\TAPiG FOR LOWER GRIP

Fig. 1. Zero-span jaw attachment for tensile strength tester. Courtesy
of Thwing-Albert Instrument Co., Philadelphia, Pa.

rapid and reproducible. It can be regarded as the ultimate or maximum

tensile strength of a test sheet made with the fibers being tested, after they

have been subjected to a theoretjcally ideal beating treatment for the

optimum time. The test appears to be affected by the degree of polymeri-
1 P, M. Hoffmann Jacobsen, Paper Trade J., 81, 52 (Nov. 26, 1925).

2 J. d’A. Clark, Paper Trade J., 118, 29 (Jan. 6, 1944).
208 See TAPPI method T 231 sm-53.
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zation of the cellulosic material in the fibers (discussed more fully under
topic E-1 in this Chapter VIII) and is sensitive to overcooking or over-
bleaching of the pulp. As proposed by Hoffmann Jacobsen,® the ratio of
the normal to the zero span tensile test gives a good measure of the over-all
entanglement and cohesion of the fibers.

(f) Pulp Evaluation and Response to Beating

The five properties just discussed are sufficient to characterize the physi-
cal properties of a prepared or beaten pulp. Properly interpreted, they
serve to forecast its ‘‘running” qualities on the paper machine (in inverse
proportion to the density of the test sheets) and to predict the strength and
most other qualities of the paper made from it.

Pulps differ considerably in their response to beating, depending upon
the structure of the fibers and the chemical nature of their material. The
measurement of beating qualities will be discussed later; however, a prac-
tical and comprehensive set of tests for evaluating the quality of an un-
known pulp, including its beating characteristics, is as follows: Two
portions of the sample are beaten in a standardized manner, one for a
moderate time and the other for twice as long. One of these times should
preferably, though not essentially, be chosen so that after that period the
laboratory treatment will be approximately equivalent in extent of beating
to the treatment of the pulp in practice. A set of standard pulp test sheets
is made for the two beating periods. At the end of the period correspond-
ing to the degree of beating in practice, the average fiber length, the fine-
ness of the fibers (if unknown), the density of the test sheets, and their
normal and zero-span tensile strength are measured. To serve as a check,
it is desirable to apply also all the usual strength tests, such as bursting
and tearing, to the sheets at that beating period. With the other beating
period, only the normal tensile strength of the test sheets is needed, but
it is well to measure also their density and the average length of the fibers.
Provided that the two chosen degrees of beating lie on the straight part
of the plot of tensile strength versus logarithm of beating, which usually
will be the case, the percentage increase in the normal tensile strength of the
test sheets effected by doubling the time of beating gives a good practical
measure of the beating quality of the pulp.

B. BEATING ‘

When pulp is beaten, the outstanding resulting characteristic lies in the
ability of fibers so treated and thereafter dried in contact with one an-
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other, to cohere strongly. The beaten fiber mass also acquires a slimy feel
and the property of holding water longer or more firmly when allowed to
drain. The prepared fiber suspension, called “stuff’’ or ‘“‘wholestuff”’ or
“stock’’ is then said to be ‘‘beaten,” “wet,” ‘“‘slow,” or “‘hydrated.” Before
beating, the condition of the pulp is sometimes termed ‘‘halfstuff,” but more
often ‘“‘unbeaten” or “raw’’; after only a mild beating treatment the pulp
condition is termed ‘‘free.”’ ‘“Wetness,’’ ‘‘slowness,” and ‘‘freeness’’ are de-
rived words. These technical terms refer to the ease or difficulty with
which the pulp, when squeezed in the hand or placed on a screen, either
retains or parts with some of its associated water.

Beating is extremely important in its relation to the quahty and the rate
of production of paper. In fact, it has been said with much truth that
paper is ‘‘made” in the beater. Furthermore, the interest of modern paper
technologists in beating has been heightened by economic reasons. An
enormous amount of power is consumed—from 200 to nearly 2000 kilowatt-
hours per ton of finished paper for certain specialities although rarely is a
figure of 1000 exceeded. The high cost of this one operation in paper-
making is readily understood from the fact that in the United States and
Canada the current annual production of paper and board is over thirty
million tons.

1. Influence of Moisture on Pulp

Because of economy in transportation and also resistance to decay in a
dried condition, most purchased pulps (excluding groundwood, which is
not easily defibered after drying) are shipped after having been dried on
steam cylinders to a dryness of over 709, usually about 909, in which
latter condition it is technically termed “‘air-dry.” The saturation of the
fibers with water and their consequent swelling and softening is the first
step in beating, although scarcely recognized as such. The rate of this
swelling is somewhat dependent, inversely, on the extent to which the
fibers have been dried. When swollen, they become more flexible and less
brittle; because of this, they are better able to withstand cutting during
the violent mechanical action of beating. Pulps which have never been
dried are initially much softer and more swollen than dried fibers that have
been soaked in water and, in consequence, behave differently upon being
made into paper, especially after only a limited beating period. In most
cases, at least one hour of mild beating treatment is required before the
papermaking characteristics of a normally dried pulp revert, in part only, to
those it had before being dried. This swelling of the fibers has been termed
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“imbibition” by some authorities and at one time was considered to be an
integral part of the beating process itself, various vacuum and pressure
devices being proposed and built into the beater to accelerate imbibition.
However, except for the undisputed fact that the rubbing and squeezing
of the pulp during the beating period serve to accelerate the sorption of
water, imbibition is now commonly regarded as more or less incidental to
beating provided that fibers are properly soaked before being subjected to
intensive treatment.

2. Beating Equipment

Before considering the changes of pulps effected by beating and discuss-
ing the various theories explaining them, a brief description will be given of
the principles of four types of commercial modern beating equipment.
Prior to the adoption of this equipment, heavy stampers were used to break
up the mass of tangled rags, commonly used as a source of fibers, into a
uniform pulp.

(a) Beaters, Jordans, and Refiners

The hollander (usually termed the beater), introduced about 1670,
marks the beginning of modern beating. This beater, which has changed
but little in its original design, is still supreme in the fields of almost all
but coarse papers and certain specialities. Figure 2 shows a cross section
of a modern beater. It has the form of an oval-shaped trough A divided
into two channels by a ‘“mid-feather’’ B. Across the bottom of one chan-
nel, is placed the ‘“‘bedplate’”’ C which is either single or multiple; this plate
is provided with projecting blades or ““bars’’ of steel or bronze, usually from
3/,6 to /g 1n. thick and spaced about the same distance apart. These blades
are set at a slight angle to the plate and project from the wooden spacers
about !/, in. Over the bedplate is mounted a heavy roll D, provided with
blades or ‘‘bars” which are set parallel to the axis of the roll, which project
about 2 in., and usually are spaced about 2 in. apart. The bearings sup-
porting the roll are precisely adjustable to vary the clearance or pressure
between the bars in the roll and in the bedplate. When the beater is in
operation, the pulp suspension is circulated round the trough by the paddle
action of the barsin the roll. Some of the fibers in the pockets between the
bars are commonly supposed to be caught on the edges of the bars in the
form of a ‘“fibrage’” and banged and rubbed across the bedplate bars and
their edges. The pulp is discharged over the backfall E to flow round
the trough to the front of the roll again. Usually the beater roll is lowered
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as beating proceeds and after the fibers have become sufficiently flexible
to withstand a more drastic pressure without being so readily cut. The
peripheral speed of the roll is approximately 2000 ft./min., the pulp circu-
lates in the trough at the rate of about one revolution in 2 or 3 min., and
the treatment is usually continued from one to a number of hours, depend-
ing on the kind of stock. The consistency of the pulp (that is, the percent-
age of pulp solids in a measured volume of suspension) is usually from 5
to 87%. Milne’s two papers?!:?2 should be consulted for further practical
information on beaters and beating.

Fig. 2. Sectional view of a modern beater and detail of bedplate adjustment.
(A) Beater tub; (B) midfeather; (C) bedplate (multiple shown); (D) roll; (E)
backfall. The curved arrows within the diagram indicate the direction of flow
of the pulp. Courtesy of E. D. Jones & Sons Co., Pittsfield, Mass.

The ‘“‘jordan” has almost entirely supplanted the beater in modern
mills manufacturing newsprint and kraft wrapping papers. This type of
beating equipment consists of a conical drum rotating in a horizontal coni-
cal casing, the rubbing surfaces being provided with blades or ‘‘knives”
similar to those described far the beater. The clearance between the knives
is adjusted by sliding the drum in or out of the cone. The pulp, at a con-
sistency between 2 and 57, enters the casing at the small end and is moved
by both pressure and centrifugal action to the exit at the large end. These
machines are built in various sizes, some having a capacity for treating
considerably over 50 tons of stock per day and consuming as much as 500
horsepower in so doing. In general, the action of a jordan is more that of

1 §. Milne, Paper Trade J., 84, 54 (June 16, 1927).
22 8. Milne, Pulp & Paper Meg. Can., 37, No. 8 442 (1936).



VIII. PROPERTIES AND TREATMENT OF PULP FOR PAPER 637

cutting and especially of a “‘clearing’’ of clots and fiber bundles in contrast
to that of a beater. Thus, jordans are now almost universally used on the
stock for this purpose after the beaters and just prior to the paper machine.

The refiner,?® which again is coming into favor, has found its greatest
use in making kraft papers but its use is being extended to other grades.
This equipment consists essentially of two large steel disks in a casing, one
or both of which revolve. In a variation of this design, so as better to bal-
ance the large pressures involved, a center disk is made to revolve between
two stationary ones. Like millstones, the disks have bars or serrations
machined into their two adjacent faces. Pulp is fed through an opening to
the center of one of the disks and passes then between the faces to the out-
let on the periphery of the casing. The distance between the faces of the
disks is adjustable with great precision so as to vary their action on the pulp.

More recently, a new type of refiner called an Idar has shown promise,
especially for treating cotton, linters, and bast fibers. The faces of the
disks of the new machine, one of which is rotated, are serrated with V
grooves about !/s in. apart to form a myriad of small sharp pyramids.
The pulp is fed through into the center of the disks, where it is dewatered
into clots ' aving a high consistency. As the clots proceed outwards, pre-
sumably ! y are seized by the apices of the pyramids, wrenched apart,
and re-formed to be wrenched apart again. In this way, a maximum of
splitting and rubbing action is secured with a minimum of cutting, espe-
cially with those fibers which readily split along their lengths.

(b) Special Machines

Although the hollander, jordan, and refiner are the most widely used type
of beating equipment, three other types—the rod mill, the kollergang, and
the Curlator—are in limited use commercially for special purposes.

A rod mill?* consists of a large rotating steel cylinder filled partially with
heavy steel rods. The pulp, which may have a high consistency (up to 209,
or more), is fed in at one end, and is subjected to the rolling and pounding
action of the rods as it proceeds to the outlet at the other end. However,
because of power requirements, wear of both the rods and the lining of the
cylinder, and intense noisiness, very few remain in operation.

The kollergang or edge-runner?® is used in some mills, usually paper mills,

3 T. W. Chambers, Paper Making and Its Machinery, Constable, London, 1920, pp.
50-54.

8. D. Wells, Paper Trade J., 111, 89 (Aug. 29, 1940).

% W. Brecht, Papier-Fabr., 35, 259, 313 (1937).
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mostly in northern Europe. A typical machine consists of two heavy
granite disks, about 3 ft. in diameter and 10 in. wide, mounted on horizontal
axes to track around a horizontal annular trough at about 15 r.p.m.
Pulp at about 30 per cent consistency is fed into the trough where it is
subjected to a rolling and twisting action by the runners. Because of the
very high consistency of the pulp and the manner of operation, relatively
few fibers are cut. The high power consumption per ton of pulp treated
and the low output per machine are reasons why, despite their desirable
action, few kollergangs are used in North America.

A machine called a Curlator? has been placed in limited commercial use
in the United States and Canada during the last few years. It consists of
two rough-surfaced steel disks about 4 ft. in diameter, mounted horizon-
tally one above the other. The upper disk, which bears upon the bottom
disk with a pressure of about 15 Ib./sq. in., is given a gyratory motion
on a small radius. The action continuously dewaters and rubs the pulp
fibers or fiber bundles flowing outwardly between the disks and curls the
fibers. In consequence, test sheets made from the treated pulp are bulk-
ier and thus weaker in burst and tensile strength and stronger in tear
resistance and more absorbent than if made from untreated fibers.

Rod mills, kollergangs and Curlators find use mainly in pulpa" and paper
mills making some special grades of paper. The machines are well adapted
to defibering shives or slivers of wood which are incompletely softened
by cooking. Their use is being extended because of a recent trent toward
more ‘‘semichemical”’ pulping. This process entails less complete cooking
of the wood chips and their subsequent reduction to fibers by mechanical
treatment, usually while the material is still hot. Refiners, usually in
conjunction with jordans, are also being increasingly used for the re-
duction of the wood chips. Pulp yields of upwards of 609, of the wood
substance are attained.

3. The Action of Beating Equipment

When the bar of a beater, jordan, or refiner sweeps through the pulp,
it is commonly held that a layer of fibers is caught and draped over the edge,
mostly at right angles, to form a ‘‘fibrage”’? or mat having elements lying
mostly at right angles to the bar edge. This fibrage is then banged against
the leading edge of one of the stationary bars, and intense pressure is de-

# H. S. Hill, J. Edwards, and L. R. Beath, Tappi, 33, 36 (1950).
% S. Smith, The Action of the Beater, Tech. Sect., Paper Makers’ Assoc. Gt. Brit. &

Ireland, London, 1923.
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veloped on the assembled fibers across the zone of contact. Some of them
are cut; some are split, and the tail of the outer surface of the fibrage
remaining on the moving edge is rubbed across the edge and face of the
stationary bar. During this action some of the fibers are transferred to
the leading edge of the stationary bar and may form a secondary fibrage
there. The outer face of this secondary fibrage is in turn treated by the
edge and face of the following moving bar. Fibers are also rubbed against
parts of the equipment and against eachother asthe pulp is circulated around
the machine.

However, it is not certain that the action is as simple and as straight-
forward as just described. Because of the induced turbulence, there is
some doubt as to the ability of the leading edge of a flat bar moving flat-
wise through the pulp to gather other than momentary fibrages over short
lengths. If this is the case, then it is unlikely that such fibrages would be
well oriented; they would be more in the nature of clots.

The predominantly pounding action of the rod mill, the rubbing and
twisting action of the kollergang, and the rubbing and wrenching action of
the Idar have been mentioned. These do not preclude cutting and
splitting the fibers, since, when two or more wet fibers cross each other and
are compressed between two hard surfaces, mutual cutting of the fibers
can and does occur.

On a greatly magnified scale, the beating operation would be analogous to
pouring bushel baskets of very long cigars between two trains passing each
other at high speed with a clearance between them of only a couple of
inches. Under this action, the cigars would be cut, or would cut each other;
they would be split externally, unravelled, and rubbed. Much of the
“wrapper’”’ would be loosened and removed and the inner filler would be
split, separated, and bruised. Some cigars would be bent, and a large
amount of tobacco dust and small pieces would also result. In all beating
operations, it will be clear that fibers are cut, split, bruised, and, usually
to a minor extent, bent or curled. Fiber debris is always produced, and
new surfaces are opened up and exposed to water which is immediately
adsorbed. Accordingly, the beating action given to fibers by any piece of
beating equipment may be characterized and measured in terms of (1)
cutting (shortening), (2) splitting, which in turn may be subdivided into
(a) surface splitting or roughening—as a result of rubbing, and (b) internal
splitting—as a result of bruising, and (3) deformation or curling of, the
fiber—usually negligible unless the fibers have been treated with a Curlator
or in a commercial kollergang at high consistency. It should be emphasized
that these three basic actions, together with the adsorption of water on
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exposed cellulosic surfaces, are the only things that can possibly happen
during beating. The so-called “‘hydrating’’ action of the beater is presumed
to be equivalent to the splitting of portions of the exterior and interior of
fibers and the sorption of water on the newly exposed surfaces.

The over-all and relative extent of the three basic actions on a given
pulp will depend on the design of the equipment, the manner of its opera-
tion, and the consistency of the pulp being treated; temperature has a
small, usually negligible, effect. For a given pulp, cutting of the fibers will
be promoted relative to the other actions by the following: (a) Low pulp
consistency—Thinner fibrages or clots will be formed on the bar edges so
there will be less cushioning at impact and more intensive pressure. (b) Bar
sharpness—There is much erosion and corrosion of the bar edges in beating
equipment. New bars cut more than worn ones, thin ones more than thick,
and, despite contrary statements in the literature, relatively soft noncor-
roding metal bars like bronze or monel often cut more than do steel bars,
especially hard steel bars, which do not wear away nearly as fast as their
leading edges become rounded. (c) Bar angle-—It has been held that the
less parallel are the fixed and moving bars, the greater is the scissoring or
cutting action. However, unless the bars are very sharp it is very doubtful
if this is much of a factor. (d) Bar speed— For a given applied horse-
power, a lower speed means a lesser clearance between the bars and con-
sequently a greater cutting action. On the other hand, fibers, especially
when wet, are capable of extensive plastic deformation, so that, if, during
beating, cutting forces are applied more suddenly, increased bar speed,
especially beyond about 2500 feet per minute, favors relatively more cutting.
However, as pointed out by Rance,? there is an analogy between the mech-
anism of oil lubricating a bearing and the pulp suspension acting as a
lubricant between the fixed and moving bars. Thus an increase in the
speed of the moving bars may sweep more fibers into the zone of action
and to that extent reduces the~tendency for cutting to occur. (e) Rigidity
—The firmness and inertia of the bars and bar-holding parts intensify
the imparted shock, which, for the reason just discussed, favors relatively
increased cutting. Accordingly, in general, mill equipment will do con-
siderably more cutting and smashing of fibers to produce debris than will
laboratory equipment, even if other factors are substantially the same.
(f) Bar clearance or pressure—This is the main adjustable variable for
control purposes and governs the power input to the beating machine.

Internal splitting depends on the nature of the fibers, but will be increased

# H. F. Rance, Proc. Tech. Sect., Paper Makers’ Assoc. Gt. Brit. & Ireland, 32, 360
(1951).
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by high consistency of the pulp, blunt bars, and medium bar pressure.
Surface splitting or rubbing is favored by high consistency, high bar speed,
and low bar pressure. If a ‘“stone” bedplate and a ‘‘stone” roll, actually
made of basalt lava, the roll having wide, deep channels cut across its
face like a broad gear wheel, are substituted for the usual beater roll with
metal blades, or if the bedplate is made of stone and the roll of metal,
the rubbing and bruising action of the beater will be intensified. Accord-
ingly, such equipment is especially desirable for greaseproof papers and
some specialties, such as ultrathin electrical condenser tissues, but un-
fortunately the lower output and thus higher power consumption per ton
of stock prepared with stone tackle are considerable disadvantages.

It is almost axiomatic that the more power that can be applied to any
given beating machine working on pulp, the less power per ton is needed to
beat the pulp. This is so because, in general, a substantial portion of the
applied power is largely wasted in circulating the mass of pulp and water,
and the power loss for this does not increase as the total applied power is
increased. However, unless the consistency of the pulp can be raised to
offset the increased bar pressure involved, the quality of the prepared stock
is then likely to suffer to some degree.

4. Measurement of Beating

The effects of beating which have been most used for its measurement
have been (1) reduction in fiber length, (2) difficulty in draining water
from a mass of pulp, (3) increase in the density of test sheets, (4) increase
1n the specific surface of the pulp, and, as already discussed, (5) increase in
the tensile strength of test sheets.

The oldest and most straightforward method of judging the degree of
beating is the estimation of the length of the fibers, originally by direct
inspection, more recently with a magnifier or by optical projection. By
modifying the operation of a high-speed fiber classifier,!® the percentage of
fibers longer than a chosen length may be determined in a few minutes;
it is possible, therefore, that this method will again take the leading place.

Since the beginning of this century, scores of tests and instruments be-
came available for measuring the rate at which ‘‘free’”’ or ‘‘fast” water
drains from pulp. These tests are empirical and are conducted under
specified conditions. Results are usually reported as (a) drainage time,
that is, the time required to form sheets of a certain moisture-free basis
weight (TAPPI Standard T 221 m-51), or as (b) the “freeness,”’ that is, the
volume of ‘“fast” water drained from the pulp (TAPPI Standard T 227

m-50).
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Unfortunately, the freeness test is affected by many different factors,
particularly the quantity of fine debris present in the pulp. In fact the
“freeness”’ of a well-beaten pulp can be almost fully restored to its original
value by washing beaten pulp with water on a 200-mesh sieve and so re-
moving the debris without greatly affecting the strength.® In consequence,
because of the highly questionable, and indeed erroneous, implicit assump-
tion that the quantity of fine debris produced by all kinds and sizes of
beaters and other machines is proportional to their beating action, whereas
it may vary greatly even with a single laboratory beater, the custom of
reporting the strength or other properties of pulps beaten to a given free-
ness is always indefinite and often misleading.

Clark®-® has found that when the apparent density of the test sheets, or
better still its inverse, the apparent specific volume, is plotted vs. loga-
rithm of either the amount of energy supplied or the beating time, if the
energy supplied per pound of pulp is constant, the resulting plot is a
straight line. This may except the initial point for unbeaten pulp which is
sometimes disturbed in position by the presence and quick removal of the
primary wall, and will except the final points if the pulp is beaten consider-
ably beyond the normal commercial limit. It was also found® that the
slopes of the lines so plotted for a wide variety of pulps treated with the
same beater and under the same conditions are surprisingly parallel.
Thus, the plot for a straw pulp gives a slope similar to a wood pulp or a
rag pulp but commences at a lower specific volume—about 1.5 instead of
about 2 and 2.5 cc./gram, respectively. These findings make the specific
volume of the test sheets (or their density) a most useful basis for measuring
the degree of beating. A minor drawback to using either the density or
specific volume is their comparative insensitivity and consequently the
time aud care needed to make a measurement with sufficient precision.
The lorgitudinal shrinkage of the test sheets before and after drying is an
analogous test which is more sensitive and may serve for control purposes
when suitable equipment for determining density, such as that described
in TAPPI Standard T 205 m-50, or adequate time, is not available.

The specific surface of a pulp (see TAPPI method T 226 sm-52) ap-
pears to increase linearly with the logarithm of the amount of beating,
at least during the initial and intermediate stages and at a different rate
with different pulps. It would make an excellent measure of beating if it
were not so difficult to determine reliably.

When the tensile strength or its function, breaking length, is plotted
against the logarithm of the amount of beating, the result is linear over

3 7. d’A. Clark, Paper Trade J., 116, 31 (Jan. 7, 1943).
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most of the practical range of beating and the slope varies with different
kinds of pulps. When the slope of this line is determined with standardized
reproducible laboratory beating equipment as discussed in Section A-3-f
of this Chapter VIII, it constitutes possibly the best current practical
measure of the beating quality of a pulp.

C. THEORIES OF BEATING

Because of its importance, beating has been the subject of many pub-
lished articles and discussions, but even yet there is not complete unanim-
ity concerning the cellulose-water relationship in beating.

In order to explain the various known effects of beating, hypotheses have
been offered which may be divided into two main groups: chemical and
physical, with the colloidal aspects of the latter receiving increasing sup-
port. Associated with these differing views, respectively, are the names of
Carl Schwalbe,* James Strachan,?—3% and W. Boyd Campbell,!¢:3¢ whose
main theses may be found in the references noted. Also among the more
comprehensive papers on the subject are those of Bell,%-¥# Cottrall,’ -3
Harrison,® Kress and Bialkowsky,*’ and Jayme*! and extended treatments
of special phases of the problem by Katz*? and especially Stamm,*® and the
reviews of the subject by Simmonds,* Rowland,* Clark,* and Suter-

meister.¥

% C. G. Schwalbe, Paper Trade J., 72, 58 (Mar. 3, 1921).
31 J, Strachan, Proc. Tech. Sect., Paper Makers' Assoc. Gt. Brit. & Ireland, 6, 139
(1926).
32 J. Strachan, 7bid., 13, 61 (1932); 14, 447 (1933).
38 J, Strachan, 1bid., 19, 171 (1938).
3 'W. B. Campbell, Paper Trade J., 100, 35 (Feb. 14, 1935).
% J. H. B. Bell, J. Soc. Chem. Ind., 52, 109T, 119T (1933).
% J. H. B. Bell, Proc. Tech. Sect., Paper Makers' Assoc. Gt. Brit. & Ireland, 15, 401
(1934).
3 L. G. Cottrall, 7bid., 14, 241 (1933).
8 L. G. Cottrall, Tappi, 33,471 (1950). See especially L. G. Cottrall, Introduction to
Stuff Preparation for Papermaking, Griffin, London, 1952.
3 H. A. Harrison, Proc. Tech. Sect., Paper Makers’ Assoc. Gt. Brit. & Ireland, 11, 303
(1930).
0 O, Kress and H. Bialkowsky, Paper Trade J., 93, 35 (Nov. 12, 1931).
1 G. Jayme, Australian Pulp & Paper Ind., Tech. Assoc. Proc., 3, 432 (1949).
42 J. R. Katz, Cellulosechemsie, 11, 17 (1930).
4 A, J. Stamm, U. S. Dept. Agr., Misc. Pub. 240 (1936).
4 F. A. Simmonds, Paper Trade J., 101, 35 (July 18, 1935).
4% B. W. Rowland, Paper Trade J., 101, 98 (Sept. 26, 1935).
4 J. d’A. Clark, Paper Trade J., 97, 25 (Dec. 28, 1933).
4 E. Sutermeister, Paper Ind. and Paper World, 29, 361, 542 (1947).
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1. Chemical Theory of Beating

The chemical theory of beating, which was held by such prominent in-
vestigators as Cross and Bevan,* Sindall,* and later championed especially
by Schwalbe,® suggested that during beating, the fibers were cut and fibril-
lated and at the same time a cellulose hydrate or slime, which was presumed
to be a chemical compound of cellulose and water, was formed round the
particles and provided a strong adhesive which, when dried, cemented the
structure together. Cross and Bevan were somewhat noncommittal about
whether or not a true cellulose hydrate was formed, and chose to term it
‘““physicochemical”’ combination, but both Schwalbe and Sindall found
experimentally that beaten pulp was slightly more hygroscopic than un-
beaten pulp and, accordingly, believed that some hydrate was formed.
Subsequently, very precise measurements'®® of the equilibrium moisture
content of the same pulps, both beaten and unbeaten, have disclosed that
the former usually, but not always, do contain more moisture, that is,
up to 49, of the total moisture present. However, because of no definite
experimental evidence as to the presence of a hydrate, the slight excess of
moisture in the beaten pulps may be very satisfactorily explained on the
basis that intensive beating has opened up the internal structure of the
fibers and provided fresh surfaces to adsorb additional moisture.

Some investigators have suggested, on purely hypothetical grounds,
that a liquid mucilage of carbohydrate material is formed in greater or
lesser quantities when water permeates a fiber and this is squeezed to the
surface when the fiber is subjected to mechanical treatment. Wurz,5!
for example, has postulated that pectin-like substances, uronic acids, are a
necessary content of pulps from which well-bound papers like greaseproof
can be satisfactorily made.

The chemical theory of beating was a very comfortable one to the paper-
maker as it could be made to explain satisfactorily almost, if not quite all,
the more practical beating phenomena which have been referred to above.
In particular, by the apparently reasonable postulation that the hydrate
was glue-like in character and increased in quantity as beating proceeded,
a good explanation was provided for the characteristic way in which the

4 C. F. Cross and E. J. Bevan, A Text Book of Papermaking, 5th ed., Spon, London,
1920, especially Chapter VII.

“ R. W. Sindall, The Manufacture of Paper, Constable, London, 1908, especially
Chapter IX.

8 S. E. Sheppard and P. T. Newsome, Ind. Eng. Chem., 26, 285 (1934).

81 0. Wurz, Papier-Fabr., 35, Tech.-wiss. Tl., 54, 57 (1937); 38, Tech.-wiss. Tl., 87

(1940).
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strength of sheets made from cellulose fibers increased with beating.
Indeed, Schwalbe®? not only proposed the use of chemical agents, such as
acids and alkalies, to expedite beating by the formation of a hydrate, but
he even carried out one or two apparently satisfactory commercial demon-

strations.
2. Physical Theories of Beating

The main difficulty in securing a general acceptance of any one physical
theory, on the other hand, has been the absence of an equally satisfactory
and simple explanation of the mechanism of bonding as was provided in the
chemical theory or by the mucilage or glue hypothesis; it is with this point
especially that many investigations and differences of opinion have been
concerned.

The chemical theory was severely criticized by Strachan in 1926.3! He
insisted that the taking up of water by pulp in beating should be termed
“imbibition”’ and not hydration. He described the water content of paper
stock as follows: (1) water of suspension, in which the fibers float; (2)
capillary water held between the fibers and in their canals and pores;
(3) colloidal water composed of (a) water of ‘‘imbibition’’ adsorbed by the
unbeaten fiber and (b) water of ‘“hydration’ or an increase of water of
imbibition due to beating. The colloidal water was stated to be held partly
by adsorption and partly by occlusion.

Strachan described a number of experiments which he conducted on
artificially made fibers having a density of 1.2, prepared from rag paper
moistened with zinc chloride and compressed together followed by thorough
washing (“‘vulcanized” fiber), and demonstrated quantitatively the effects
of vacuum, pressure, temperature, papermaker’s alum, acids, and alkalies
on the rate of imbibition of his material, which was presumed to be anal-
ogous to the fiber of a pulp.

(a) Fibrillar Entanglement

After describing his concept of the internal structure of the cellulose
fiber, confirmed later by others,®3:** Strachan postulated that the layers
of compacted fibrils, being porous, allow water to penetrate and thus cause
the fiber to swell. When the fiber is then subjected to the beating action,
the outer layers are loosened, and the surface becomes fibrillated, there is
easier access of the water to the inner layers, and the rate of water pene-

52 C. G. Schwalbe, Paper Trade J., 80, 46 (Jan. 22, 1925).
83 G. J. Ritter and G. H. Chidester, Paper Trade J., 87, 131 (Oct. 25, 1928).
5¢ (5. W. Scarth and J. . Spier, T'rans. Roy. Soc. Can., 23, 281 (1929).
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tration is thus increased. He considered that beating increases the water
content of the fibers by the dual effects of fibrillation, which enables the
fibers to hold more water, and by the pressure to which the fiber is subjected.
For example, increasing the consistency of pulp in a beater results in a
greater effective pressure being applied and, consequently, faster ‘‘hydra-
tion” or increase in imbibition. He pointed out that only the surface of
the fibers is affected by prolonged light beating, and under these condi-
tions a strong opaque paper, such as currency paper, is obtained; whereas,
if the fibers are subjected to intensive beating, the whole mass is bruised
and softened and fibrillation takes place throughout the fibers, giving a
more transparent, greaseproof type of paper. When a sheet of paper is
made, the fibers of beaten stock are soft and fibrillated and lie and adhere
together more closely than unbeaten fibers on the forming wire of the
paper machine. Between the press rolls, the fibers are squeezed and are
drawn in intimate contact according to their degree of plasticity and degree
of fibrillation. As the fibers are dried, the water of imbibition is forced out
and they shrink. The outer layers of the fibrils on the fibers also shrink
together, so that the dried fibers become coated with a layer of denser
structure than was previously the case. The fibers are no longer as porous
as they were before beating, because the air spaces have been largely closed,
producing hardness and transparency in the mass. The compacting of
.and cohesion between the fibers, finally, is somewhat increased by the
subsequent calendering. During the process of beating, some of the fibrils
become detached from the fiber; Strachan held such material to be useless
from the papermaking viewpoint. He assumed cohesion between the
fibers to be caused primarily by the mutual entanglement of the fibrils
produced by beating, the detailed mechanism involved being described
merely by a statement that it is in accordance with ‘‘well-known physical
laws.”

Strachan’s explanation of the beating act on was held by several critics®®
to be incomplete in a number of particulars. Some exception was taken
to his denial of the existence of a true cellulose hydrate, such as has already
been discussed, but more important was the fact that his theory did not
explain the marked increase in strength obtained in paper made from pulp
which was given only a mechanical stirring treatment in water, even though
previously the pulp was thoroughly soaked. Strachan, however, claimed
that even with such a slight treatment, an exceedingly fine degree of fibril-
lation, which was sufficient to account for the increased strength, actually
occurred.

8 Discussion, Proc. Tech. Sect., Paper Makers’ Assoc. Gt. Brit. & Ireland, 13, 1 (1932).
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The work of Kress and Bialkowsky* confirmed the opinion that no ap-
preciable chemical changes occurred with beating except an increase in
the sensitiveness of the pulp to hydrolysis and a slight decrease in the
cuprammonium viscosity, effects which may be ascribed to mechanical
changes. They noted that a beaten pulp sorbs no more methylene blue
dve from an aqueous solution than does an unbeaten pulp. Although
methylene blue is positively charged in solution, it appears to be able to
penetrate the intermicellar structure of the cellulose quite easily.

This finding was later confirmed by Strachan?®? and was held by him to
prove that the total (i. e., including the internal) specific surface of the cellu-
lose was not increased by beating. Strachan?®? also showed that the re-
tention of positively charged sols like silver oxide, especially when pre-
cipitated in the presence of pulp, increased markedly as beating progressed,
which indicated an increase in the external specific surface.

Kress and Bialkowsky* furthermore reported the results of a number
of experiments with pulp and various organic liquids. They measured
the swelling action of the different liquids on cellulose and found that the
swelling power corresponded with the degree of beating obtained aud with
the strength developed in the resulting paper when cellulose was beaten in
that liquid. No strength or swelling was developed in oil, very little in
alcohol, coasiderable in ethylene glycol and in water, and still slightly more
in formamide. No visible fibrillation was developed in oil or alcohol even
after intensive beating. They conclude that ‘‘these physical changes are
mainly occasioned by the swelling of the fibers by the liquid in which the
stock is beaten, with the result that there is an increase in the volume of
the fibers. In the wet swollen condition, the fibers are low in strength
but are highly plastic and ductile, and any mechanical action will tend to
bruise and fibrillate the fibers tather than to produce a sharp cutting action.
The hard close nature of the paper made from so-called hydrated stock
seems to be due entirely to the fibrillation of the fibers and the shrinkage
of the fibers when the liquid producing the swelling and shrinking is re-
moved by drying.” It will be noted that this conclusion is in accord with
that previously reached by Strachan.

(b) Partial Solubility of Cellulose

A different view of the mechanism of bonding was presented by Camp-
bell®¢ in 1932, and most of the subject matter in this and some later articles
on the subject were published in 1933 in pamphlet form.!®

% W. B. Campbell, Paper Trade J., 95, 29 (Oct. 25, 1932).
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A few years previously, Urquhart¥ had advanced the hypothesis that,
during the formation of cellulose in nature, a precipitate was formed in the
presence of water and, hence, the hydroxyl groups would have molecules
of water attached. As the fiber dried, the hyvdroxyl groups would be freed
from water and their residual valences would be extensively satisfied by
those of adjacent cellulose molecules. When the fibers were again wetted
with water, some of these bonds would be broken and some of the hydroxyl
groups would reattach themselves to water, giving a looser formn of struc-
ture. If this water is driven off again, the groups once more mutually
bind together. This concept was accepted and extended by Campbell
who suggested that, because of their “‘partial solubility,” the molecules,
especially the short-chain molecules, when exposed on the surface of a fiber
by beating, were on the verge of solution. They were thus endowed with a
freedom that enabled the molecules of adjacent fibers to so orient them-
selves that, upon drying, many of their hydroxyl groups could bind together
by means of secondary valence forces.

In connection with ‘“‘partial solubility,” Wislicenus and Gierisch® found
that, after breaking down pure cellulose fibers by very fine dry grinding,
up to 0.49, of the resulting powder became soluble in water and, because
the amount of ash in the dissolved portion was little more than in the
original paper, it was clear that part of the cellulose itself had dissolved;
chemical tests indicated that the dissolved material had undergone con-
siderable degradation. Strachan published data to show that appreciable
(though very small) quantities of material, from 13 to 21 parts per million,
were dissolved by cold water from a carefully purified cotton cellulose, even
after as many as fifty extractions. Upon evaporation, the hydrolyzed
residue had a reducing action equivalent to about 159 of its weight of glu-
cose. Also, in a discussion of Strachan’s paper, Turner® described experi-
ments he had carried out by dipping a highly purified cotton fabric in con-
ductivity water. The brown line formed where the water evaporated
consisted of material which was soluble in alcohol and which possessed con-
siderable reducing power. The line could be re-formed at lower and lower
levels on the same piece of cloth with undiminished intensity, whieh indi-
cated that, by some chemical change, the cellulose was being transformed
into a water-soluble material.

There thusexistssomeindirect experimental support for theideaof ‘‘partial

% A. R. Urquhart, J. Textile Inst., 20, T125 (1929).

% H. Wislicenus and W. Gierisch, Kolloid-Z., 34, 169 (1924).

8 H. A. Turner, Proc. Tech. Sect., Paper Makers’ Assoc. Gt. Brit. & Ireland, 19, 182
(1938).



VIII. PROPERTIES AND TREATMENT OF PULP FOR PAPER 649

solubility” of the cellulose surfaces in water as expressed by Campbell
and for the concept that sorue of the molecules on the surface are on the
verge of, or are even completely in, solution, especially those molecules of
cellulose and allied materials having a relatively short chain length. Fur-
thermore, it has been shown that a completely acetylated pulp has little
strength if made in water but has considerable strength if formed in alcohol
or acetone in which it is partially soluble.”® Also, partial methylation®!
or partial acetylation® 62 under carefully controlled conditions appreciably
increases the strength of paper formed from the pulp.

Clark® has ventured an opinion that essentially the primary hydroxyl
groups are involved in the linkages holding the cellulose chains together.
This structure cannot readily be broken by water, but if these linkages
are disturbed by the primary hydroxyl groups becoming either loosely
engaged with cuprammonium complexes or xanthates or by being converted
to carbonyl, ester, or ether groups, the material becomes much more
hygroscopic and even soluble in water, provided that most of the secondary
hydroxyl groups are left substantially intact and are not transformed to
hydrophobic radicals. This, statistically at least, appears probable during
the early stages of conversion of the cellulose to a derivative.

(¢c) The Mechanism of Bonding

Campbell' also showed by calculations that, especially with the finer
fibrils, as the water is removed the normal surface tension forces, which
with pure water amount to about 2 X 70, or 140 dynes per centimeter of
filament irrespective of diameter, give rise to enormous compacting pres-
sures, which further increase the surface areas in contact. This explains
why well-beaten stock compacts so easily on drying, giving a hard, dense,
strong paper. That this is the mechanism responsible appears to have
been confirmed by Van den Akker.®* He showed that if an undried pulp
test sheet was frozen and the water removed by sublimation in a freezer,
the resulting dry sheet was bulky, opaque, fluffy, and weak.

Campbell concluded that, when fibers have access to moisture, a layer of
water is adsorbed on every exposed crystal surface and a layer of hydrated
cellulose (in a colloidal sense) is thus produced. The association of the

© J. C. Bletzinger, Ind. Eng. Chem., 35, 474 (1943).

o1 G. Jayme and D. Froundjian, Cellulosechemie, 18, 9 (1940).

%2 \W. H. Aiken, Ind. Eng. Chem., 35, 1206 (1943).

8 J d’A. Clark, Proc. Tech. Seci., Paper Makers’ Assoc. Gt. Brit. & Ireland, 24, 30
(1943); Paper Ind. and Paper World, 25, 382, 507 (1943).

64 J. A. Van den Akker, Tappi, 35, 13 (1952).
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hydroxyl groups with water lowers the attraction of the crystallites for
each other along the natural crevices and cleavage planes in the fiber, the
interior of which, it will be recognized, is normally under tension from
having been dried, so that small passages are split open and additional
water enters, resulting in further adsorption and swelling. Beating bends
and stresses the swollen and softened structure, and the fiber becomes still
more flexible. Fibrillation also occurs, greatly increasing the external
surface of the fibers. When the fibers are made into paper and the water is
removed, the extent of bonding depends on the flexibility of the fibers and
the amount of surface exposed, both being clearly dependent upon the
degree of beating. The degree of orientation of the crystallites in contact
with each other, which also depends somewhat on flexibility, is an important
factor in the degree of bonding; thus, if the crystallites happen to be
parallel and point the same way when they come together, the degree of
honding will be at its maximum,

In practice, there is a range of bonding from the slight bonding shown
in blotting paper (which is both weak and opaque) to the extreme case of
glassine paper where the transparency, degree of bonding, and water in-
solubility of the bonds are at a maximum for paper.

This explanation of the process of bonding, akin to the phenomenon of
crystallization, was at variance with the conclusions of Strachan,®? who
took exception to it on the ground that the union of crystal surfaces de-
manded that the surface must be either malleable or liquid (e. g., dissolved),
so that the crystal surfaces could be oriented similarly. He stated?? that
the first condition was obtained to a limited extent in the parchmentizing
process (of vegetable parchment) and the second in the case of making
cellophane, but neither condition was fulfilled with cellulose under normal
papermaking treatments. He re-emphasized his opinion that *‘during
beating, the surfaces of the fibers are rendered plastic by fibrillation. The
fibrils of the two beaten surfaces become entwined and bind together.
We have not only intertwining of the fibers themselves, but also inter-
twining of minute fibrils.. . . As the external surface of the fibers increases
with beating, so the cohesion between such surfaces increases in the presence
of water which brings them into contact.”

However, Strachan’s grounds for insisting upon that mechanism of
bonding exclusively, disappeared when Clark* published his findings of the
surprising shear strength developed by the bond formed when two sheets
of normal uncoated cellophane, which certainly were not fibrillated, are
wetted, cleaned, then pressed and dried together. He also showed that mo-
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lecular orientation, as Campbell had suggested, played an important part
in their cohesion.

Harrison, in the course of several contributions as a result of many
careful experiments on beating,® published® some photomicrographs
showing mildly beaten fibers apparently devoid of fibrillation which
nevertheless formed quite strong sheets of paper and concluded accordingly
that fibrillation was not alone responsible for strength. Indeed, he pointed
out that when fibrillation became pronounced after much beating, the rate
of strength development was then barely increasing. Cottrall®® published
other photomicrographs later which appear to support the same viewpoint.
In his recent book,*® an interesting theoretical and practical review of
beating and refining, Cottrall continues to minimize the importance of ex-
ternal fibrillation and instead emphasizes wet fiber pliability enhanced by
the presence of hemicelluloses and internal fibrillation brought about by
beating

Edge* showed that, when coarse fibrillation was developed by beating a
pulp in toluene, if the toluene was then displaced by water and sheets
were formed, only a small fraction of the normal strength was obtained as
compared with both beating the pulp and forming the sheets in water.

Bell® gave an account of an extensive series of experiments dealing with
the drainage, shrinkage, and properties of masses or cakes of beaten and
unbeaten pulps and several liquids, together with a discussion of beating
on the basis of chemical, colloidal, and physical properties of the fibers.
In this and in a later paper® where the question of cohesion is further dis-
cussed, he concluded: ‘“‘Sheet strength must be due to a loose chemical
bonding between the fibers. . .and is probably effected through the free
hydroxyl linkages in the outer transverse surfaces of the cellulose micelles. ..
Beating exposes. .a greater external surface with its quota of free hydroxyl
groups. If, however, we can obtain sheet strength without much fibrilla-
tion, there must be some other way of liberating these hydroxyl linkages
during beating.” He then suggested that the actual existence of the
Liidtke® noncellulosic membrane system, enclosing the fiber elements, and
its rupture, would account for this, and was inclined to think that fibrilla-
tion played a subordinate part.

(d) The Surface of Fibers
It will be noticed that, with the possible exception of the mucilage-

% S. R. H. Edge, Proc. Tech. Sect., Paper Makers’ Assoc. Gt. Brit. & Ireland, 16, 273

(1935).
% M. Liidtke, Cellulosechemie, 13, 169, 191 (1932); 14,1 (1933).
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formation hypothesis which so far has no valid experimental basis, none of
these physical theories accounts satisfactorily for the considerable rate of
increase of strength always noticed during the preliminary stages of beating.

To investigate the problem further, Clark® devised a method for de-
positing a fine film of metallic silver on wet cellulose fibers. This permitted
measurements of the specific surface of beaten and unbeaten pulps to be
made with a reasonable degree of accuracy (TAPPI method T 226 sm-52).
In addition, the finer structure of beaten fibers, including the ultia-fine
fibrils described by Strachan, could be then observed with ease. The
silvering step may be recommmended as an excellent morphological stain
for the microscopy of cellulose, since many normally invisible details thereby
become resolved. The colors vary from pale yellow through a range to
dark brown and black.

Figure 3 shows an interesting microphotograph of two bleached sulfite
fibers from a sample of pulp which was subjected to rapid stirring only,
at 3%, consistency for about 100 minutes, corresponding to a very mild
beating treatment. A thin filn of silver was then deposited on the fibers,
just thick enough to cover the surfaces and make the very fine fibrils visible;
this also revealed the structural details of the loosened primary wall
material which, because of its thinness, is very difficult to see under usval
conditions. This sheath, which apparently has less reducing power than
the body of the fiber at this initial stage of silvering, is colored a golden
yellow by transmitted light, whereas any fibrils on the secondary walls
are almost opaque. Impressions of the bordered pits may be seen on the
loosened sheath on one of the fibers in Figure 3. Where the sheath is still
on the fiber or where it is folded over itself, there is no trace of fibrils or
fuzz on its surface; on the other fiber, the skin of which apparently has
been rubbed off, there is a uniform covering of very fine fuzz. Without the
silvering operation, which requires a high degree of skill, this fuzz is ex-
ceedingly difficult to resolve and requires a microscope with a high numeri-
cal aperture and critical illuinination. The presence of the fine fuzz on
the body of the fiber and its absence on the outer sheath have since been
confirmed with the electron microscope. It is this fuzz which Strachan
maintained was present on lightly beaten fibers. In this connection neither
he nor others had previously described the functions of the primary
wall or outer sheath before or after beating, the freedom of the surface of
the fibers from fuzz or fibrils prior to its removal, and the subsequent auto-
matic appearance of the very fine fibrils on the secondary wall beneath.

¢ J. d’A. Clark, Paper Trade J., 115, 32 (July 2, 1942).
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There has been some confusion in the literature between the identities
of the primary wall and the outer layer of the sccondary wall. Wardrop
and Dadswell® have recently given a clear summary and account of the

Fig. 3. Portions of two bleached sulfite fibers from western hemlock after
long stirring and after being lightly silvered (Clark®).

matter with photomicrographs of the structure. It may be mentioned
that the constrictive spiral windings observed on solvent-swollen wood
pulp fibers that have not been overcooked or overbeaten are derived not

8 A, B. Wardrop and H. E. Dadswell, Australian Pulp & Paper Ind., Tech. Assoc.
Proc., 4, 198 (1950); 5, 204 (1951); Holzforschung, 7, 33 (19563) (in Engh-h).
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solely from the primary wall but from the outer layer of the secondary
wall, which is a well-oriented, strong, crystalline, fibrous cellulose structure.
On the other hand, the primary wall is usually a weak, somewhat brittle
membrane, which, as Wise and others®® have recently indicated, appears to
consist largely of mannans. It is probably incapable of causing the ob-
served constrictions and is incapable of fibrillating although, of course, it
may be shredded.

By relating the action of a known weight of silvered fiber in the cat-
alytic decomposition of a standardized dilute solution of hydrogen per-
oxide with the action of a measured area of small shreds of cellophane sheet-
ing also silvered, it was found, as mentioned, that the external specific
surface of the pulp increased in proportion to the logarithm of the amount
of beating, that is, very rapidly in the initial stages of beating, cortespond-
ing closely with the rapid increase in the strength of the resulting papers in
those early stages. Notwithstanding the mildness of the treatment to the
fibers shown in Figure 3, their specific surface was 369, higher, and the
tensile strength of sheets made from them 2709, higher, than the pulp
before treatment.

3. Composite Theory of Beating

Considering these later observations with others, especially those of
Strachan, Campbell, and Bell, the following modified theory of beating
was formulated by Clark.5?

During the chemical and mechanical treatments involved in the prepara-
tion of pulp, the primary wall of the fiber, which is permeable to but is not
swollen by water, is partially cracked, rubbed loose, or removed to expose
some of the underlying surface of the fiber. In the case of wood pulps,
this underlying surface is the spirally wound outer layer of the secondary
wall.

When water enters the interior of the secondary wall (body of the fiber)
the fiber commences to swell to almost the original size it had in the living
plant because the water penetrates the voids between the micelles and
breaks a number of bonds holding the structure tightly together, possibly
those between the secondary hydroxyl groups by combination and those
involving the primary hydroxyl groups by the splitting action of the
elements as the fibers swell.

The rubbing and the partial solvent action of the water almost immedi-
ately form a kind of two-dimensional colloidal suspension of the cellulose

% L. E. Wise, J. W. Green, and R. C. Rittenhouse, Tappi, 32, 335 (1949).
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and other carbohydrate material on the exposed and interior wetted sur-
faces in the amorphous regions of the secondary wall. The ‘‘concentration”
of the “suspension’’ is believed to be dependent inversely on the degree of
polymerization of the cellulose and allied material that is exposed. This
state is regarded as a colloidal system in which the particles are fixed or
anchored at one end but otherwise subject to all the usual laws of colloidal
behavior. The surfaces of these particles, bearing hydroxyl groups,
are strongly hydrophilic and attract and bind a number of consecutive
layers of water molecules which, especially near the solid surfaces, are
well oriented and closely packed.™ It is this water envelope that is
the so-called “water of hydration” and that gives rise to the various
phenomena associated with it. The molecules of water adjacent to the
cellulose surfaces are probably held by hydrogen bonding to the hydroxyl
groups; if a hydrogen bond is regarded as a chemical bond, then this
portion of the water may be regarded as being chemically bound. The
primary wall is not in any way water soluble, and in fact Brauns and
Lewis™ found that the material from the outer surface of wood pulp fibers,
presutnably the primary wall, was not easily soluble even in cuprammonium
solution. Also, unlike both the outer layer and inner body of the secondary
wall, the primary wall is largely membranous and does not fibrillate, at
least on its exterior surface, so that whatever portion of it remains, forms a
smooth, protective layer on the outside of the fiber. When the fibers are
almost wholly covered with this layer, as is usual in the unbeaten state,
adjacent fibers in a wet web of paper are prevented from appreciably
adhering together on drying, not only because of the absence of a surface
“suspension’’ on the sheathed part of their exteriors but also because the
diameters of the fibers are large compared with the diameter of fibrils
subsequently produced by beating. Stiff elements result from large diam-
eters; however, since the surface tension per unit length of element is inde-
pendent of its diameter, only a relatively small compressive effect on the
sheet is noticed with unbeaten stock when the water is removed on drying.
To some extent the greater rigidity of the wet fibrous structure also may be
the result of the presence of part of the primary wall, and this factor too
would prevent the fibers from coming into intimate contact when the sheet
is dried.

As beating proceeds, accompanied by the rubbing off of the brittle pri-
mary wall and the further wetting and swelling of the fibers, the underlying
material becomes more coarsely fibrillated; this not only permits stronger

7 Q. Maass and W. B. Campbell, Pulp & Paper Mag. Can., 40, No. 2, 108 (1939).
"M F. E. Brauns and H. F. Lewis, Paper Trade J., 105, 35 (Sept. 2, 1937).
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surface tension effects to compact the sheet better, but also results in a
greater extent of bonding surface. The rubbing probably also increases
the “‘concentration’ of the surface ‘‘suspensions,’”’ and any cellulosic ma-
terial that is rubbed off entirely serves as an adhesive filler between the
interstices of the larger fibers. Some of the very finest material may
possibly also function as a ‘‘protective colloid,” forming a more stable sur-
face “‘suspension’’ by preventing long molecules or fibrils which have been
raised from the surface of the fibers from re-embedding themselves.

When beating exceeds a certain point, a state is reached where the in-
crease in bonding material and facilities for bonding are offset by decreased
fiber length and a weakening of the fibers themselves by mashing and reticu-
Intion. At this point the pulp reaches the maximum strength.

This composite theory appears to account for all the observed facts
known at present about the beating action. The picture includes the fol-
lowing operations to the water-immersed fibers: (1) removing the primary
walls, at least in part; (2) loosening underlying clements of the fibers and
thus enabling subsequent interlocking of these elements; (3) softening and
swelling of the fibers and their fibrils so that they will better fill the space al-
lowed by their neighbors and thus increase the area of contact between
them; and (4) creating smaller bodies, either attached to or separated from
the fibers, which can nest in the crannies between adjacent elements, thus
further increasing contact. The ultimate mechanism of cohesion of the
changed structure may be considered a chemical one, if the nature of hy-
drogen bonding is defined as chemical. Because of the relative spatial
positions of the adjoining cellulose chains, presumably the primary hy-
droxyls play the decisive role in the bonding between them. If the hy-
droxyls of these chains are hydrated, they do not have much residual at-
traction for one another. If, however, hydrated chains in close contact
with one another lose their water of hydration, they will seek to establish
hydrogen bonding with the hydroxyl groups of their immediate neighbors,
whether these neighbors belong to the same or to another fiber, thus bond-
ing the fibers and also the fibrous structure together. The great impor-
tance of water for this process is evident.

When the bonding is between the more flexible fibrils and smaller ele-
ments, the sheet on deformation can adjust itself so that some stress is
thereby placed on many bonds before overloading the most stressed. Even
if unfibrillated whole fiber surfaces could be made to adhere as strongly to
one another, the slightest movement of adjacent fibers after drying would
put large strains on the joints because of the rigidity of the thick fibers.
In consequence there would be a correspondingly low resistance to a break-



~1

VIII. PROPERTIES AND TREATMENT OF PULP FOR PAPER 65

ing of the structure of a paper which depended for its strength solely on
adhesion between surfaces of the fibers rather than also upon interpenetra-
tion and cohesion of their smaller and more flexible fibrous elements.

D. RESULTS OF BEATING

The phenomena and changes which take place when pulp is beaten and
when beaten pulp is made into paper are many. The more important re-
sults of beating can be grouped, for purposes of discusssion, according to
the effects on fibers, pulps, and paper. These and some miscellaneous fac-
tors will be discussed in the light of what has been said regarding the action
of the beater and the foregoing composite theory of beating.

Artificial cellulose fibers do not respond at all to beating because of their
solid structure, which cannot fibrillate. Mechanical or groundwood pulp
and most ‘‘semichemical’” pulps (that is, pulps which have been prepared by
giving the raw material a mild chemical cook with a resulting yield of over
70%, followed by mechanical reduction to fibrous elements) do not have
their structures sufficiently delignified or loosened by the cooking to
fibrillate easily. In consequence, these do not respond well to beating;
they are merely comminuted. The following discussion applies to natu-
rally occurring cellulose fibers from which the lignin has been substantially
removed by one of the conventional pulping processes.

1. Effects of Beating on the Fibers

(1) Swelling. An appreciable swelling of the fibers occurs, until the
voids and accessible amorphous regions are thoroughly saturated with
water. This swelling, of the order of 20 to 309, does not noticeably in-
crease with beating until the internal fiber structure is loosened, when the
fibers may swell rapidly to twice their original diameter.?

(2) Rubbing. At least a portion of the primary wall, the relatively brittle
sheath that surrounds the fiber, is removed.®® Indeed, usually quite no-
ticeable quantities are removed by the pumping, agitating, and other me-
chanical actions to which the fibers are subjected after pulping. This ex-
poses an exceedingly fine, almost invisible microscopic fibrillation or fuzz
on the underlying secondary wall as shown in Figure 3.

Observations indicate that the primary wal' on acid-cooked sulfite pulp
is more brittle and comes off more readily than that on alkali-cooked kraft
or soda pulps. This may well be a contributing factor in the slower rate of
beating which is a characteristic of alkaline pulps in general.

(3) Cutting. Wet fibers are not very strong in shear or in tension and may
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be cut by the intense pressure developed across clots or fibrages caught by
the bars, especially when they are thin or sharp. When the fibers are
well rubbed, bruised, and swollen by gentle preliminary beating, they
become softened, more slippery, and will stretch more. They do not then
cut so easily as do those from a dried pulp that is insufficiently swollen
before being subjected to intense bar action.

(4) Splitting. The fibrous structure is ultimately unraveled or split, with
the formation of fibrils which are visible under relatively low magnifica-
tion. The manner in which fibers split and fibrillate depends upon their
structure. Bast fibers like linen split readily into long, fine fibrils; wood
pulps, which have their fibrils lying more or less circumferentially, espe-
cially on the outer layer of their secondary wall, tend to produce coarser and
shorter fibrils. Many of these break off and, together with the particles
from the primary wall and short cells, form a debris which, being mobile,
tends to plug the pores in a mass of pulp very effectively when water at-
tempts to flow from or through the mass but to a lesser extent when the
mass is vibrated as on a paper machine wire. The newly exposed surfaces
immediately adsorb a layer of water.

(5) Bruising. Internal splitting (i. e., bruising) results in the penetration
of water, which thereupon becomes adsorbed on the newly opened sur-
faces and keeps them from recrystallizing together again. In consequence,
the fibers become more limp and flexible in their wet state. When the
fibers are dried, the sorbed water is removed, and most of the split fiber sur-
faces and some of the previously existing voids or canals may ‘“heal” to-
gether again so that the fiber becomes as stiff as or stiffer than before.

(6) Deformation. When the comsistency of the pulp is high and with
equipment that produces a rolling or twisting action, many of the fibers
become more or less permanently curled or bent (i. e., deformed) because
of their appreciable plasticity when moist.

2. Effects of Beating on the Pulp

(7) Surface. According to measurements made by the silvering technique,
there is a rapid increase in the specific surface of the pulp, especially
during the early stages of beating. This rapid increase appears to be
due to the removal of the primary wall; obviously its complete removal
would triple the exposed surface. When using the liquid permeability
method of measuring the specific surfagce, Robertson and Mason?® found
that the surface increase is slow at first and rises more and more quickly as

72 A. A. Robertson and S. G. Mason, Pulp & Paper Mag. Can., 50, No. 13, 103 (1949).
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beating progresses. These findings, based on the Kozeny-Carman’® equa-
tion for flow, seem incompatible with microscopic observation, especially if
the silver staining technique or the electron microscope is used, and incon-
sistent with the corresponding very rapid increase in strength during the
early stages of beating.

(8) Greasiness. The pulp develops a slimy or greasy feel; it also flows
more readily around the tub of an ordinary hollander, and its surface looks
smoother. These effects are due to the fibrillation and bruising of the
fibers, with the subsequent sorption of water on the freshly made surfaces
and crevices of the fibers and their consequent swelling, and also to the re-
duction of length of the fibers.

(9) Wetness. There is an increase in the time taken for water to drain
away from a mass of wet pulp placed on a screen and an increased resistance
to the passage of further water through the wet mat. The amount of
water retained by a given dry weight of pulp under a given pressure has
been reported?®! to be greater for beaten than for unbeaten pulp. Several
observers,’7¢ however, have found that the quantity of water retained by
either pulp under the same pressure is the same, provided that enough time
elapses for equilibrium to be reached.

(10) Flocculation. When stirred in a dilute suspension of water, well-
beaten pulps usually, but not always, disperse more readily than unbeaten
pulps; after standing, these pulps do not floc as readily. Fibrillation de-
veloped during beating promotes clotting of the fibers in suspension because
of the resulting mechanical entanglement upon chance contact. However,
this effect is usually more than offset by the concurrent reduction of fiber
length during beating which enables the fibers to move and turn in suspen-
sion more freely without coming into mutual contact.

(11) Sorption. The sorption of most basic dyestuffs, such as methylene
blue, in aqueous solution is scarcely affected,’*% but with certain direct
dyes (such as Purpurin 4B) and also alumina sol and other positive col-
loids, some increase in sorption does occur, probably, in part at least, be-
cause of the increased external surface.

(12) Equilibrium Moisture. Beating increases the equilibrium moisture
content of the pulp only very slightly. 1680777 1t may be mentioned that
most cellulosic materials contain approximately one-eighth additional

73 P, C. Carman, Trans. Inst. Chem. Engrs. (London), 15, 150 (1937).

74 A. Sedoff, C. V. Holmberg, and E. C. Jahn, Paper Trade J., 109, 42 (Dec. 28, 1939).
% W. B. Campbell and L. M. Pidgeon, Pulp & Paper Mag. Can., 29, No. 6, 195 (1930).
7 C. O. Seborg and A. J. Stamm, Ind. Eng. Chem., 23, 1271 (1931).

7 J. K. Russell, O. Maass, and W. B. Campbell, Can. J. Research, 15B, 13 (1937).
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moisture at a given atmospheric humidity and temperature if approached
from a wetter instead of from a drier state. As a rule also, the purer the
cellulose is, the less is the moisture content under the same conditions.
Some increase in the sorbed moisture would be expected with the greater
surface exposed by the splitting of the fibers.

(13) Copper Number and Viscosity. The effect of beating on the pulp
properties measured by cuprammonium viscosity (degree of polymeriza-
tion) and copper number (end groups) is open to question. Some observers
report that intense beating slizhtly reduces the viscosity of a solution of
the pulp in cuprammonium hydroxide, increasing at the same time the cop-
per number.” Negative results have been obtained by other observers.
It may be concluded, therefore, that the effect of beating on the chemical
characteristics of pulp under normal conditions is not appreciable. How-
ever, if the mechanical action is suff.cient to disrupt some of the molecules,
as happens with dry grinding of pulp, a slight increase in both of the above
properties would be expected, as has been found.*®

(14) X-ray Pattern. The x-ray diffraction pattern of the cellulose is un-
changed. It has been shown that a very drastic treatment such as mer-
cerization is required to change the pattern,” so that beating could hardly
be expected to have an effect.

(15) Concentration of Inert Substances. The concentration of inert sub-
stances, such as sugar, dissolved in water in which the fibers are placed is
not appreciably changed by beating.®® This, incidentally, is not a very
sensitive method for the detection of combined water in the presence of ad-
sorbed water. Beating may alter the pH of the suspension appreciably, es-
pecially of an alkaline pulp, by squeezing out sorbed chemicals from the in-
terior of the fibers.

(16) Zeta Potential. The electrokinetic potential of the pulp is stated to
increase.’® The difficulty of making such measurements with precision
has been discussed by Mason.®! In addition, the exposed surfaces of the
fibers increase greatly, and the f)ossible influence of the removal of the sur-
rounding primary wall is uncertain. For these reasons, the reported results
would appear to require confirmation.

(17) Heat of Wetting. The heat of wetting of dried cellulose when placed
in water is not appreciably affected by beating and may be decreased, but
crushing cellulose while dry increases the heat of wetting by about 25%,.™

 C. E. Curran, F. A. Simmonds, and H. M. Chang, Ind. Eng. Chem., 23, 104 (1931).
® C. Trogus, Verein Zellstoff- Papier-Chemiker u. -Ingenieure, Jahresber., 1928, 140.
% K. Kanamaru, J. Soc. Chem. Ind., Japan, 34, Suppl. binding, 39 (1931).

8 S. G. Mason, Tappi, 33, 413 (1950).
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This would indicate that fresh internal surfaces opened up by beating are
mostly closed again on drying and that the reformed bonds between adja-
cent cellulose micelles are not capable of being opened again by wetting. In
consequence, if pulp is beaten before drying, it is considerably less reactive.

3. Effects of Beating on the Paper

(18) Density. The fibrous structure of paper made from beaten stock
will shrink more on drying and give a harder, more dense, and less perme-
able sheet. This phenomenon, which increases in proportion to the
logarithm of the length of the beating time,®% is due to the production of
the finer fibrils, the softening of all the elements, and the drawing together
of these elements during drying by surface tension. Whether the sheet is
permitted to shrink freely or is dried under tension does not appear?®? to in-
fluence the apparent density of the structure if the thickness of the sheet is
measured with a micrometer having a ballpoint pressure foot.

(19) Opacity. The opacity of the paper decreases. Very well beaten
pulp forms a paper quite translucent and, incidentally, one less pervious to
oil (e. g., greaseproof paper or imitation parchment). Additional beating
and heavy calendering form a transparent paper (e.g., glassine). The opac-
ity of a paper is dependent, among other things, on the extent of the solid—
iir interfaces present in its structure. These in turn depend on the total
specific area of its components less the area in solid contact. With beating,
the latter increases more rapidly than does the former.

20) Color. A given quantity of dyestuff will give an appreciably greater
ntensity of color to finished paper made from beaten stock, and a white
sheet will appear to be darker than one from the same stock lightly beaten.
This follows from the changes noted in the preceding paragraph.

'21) Sizing. The degree of sizing of paper (i. e., resistance to aqueous
luids) with a given quantity of sizing materials, such as rosin size and paper-
naker’s alum, improves markedly to begin with because of the greater
‘ompactness of the wet structure. However, a very well-beaten stock, such
1s that prepared for glassine, becomes difficult to size, probably because of
he very low retention of any added materials other than sugars or poly-
accharides, especially if the added materials like sizing agents are hydro-
»hobic. Even starch is then poorly retained.

22) Strength. Paper made from beaten pulp will have a higher tensile
:nd bursting strength and will stretch more before rupture, for reasons dis-

82 G. F. Glover, P. F. Ray, and E. J. Pritchard, World's Paper Trade Rev., 135, 51
1951),
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cussed earlier in this chapter. Excessive beating under certain conditior
will reduce the bursting strength from its maximum value but seldom tt
tensile strength. Except for a rise in the resistance of the paper to tear, ¢
is frequently observed during the early stages of beating in practice, th
tearing strength progressively diminishes, mainly because of shortened f
bers and increased sheet density. As beating increases, the ability of th
paper to withstand repeated folding rapidly rises to a maximum, then ust
ally diminishes after the paper becomes brittle.

4. Factors Affecting the Rate of Beating

(23) Chemical Composition. Fibers that contain considerable quantitie
of hemicelluloses beat more rapidly than purified fibers. Pulp hydrolyze:
with acids also beats faster. These and other chemical matters are dis
cussed later in this section.

(24) Temperature. An increase in the temperature of the pulp decrease
the rate of beating; conversely, low temperatures promote more rapic
beating.’%% Also, when beaten stock is heated especially to a high tem
perature, its wetness is considerably reduced.®® These effects which hav
been well known in practical papermaking for a long time, are both prob
ably concerned with the fact that, as with most other adsorption phenom
ena, a decrease in temperature enhances the adsorption of water on ex
posed cellulose surfaces and thus promotes greater swelling and fibrillation
especially microfibrillation.

(25) Effect of Predrying. Pulp that has been dried is much more difficul
to beat and, with treatment identical to an undried pulp, results in a weaker
softer, bulkier, and more opaque sheet. When pulp is derived from pape;
or ‘“‘broke’ by repulping, these effects are accentuated. It seems likely
that when cohered dried fibers are forcibly parted, especially if well beater
and if not well soaked in-water, the most efficient fibrils and microfibrils
(that is, the ones that took part in the previous bonding) are stripped ofl
their surfaces.®® Furthermore, the drying of beaten fibers also causes thei
internal splits and voids to recrystallize or heal, giving a more compact and
stiffer structure. Considerable mechanical treatment is required to break
a substantial number of these internal bonds, to permit the penetration of
water again, and to refibrillate the surfaces. During the course of this

- 8 A Noll, Papier-Fabr., 35, Tech.-wiss. Tl., 393, 401 (1937).
8 0. K. Ronney and C. E. Libby, Tapp:, 34, 223 (1951).
8% T. R. Le Compte, Paper Trade J., 93, 42 (Oct. 1, 1931).
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treatment, the fibers are further cut and shortened so that the drying of
moist pulp constitutes practically an irreversible process.

(26) Beating in Other Liquids. The progressive decrease in the strength
of the resulting paper when pulp is beaten in liquids progressively less polar
than water, described by Strachan,® Kress and Bialkowsky,* and Edge,%
has already been mentioned. The beneficial effect of formamide on beat-
ing has been confirmed by Musser and Engel.¥ During beating, the degree
of “‘peptization’ or dispersion of the elements on the surfaces of the cellulose
will depend on, among other things, the attraction of the liquid to the sur-
faces of the hydrophilic cellulose. Oils and benzene are attracted not at
all, whereas formamide is even more strongly attracted than water.

5. Phenomena Relating to Beaten Pulp

(27) Effect of Temperature. Clark® has found, contrary to the findings
of Nakano as discussed by Le Compte,® that the strength and other quali-
ties of the resulting paper may not be impaired by heating a beaten stock.
Also, the wetness of the stock is not recovered by later soaking it for several
days, but it may be recovered, at least in part, by vigorous stirring of the
stock at normal temperatures.

Jayme*! found that the degree of swelling of pulp was decreased by boil-
ing for an hour and that the strength of the sheets was somewhat dimin-
ished. The wetness of the pulp was not greatly improved by soaking the
boiled pulp in cold water for a day. Lyne and Gallay® also found that
heating a beaten pulp as a suspension and again also heating the test sheets
after forming and especially after pressing them, resulted in a decrease in
tensile strength and an increase in the bulk and the tear. It isevident that
wetness of pulp will be decreased by boiling, because the surface ‘‘suspen-
sion’’ would be dehydrated and collapse and, if it is conceded that the sur-
face tension effect of the water as it is removed from between the fibers on
drying is sufficient to raise most of the fibrils and smaller components of the
““suspension,’’ this may be the reason why boiling does not appreciably af-
fect the strength of the resulting paper in some instances. If the fibers in
a moist sheet are heated and are left with insufficient water between some
elements to re-form the suspension, and are then dried, it is clear that the
density of the paper will be less, and consequently the tensile strength will
be decreased and the tear increased.

8 J. Strachan, Proc. Tech. Sect., Paper Makers’ Assoc. Gt. Brit. & Ireland, 6, 181
(1925).

8 D. M. Musser and H. C. Engel, Paper Trade J., 115, 33 (Aug. 20, 1942).

# 1. M. Lyne and W. Gallay, Tappi, 33, 429 (1950).
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(28) Addition of Inert Materials. The incorporation in pulp of any filler,
such as china clay, calcium sulfate, or chalk, reduces the strength of paper
made from it. The addition of oils or waxes has the same effect, but to a
greater degree. Resin size weakens the sheet except sometimes with an
unusually weak, lightly beaten pulp when the adhesion provided by the
resin exceeds the natural cohesion of the fibers. Sizes made from bitumi-
nous emulsions have a similar weakening effect on strong, well-beaten pulp
but similarly may improve the strength of weak pulps such as from old pa-
per often used for making some kinds of boxboards, after scarcely any
beating. On the other hand, the addition of certain hydrophilic materials,
such aslocust bean and guar gums,® methyl*® and carboxymethyl®! celluloses,
soluble resins,®? hemicelluloses,”® and cooked starches,*® improves the
strength of the resulting sheet unless the pulp is very highly beaten.

These effects follow because the natural bonding of well-beaten fibers by

fibrillar entanglement and recrystallization is a very efficient process. The
addition of suitable adhesive material will supplement the natural bonding
if the pulp is not well prepared, but otherwise it will be a hindrance to the
natural bonding.
(29) Addition of Electrolytes. Cohen,® in a recent careful study, found
that monovalent cations added to the pulp cause a slight increase in the
strength of the sheet, divalent cations have little effect, and tri- and tetra-
valent cations cause a substantial reduction in strength. Water flows
through pulp more readily in the presence of electrolytes, the effect increas-
ing with valency of the cation. The adverse effect of papermaker’s alum
on sheet strength and on wetness has been known for a long time. Also, it
may be observed that when alum is added to the tub of a beater, the level
of the stock in front of the roll is lowered appreciably because the mass be-
comes less fluid.

These results could be expected from a knowledge of the flocculating ef-
fects of polyvalent cations op hydrophilic colloid suspensions, if the same
principles are applied to the two-dimensional ‘‘suspension’” on the sur-
faces of the fibers. The weakening effect of the trivalent cations is prob-

® B, W. Rowland, Paper Ind. and Paper World, 27, 1398 (1945).

% D. M. Musser and H. C. Engel, Paper Trade J., 115, 85 (Aug. 20, 1942).

9 8, R. H. Edge, Proc. Tech. Sect., Paper Makers’ Assoc. Gt. Brit. & Ireland, 27, 189
(19486).

92 C, G. Weber, M. B. Shaw, M. J. O’Leary, and J. K. Missimer, Paper Ind. and Paper
World, 30, 83 (1948).

92 1,. E. Wise, Paper Ind. and Paper World, 29, 825 (1947).

% T, P. Casey, Paper Ind. and Paper World, 26, 1277 (1945).

% W. E. Cohen, Paper Trade J., 132, 19 (June 22, 1951).
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ably due to their causing a precollapse (analogous to precipitation) of the
microfibrils on the fibers. Thus, when the microfibrils are collapsed and
the fibers are placed and dried together, even the surface tension effect of
the departing water cannot re-elevate the normal quota of microfibrils to
form the ‘‘suspension’’ to bond with that on neighboring surfaces. The
slight strengthening effect observed with monovalent cations may be due to
their displacing the divalent cations (calcium) normally present, and thus
facilitating the ‘‘suspension’’ of the microfibrils.

For the same reasons, materials which have strong flocculating and dis-

persion actions on hydrophilic colloids also profoundly affect the strength of
paper. It is known that the addition of tannin® has a marked depressant
effect on the strength of paper and on wetness of the pulp. On the other
hand, Cohen and others in his laboratory ¥ found that sodium hexameta-
phosphate in concentrations of about 0.0015 N improved the strength of
several pulps in the order of 159, and the air imperviousness of resulting
paper as much as 709.
(30) Bacterial Action. Keeping moist beaten stock sterile and wet for
months at normal temperatures does not appear to alter its character.®®
However, keeping beaten pulp for a day or two in a stock chest (i. e., a
large vat), where it is subject to bacterial action, usually reduces its wet-
ness and makes it drain faster on the paper machine; keeping unbeaten
stock in a chest under the same conditions usually increases the ease with
which it can be beaten.

It appears that when cellulose-consuming bacteria are present, they
would first consume the microfibrils from the surfaces of the beaten pulp
and so reduce its wetness and the strength of the paper. In the case of an
unbeaten stock, it is conceivable that under certain conditions the bacteria
would weaken or even cleave the internal structure of the fibers and permit
easier separation of its components and consequently faster beating.

E. PULP CHEMISTRY AND PAPERMAKING PROPERTIES

In the cooking and bleaching of pulps and in certain chemical tests where
complete solution is not attained, the chemical operations are progressive
in depth (topochemical), and the results depend to a degree on the chemical

% H. P. Dixon, Jr., Paper Trade J., 111, 29 (July 18, 1940).
9 W. E. Cohen, Gwenneth Farrant, and A. J. Watson, Paper Trade J., 133, 16 (July

27, 1951).
98 Second Report of Pulp Evaluation Commilttee to the Technical Section, Paper Makers’

Assoc. Gt. Brit. & Ireland, London, 1936, especially p. 85.
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and physical nature of the successive layers accessible to the chemical re-
agents. Otherimportant factorsare the heterogeneity of the chemical con-
stituents of most pulps, varying from highly active to inert, and the dis-
proportionate ease with which the amorphous zones are chemically at-
tacked or dissolved as compared with the crystalline zones. Another
complication is the empirical nature of the tests themselves, the results of
which are appreciably altered by differences in the chosen times and tem-
peratures of reaction and the concentrations of the reactants. Papermak-
ing properties of individual pulps reside mainly in the exposed surfaces of
the fibers. This is especially so under modern conditions where most of
the exterior of the fibers are not extensively split open, so that it is difficult
to deduce papermaking properties from the chemistry of the entire fibrous
bodies which, on the contrary, derives mainly from the interior compo-
nents. Moreover, because of the nature of the paper structure, a number,
perhaps not less than five, of distinctly different properties of a pulp (de-
scribed earlier in this chapter under ‘‘Pulp Testing’’) must be determined
and considered together before an unknown sample can be characterized for
its papermaking qualities with any degree of certainty. Accordingly, it
would seem reasonable to suggest that mere chance plays quite an impor-
tant role in many and varied correlations which have been found to exist
between one or two individual chemical tests and the papermaking proper-
ties of the pulps, especially since exceptions are so frequently found.

As far as papermaking is concerned, the main function of applying
chemistry to pulps is to provide an understanding of the reasons underlying
differences in their physical properties or to furnish a basis for process con-
trol rather than to provide for an actual evaluation of the pulps. This
limitation should be kept in mind during the following discussion of the
three main groups of chemical tests which have proved the most interesting.

1. Degree of Polymerization

The tests related to degree of polymerization (D.P.) include viscosity,
chain-length distribution, alpha-cellulose content, and copper number.

It may be said that, in general and in accordance with Schur and Lewis,*
sulfite pulps with a high D.P., that is, around 1500 (which corresponds to a
TAPPI viscosity of a 19, solution in cuprammonium of about 70 centi-
poises), resist cutting during beating and can be well fibrillated before be-
coming too short. The pulp probably would be especially suitable for cur-
rency and high-class papers such as for records of deeds where permanency

9% M. O. Schur and H. F. Lewis, Tappi, 33, 392 (1950).
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of the paper is also an important factor. Pulp with a low D.P., say 600
(10 centipoises, TAPPI) or below, will not be resistant to cutting and will
beat much faster. The resulting paper will be relatively soft, bulky, weak,
absorbent, and opaque and suitable for featherweight papers often used for
novels. This is so to some extent even if the low viscosity is achieved by
degrading the pulp with a mineral acid,!® but it should be emphasized that
if the D.P. of a pulp has been reduced by a greater degree of cooking and in
another case ‘‘artificially’”’ reduced by acid hydrolysis, their characters will
differ considerably. The entire cellulose structure, including existing or
potential fibrils, will be weakened uniformly throughout by treatment
with the acid. A pulp with an intermediate D.P. is desirable for papers
having a balance of properties, good strength, and good formation (which
in practice requires that the pulp be shortened somewhat during beating),
for example, fine writing papers.

Corresponding figures for the D.P. of sulfate pulps, or of alkaline-pre-
pared pulps having similar characteristics as far as beating and strength are
concerned, are much lower, perhaps only half as much.! Jayme*' holds
the view that the surfaces with the highest D.P. form the strongest bonds,
and that well-beaten sulfate pulp is much stronger than well-beaten sulfite
pulp of the same D.P. because the D.P. of surface material on the sulfite is
much lower. However, this view does not appear to account for the fact
that if the two pulps were given only a small degree of beating, under ordi-
nary circumstances paper made from the sulfite pulp would be much the
stronger, as would be expected from the composite theory of beating previ-
ously discussed, since the sulfite pulp, having the lower D.P., would ac-
cordingly provide surfaces with greater cohesiveness.

A highly purified wood pulp, that is, one high in alpha-cellulose content,
is exceedingly difficult to beat.? This too would be expected from the
composite theory because of the relative difficulty of forming a substantial
surface suspension with only long-chain molecules, the short ones having
been removed by the purification process. On the other hand, rag pulps
which have the same or a higher alpha-cellulose content, especially if from

10 D, M. Musser and H. C. Engel, Paper Trade J., 113, 31 (July 10, 1941); 114, 29
‘Apr. 9, 1942).

101 If chips from the same wood are pulped to the same degree of lignin removal, de-
spite the fact that the viscosity of the sulfate pulp will be substantially less than that of
the sulfite pulp, the zero-span tensile strength of the former will be significantly higher.
This evidence suggests that the factor used for converting the viscosity of differently
prepared pulps to D.P.’s may not be independent of their preparation as is generally as-
sumed.

102 G, A. Richter, Ind. Eng. Chem., 23, 131, 266 (1931).
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well-worn materials, are not so difficult to beat. This is due to the dif-
ferent manner in which the various fibers disintegrate under the action of
the beater. Cotton and especially bast fibers, such as linen, are frayed out
and unraveled into a mass of very fine, long fibrils by beating, whereas wood
breaks up into relatively coarse, short particles or, at best, into coarse
fibrils.

Degraded cotton rags, a bleached coniferous sulfite, or a hardwood kraft
may each have the same measured viscosity and yet have widely different
beating qualities and yield quite different papers. Thus, except possibly
as a control test applied to pulps from the same source and prepared under
the same conditions, the viscosity test is of little or no value by itself in
predicting their papermaking qualities. However, it can be stated that a
pulp with both a high D.P. and a high hemicellulose content can usually
be made to yield strong papers.

The distribution pattern of the molecular chain lengths in cellulose has
also failed to show promise for evaluating papermaking qualities. This is
not surprising because, by analogy, Clark,!! ds already mentioned, has
shown that paper made from a mixture of long and short fibers had very
similar properties in all respects to paper made from fibers of uniform length
equal to the weight-average fiber length of the mixture.

2. Hemicellulose Content

Tests related to hemicellulose content include beta- and gamma-cellulose
contents as determined by the Cross and Bevan procedure (see Chapter
XII), solubility of the pulp in alkalies of various strengths, and pentosan
and polyuronide contents.

It is well known that impure fibers, for example, unbleached pulps and
especially ordinary straw pulps with their high hemicellulose content, beat
more rapidly than purer fibers. The pentosan content of the pulps appears
to have a marked influence on beating,'°® but Klingstedt!®* and March1%
point out that the factor is the proportion of alkali-soluble material in the
pulp rather than the pentosan content. Bleaching removes some of the
hemicellulosic materials, especially if the pulps have been subjected to a
caustic extraction during the bleaching process. This usually results in
slower beating of the pulp. However, if the original pulp was somewhat
raw to begin with, then removal of lignin by bleaching may increase the

18 . H. Young and B. W. Rowland, Paper Trade J., 97, 44 (Oct. 12, 1933).
10¢ B, W. Klingstedt, Svensk Papperstidn., 40, 412 (1937).
108 R. E. March, Paper Trade J., 127, 51 (Oct. 21, 1948).
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rate of beating. Alkali-cooked pulps from coniferous woods have more
hemicellulose removed than sulfite pulps, and accordingly they beat more
slowly. On the other hand, if hardwood pulp is prepared by the sulfite
process (which is seldom) the resulting pulp is both weak and difficult to
beat. With deciduous woods, it may be that the material is so degraded
by the acid cooking liquor that it becomes soluble, and therefore nearly all
the hemicellulose on the surfaces is removed.

Cottrall® has recently presented a comprehensive review of the effect of
hemicelluloses on the papermaking qualities of wood pulp, and additional
data showing that pulp becomes less responsive to beating and yields a
weaker sheet as hemicellulose is removed. He also shows that the gamma-
cellulose content of a number of different kinds of wood pulp correlates
quite well with the resulting papers. He agrees with Jayme and Loch-
miiller-Kerler'% that there is an optimum hemicellulose content for pulps
above and below which the strength of the resulting sheetsisless. March!%
also found this to be the case. Cottrall refers to the linear relationship
between the pentosan content of softwoods and their swelling capacity
found by Young and Rowland® and subscribes to an opinion that the
main role of hemicellulose is its action as a plasticizing agent for the fibers.
This view is in accord with the findings'”” that the addition of hemicelluloses
to pulps deficient only in this respect has a relatively small, but nevertheless
significant, beneficial effect on the rate of beating and the resulting strength
of the sheet.

With respect to the three Cross and Bevan celluloses, Giertz!®® has pre-
sented evidence to show that the alpha-cellulose content of wood pulp pro-
duced by a wide range of cooking conditions is remarkably constant—at
439, for spruce. It would appear to represent the highly crystalline and
resistant cellulose composing the “‘strings” or micelles in the secondary wall
of a fiber, which may be seen in an electron microscope after disrupting the
fiber by ultrasonic treatment, as uniform bodies about 75 A. thick.® In
the fiber they lie together as bundles, and between these crystalline ele-
ments are amorphous regions containing the hemicellulose or the gamma
fraction, which Giertz showed corresponds closely with the quantity of
easily hydrolyzable material in a number of pulps, as determined by Nicker-
son’s method. The beta-cellulose fraction becomes appreciable only after

18 G. Jayme and E. Lochmiiller-Kerler, Papierfabr. Wochbl. Papierfabr., 1944, 223.

107 H, E. Obermans, Paper Trade J., 103, 83 (Aug. 13, 1936).

18 H, W. Giertz, Proc. Tech. Sect., British Paper & Board Maker's Assoc., 33, 487
(1952) Part 3; World's Paper Trade Rev., 136, 1451 (1951).

109 B. G. Rdnby, Tappi, 35, 53 (1952).
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the pulp has been subjected to degradation as with acids or prolonged
cooking. Consequently, this fraction would appear to represent any short-
chained fragments derived from the crystalline cellulose by cleavage.
Ranby!! has confirmed this with further electron microscope and x-ray
studies of the various fractions.

Giertz!!! has also pointed out that since the pentosan and noncellulosic
material is contained mainly in the noncrystalline parts of the fibers, it
may not itself influence beating but rather be a proportionate indication of
the presence of amorphous cellulose which can swell and be beaten much
faster than the crystalline portions. He questions Wurz’s conclusion®
that the presence of pectins and polyuronides is of primary importance in a
pulp suitable for making a good greaseproof paper (a hard transparent
sheet) because of the almost insignificant percentage—about 29,—required.
Giertz suggests that because these constituents are so easily hydrolyzed by
adverse cooking conditions, their presence is merely a sign that the sulfite
cooking condition was mild enough that a large proportion of hemicellu-
lose, and thus the original amorphous cellulose, is left in the fibers. The
greater amorphous cellulose content will permit the pulp to swell and be
beaten more easily, and thus, when the sheet is dried, the fibers will col-
lapse to give both the fibers and the sheet a dense, translucent structure.
This view appears to be in good accord with observed phenomena and
may explain anomalies in the relation between the chemical analysis of
many pulps and the strength of the resulting papers.

3. Lignin Content

The usual tests for lignin content comprise the chlorine demand of the
pulp, its bleachability, and its permanganate number.

For a long time it was thought that the presence of lignin in ‘‘strong,”
i.e., relatively undercooked, pulps was responsible for their generally higher
strength, and it was common to grade pulps on that basis. However, it has
become clear that if the lignin was progressively removed with chemicals
like chlorine dioxide!'? and sodium chlorite!!® that did not appreciably im-
pair the cellulose and hemicellulose content, the strength of the pulps was in
fact improved.

Raw pulps, such as are prepared by ‘‘semichemical”’ processes and which

v B, G. Rinby, Svensk Papperstidn., 55, 115 (1952) (in English).

M H. W. Giertz, Cellulosa och Papper SPCI 40th Anniversary No. 1908-1948, 417
(1948).

11 E. C. Jahn and C. V. Holmberg, Paper Trade J., 114, 203 (Apr. 23, 1942).

118 G, Jayme, Papier-Fabr., 40, 137, 145 (1942).
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contain a large proportion of theiroriginal lignin content, do not beat quickly
‘and do not yield very strong papers. It would appear that if present in
quantity, for example in a wood pulp having a yield of upwards of 709, of
the original wood substance, the lignin continues to bind the structure of
the individual fibers together so tightly that they cannot be fibrillated
easily. Thus, as with artificial cellulose fibers, attempts to beat them merely
cause a reduction in their size. In either case, even with the addition of
mucilage or other binding agent, with the complete absence of fibrillation
on viscose or only the sparse fibrillation developed on highly lignified
pulp fibers, no tough cementing action between the fibers can be achieved.

4. Cooking Reactions

When cellulose-containing material is cooked to make pulp, the compo-
nents of the fibers and of the encrusting material are attacked at different
rates. The proportionate rate of attack on different components of the
fibers also depends on the nature of the cooking liquor and on the time and
temperature schedule employed. It should be pointed out that although
the alkaline processes avoid degradation by acids, degradation due to heat
is greater because of the higher cooking temperatures used.

Varying the acid concentration and calcium content in a sulfite cook or
the alkali concentration and degree of sulfidity (which has a protective
influence on the fibers) in a sulfate cook yields pulps of various compositions
as well as kinds. The attack is mainly on the amorphous or less crystalline
parts of the fibers so that, as Giertz points out, the quantity of amorphous
cellulose remaining is an important determining factor in the papermaking
quality of the pulp.

The removal of lignin from the fibers by the cooking liquor parallels, to
some extent, the attack on the different cellulose components. In conse-
quence, by varying the cooking conditions, pulps can be produced having
the same chlorine demand or lignin content and perhaps the same hemicellu-
lose content, but having quite different papermaking characteristics.

A coniferous pulp prepared by the sulfite process (acid) with a moderate
degree of cooking, as determined by its lignin content, beats more rapidly
than a pulp prepared by an alkaline cook (e.g., soda or sulfate process)
and having the same lignin content. Mitscherlich pulp (pulp prepared by
a relatively mild slow sulfite cook) cooked to the same degree beats still
more rapidly.

In accordance with the composite theory of beating, when pulp is pro-
duced by any mild process giving a high yield, or by an acid process which
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tends to hydrolyze the material, there is more short-chain material exposed
or created on the outer surfaces. This will form a more “‘concentrated”
and, hence, a more cohesive surface ‘‘suspension’’; conversely, a caustic
treatment, which normally removes the short-chain material and which,
unlike anacid, does not effect hydrolysis of the high D.P.material, gives pulp
with much less cohesiveness because of the longer chain lengths and thus a
lower ‘“‘concentration’’ on the exposed surfaces. (In the case of the sel-
dom-made hardwood sulfite pulps, as already mentioned, the short-chain
material may be so hydrolyzed that it is dissolved away.) At the same
time, consideration must also be given to the effect of the pulping process
on the intrinsic strength of the fibers and fibrils. It follows, therefore, that
pulp prepared from hardwoods or softwoods by the mild neutral sodium sul-
fite process which gives a relatively high yield, is exceptionally strong as re-
gards fiber structure and its possession of considerable short-chain adhesive
material and amorphous cellulose. Pulp made with the normal (acid) sul-
fite process is weakened in fiber structure, but, if a softwood, it too beats
rapidly, presumably because of hydrolysis or shortening of the material re-
maining on the surface of the fibers. Soda and especially sulfate pulp re-
tain their fibrous structural strength to a great extent, but, because of the
dearth of short-chain material and amorphous cellulose on the outer sur-
faces of the fibers, beat relatively slowly. If both the sulfite and the sulfate
processes are applied to the same softwood chips, then a carefully produced
sulfate pulp, because of its greater D.P. and thus greater intrinsic strength,
after extended beating to develop fibrillation and cohesion, can be made
ultimately into a considerably stronger paper.



Chapter IX

DERIVATIVES OF CELLULOSE

A. REACTIVITY AND REACTIONS OF CELLULOSE

HaroLp M., SPURLIN

The usefulness of cellulose depends not only on the excellent physical
properties of cellulose itself, but also on its ready transformation into
derivatives. These derivatives are useful because of their solubility charac-
teristics not possessed by cellulose itself, their ease of forming at high tem-
perature, or their greater softness and flexibility.

Many different features of cellulose behavior need to be considered if
cellulose reactions are to be understood. The chemical nature of cellulose
(Chapter III) and the structure of cellulose fibers (Chapter IV) are ob-
viously important. Many peculiarities associated with individual reaction
conditions will be treated at length in later Sections of this Chapter IX.
Some ideas about the nature of forces holding the fiber structure together
can even be gathered from the nature of fiber—fiber interactions in paper
(Chapter VIII). In spite of the fact that some repetition is involved, it
appears wise to devote this Section A to a unified treatment in an effort to
reconcile the many apparently inconsistent experiments and interpretations
thereof to be found in the literature. The viewpoint adopted here owes
much to the influence of Staudinger. However, it is believed that a more
realistic attitude is expressed, especially in questions that deal with the
uniformity of reaction of fibrous cellulose.

The topics considered are: (1) uniformity of reaction, with special
emphasis on the nature of derivatives prepared in homogeneous solution;
(2) the influence of fiber structure on uniformity; and (3) chemical factors
which limit the attainment of uniform products.

Almost all of the commercially important cellulose derivatives are either
esters or ethers, prepared by reactions typical of compounds containing
hydroxyl groups. Even with those derivatives that are not esters or
ethers, such as N;O4-oxidized cellulose or derivatives in which the hydroxyl

673
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group has been replaced by halogen, amino, or other groups, the methods
of preparation are exactly analogous to those of similar compounds of low
molecular weight. The peculiarities of cellulose reactions are thus not due
to any characteristic difference between the innate reactivities of the hy-
droxyl groups of cellulose and the hydroxyl groups of other types of com-
pounds. Rather, the problems encountered are due to two main factors:
(1) The cellulose hydroxyls may not be available for reaction because the
crystallinity or insolubility of the cellulose hinders access of the reagent
to the hydroxyl groups; (2) excessive amounts of degradative side reactions
must be avoided because cleavage of the cellulose chain would result, giving
products with unsatisfactory properties. Fortunately, the degradation
reactions may be held within acceptable bounds in the important cases.
Most of the technical problems of cellulose reactions thus center about the
question of availability of the hydroxyl groups for reaction. Sometimes,
as in the case of direct esterification with acetic acid, the lack of availability
simply prevents the reaction from going in a satisfactory manner. More
often, difficulty arises because the differences in accessibility of different
portions of the sample result in very nonuniform products. Much of the
science of cellulose derivatives is concerned with methods designed to hold
this nonuniformity within acceptable bounds.

1. Uniformity of Substitution

Care is necessary in defining the uniformity of a cellulose reaction. The
technologist usually has a clear idea of what is meant by a uniform product.
It will be completely soluble in a variety of solvents. Solutions, films, or
molded articles will be clear and sparkling, which means that they will be
free of suspended matter and will have little tendency to separate into two
phases. A more exact consideration will soon demonstrate that even
though the above conditions are fulfilled, no cellulose derivative can be
really uniform. In fact, statistical considerations show that in no sample
of a partially substituted cellulose derivative will there be two identical
molecules of long chain length.! This variation in arrangement of sub-
stituents will be superimposed on a distribution of chain lengths and on dif-
ferences in degree of substitution (D.S.) between different cellulose chains.?

The important question of evaluation of uniformity will depend on a

1 H, M. Spurlin, Trans. Electrochem. Soc., 73, 95 (1938).
2 A. J. Rosenthal and B. B. White, Ind. Eng. Chem., 44, 2693 (1952).
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definition of a “‘perfectly” uniform material and then on some criteria for
the degree of deviation from this norm. Uniformity of chain length will
be treated in Chapter X-D. The discussion of uniformity of substitution
in this Section A of Chapter IX will be based on the following definition of
uniformity of a cellulose derivative: The highest possible degree of uni-
formity is that resulting when every anhydroglucose unit has had an equal
amount of exposure to the reagents involved. According to this definition,
products of the same degree of substitution and the same molecular weight
might be different in properties because of a difference in the manner of
arrangement of substituents along the cellulose chain, and yet each product
would be considered uniform. This state of affairs is quite possible; uni-
form cellulose acetates of the same degree of substitution but prepared in
different manners actually differ appreciably in properties.? This differ-
ence is due to varying extents of reaction of the primary and the secondary
hydroxyls. (See also Section C of this Chapter IX.)

The definition of uniformity of reaction adopted here, namely, equality
of ease of access of the reagents to the individual anhydroglucose units,
naturally brings up the question of whether this equality is attainable.
The answer appears to be definitely yes. Modern polymer research is en-
tirely in harmony with the concept that individual segments of a dissolved
polymer chain will have the same reactivity as a molecule of low molecular
weight and similar structure. Furthermore, the influence of other portions
of the molecule on the reactivity of a given group will decline very rapidly
with increasing distance from that group. An example may be taken from
the field of polymerization: The rate of interaction of monomer with the
end of a growing polymer chain during copolymerization depends almost
entirely on the nature of the terminal monomer group, and not on the rest
of the chain.* The hypothesis that the individual anhydroglucose units
of cellulose or one of its derivatives in solution are equally available for
reaction may therefore be accepted with confidence.

It is equally certain that this uniformity of access will not be possible if
fibrous or crystalline cellulose reacts in a heterogeneous manner. Even
in this case a product meeting the above definition of uniformity is possible
in the case of an equilibrium reaction or in the case of complete reaction.
If the reaction equilibrium is at some point short of complete substitution,

3C.J. Malm, L. J. Tanghe, B. C. Laird, and G. D. Smith, J. Am. Chem. Soc., 75, 80
(1953).

¢ T. Alfrey, Jr., J. J. Bohrer, and H. Mark, Copolymerization (High Polymers, Vol.
VIII), Interscience, New York-London, 1952.
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ease of access may not have been equal at the beginning; however, if suf-
ficient time is allowed, complete access to all hydroxyls may be obtained.

The quantitative evaluation of degree of uniformity of a product depends
on the development of suitable experimental methods and on correct
mathematical interpretation of the results. Since many misleading state-
ments in the literature are based on the wrong mathematics, it is desirable
to discuss in detail the nature of the distributions of substituents that can
be expected.

(a) CALCULATION OF THEORETICAL ARRANGEMENT OF SUBSTITUENTS

If the principle of equal availability of all anhydroglucose units is ac-
cepted, some important conclusions can be reached about the arrangement
of substituents along the chain. The nature of the substitution on an
anhydroglucose unit will be governed by probability considerations. The
commercially important partially substituted derivatives will be expected
to have higher local concentrations of hydroxyl groups along some portions
of the chains than along others even if they are uniform in the sense used
here. These fluctuations of composition undoubtedly have much influence
on the properties of the products. For instance, the possibility of micro-
bial attack appears to be associated with the presence of unsubstituted
anhydroglucose units along the chain (see Chapter III-C-5). Also, the
outstanding physical properties of cellulosic plastics are possibly due to
these local high concentrations of hydroxyl groups. There has therefore
been a great amount of effort expended on the study of the distribution of
substituents along the cellulose chain.

The nature of this distribution is easily calculated on the basis of the as-
sumptions that (1) availability of all anhydroglucose units is equal, (2)
the influence of the state of reaction of one hydroxyl on the reactivity of
another declines very rapidly with increasing distance between the two,
(3) the ratios of the reaction rate constants to one another remain constant
throughout the reaction, and (4) end-group effects are negligible. If as-
sumption (3) is fulfilled and the back reaction is negligible, the distribution
of substituents at a given degree of substitution will be the same as that ob-
tained in first-order reactions of the hydroxyl groups with nonvarying re-
action constants.

All of the available data on distributions controlled by the rates of reac-
tion of the three sorts of hydroxyls may be correlated if assumption (2)
is modified to read: The only interference between hydroxyls occurs be-
tween positions 2 and 3 of the same anhydroglucose unit. With this pro-
viso, the distribution in the case when only one type of substituent is in-
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volved may be described by five reaction rate constants: k., ks, and ks for
initial reaction at positions 2, 3, and 6 of the anhydroglucose ring; %, for
reaction at position 3 if position 2 is substituted; and k, for reaction at
position 2 if position 3 is substituted. The total substitution, in substit-
uents per anhydroglucose unit, will be called S. The fraction of unsub-
stituted anhydroglucose units will be designated s,; the fraction monosub-
stituted at position 2, 3, or 6 will be designated s,, s3, or sg; the fraction di-
substituted at positions 2 and 3, 2 and 6, or 3 and 6 will be designated
S22, S26 O S35; and the fraction trisubstituted will be designated s23g.
The following symbols are also useful in simplifying the writing of equa-
tions:

ky
M= — 1
k2+k3_ka ()
ks
N=—""— (2
ks + ks — &y

The equations for the fractions of anhydroglucose units that are substituted
in various manners are:

sg = e~ (ke kot 3)
so = Me~(Fat kit _ pro—(ket ks + kot (4)
s3 = Ne~kv+ kot _ prp—(ks+ ks + kot (5)
s¢ = e~k _ =kt ks + ko 6)
Sag = e~k ppotka TR _ N~ (ko + Rt +

(M 4+ N — l)e—(ka + ks + ko)t (7)
So6 = Me=Fat — Me=(a + kot _ pro—(s + k)t 4 pro—(s + ks + kot (8)

Ss8 = Ne—kbt _ Ne-—(kb + ko)t __ Ne—(ks + ks)t + Ne—(k: + ks + ko)t (9)

52,368 = [1 - e"“’] 1 — Me ket — Ne——kbz +
(M+ N — l)e—(kt+kl)t] (10)

S =8 — Me* — Ne=™ — ¢~k 4 (M 4 N — 2)e~t+®t  (11)

It is frequently convenient to consider the case where all reactivity con-
stants are equal. In this case, a notable simplification of the equations
results, and they may be solved in terms of S.* These simplified equations
follow:

§ T. E. Timell, Studies on Cellulose Reactions, Esselte A/B, Stockholm, 1950; also,
Ing. Vetenskaps Akad., Handl., No. 205, Stockholm, 1950.
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Ifky =k =ks =ka= bk

e (-3
S -
e 3

If no mutual interference with reactivity at positions 2 and 3 is encoun-
tered, by = ky, B3 = k,, and M = N = 1. If the interference between re-
action at positions 2 and 3 is so complete that there is never any substitu-
tion at both of these positions in one glucose unit, 2, = k, = Oand M 4+ N
= 1.

In using these equations, it should be remembered that ¢ is not propor-
tional to time unless all conditions remain constant during the reaction.
Rather, ¢ is to be considered as a parameter which includes a time factor,
by means of which corresponding values of .S and the individual types of
substituted glucose units may be calculated.

Similar equations may be calculated for the case where the extent of
reaction is governed by equilibrium constants rather than rate constants.
These equations have been published® for the important case where there is
no mutual interference between substituents in positions 2 and 3, and will
not be repeated here. The distribution curves are identical for rate-
controlled and equilibrium-controlled distributions if all three hydroxyls
have equal reactivity. If the reactivities are different, the distributions
are similar for the two cases: It should be noted, however, that with
equilibrium control the maximum of any monosubstituted species (sz, s,
or ss) will occur at an average substitution S = 1, and of a disubstituted
species at S = 2. This is not true for rate-controlled reactions unless
either the reaction rate constants are all equal or k2, = %k, = 0.

In order to visualize the implications of the distribution equations, it is
helpful to compare calculated plots for several assumed ratios of reactivi-
ties. In Figure 1, the fractions of the anhydroglucose units present in the
unsubstituted, monosubstituted, disubstituted, and trisubstituted forms

$ H. M. Spurlin, J. Am. Chem. Soc., 61, 2222 (1939)
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are plotted against the total substitution, S, for several assumed ratios of
equilibrium and reaction rate constants and with the further assumption
of no mutual interference between positions 2 and 3. One important point
is immediately apparent from Figure 1. There is not a great deal of dif-
ference among the curves for a given value of ¢, in spite of fairly wide dif-
ferences of reactivity that were assumed. It is hardly likely that analytical
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Fig. 1. Theoretical over-all distribution of substituent groups in cellulose (Spurlin®).

Abscissa: Average number of substituents per anhydroglucose unit.
Ordinate: Fraction of total number of anhydroglucose units substituted as indicated

o, unsubstituted; so ¢q, disubstituted; sz,5 + 2,6 + Ss,6
¢1, monosubstituted; s: + 53 + so cs, trisubstituted; s;
Ratio of equilibrium constants: Ratio of rate constants:
1:1:1 —_ 1:1:1
------ 1:4:16 —0—1:1:10
—--1:1:10

methods for the quantities plotted in Figure 1 will ever be good enough to
allow valid conclusions to be drawn about the relative reactivities of the
three sorts of hydroxyls. It is even less to be expected that such deter-
minations will allow the accurate comparison of the uniformity of two dif-
ferent samples of the same degree of substitution. As a matter of fact,
most of the data obtained by investigators who determined only the amount
of mono-, di-, and tri-substituted anhydroglucose units present in uniform
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derivatives can be correlated within experimental error by the assumption
that all three sorts of hydroxyls have the same reactivity® with no inter-
ference between positions 2 and 3. Such interference actually occurs in
many cases, as will be discussed below.

0.6

0.3
/ A i \\
0.2 1 <
0.1 Pl \
/ NN
e 39 1
0 1 2 3

Fig. 2. Proportions of the six different mono- or di-substituted glucoses, if the
nature of substitution is determined by the rates of reaction of the three hydroxyls
in the ratio 1:1:10 (Spurlin®).

Abscissa: Average number of substituents per anhydroglucose unit.

Ordinate: Fraction of total number of anhydroglucose units substituted as

indicated.

$2,3, S2,6, Ss,6 = fraction of anhydroglucose units with two substituents, in 2,3-,
2,6-, or 3,6- positions.

52, §3, S8 = fraction of anhydroglucose units with one substituent, in 2-, 3-, or 6-
position.

The relative reactivities of the three sorts of hydroxyls may be deter-
mined with reasonable precision if all eight possible manners of substitution
of the anhydroglucose units are measured separately. That this is so is
indicated in Figure 2. As is evident, a tenfold greater reactivity of the
primary hydroxyl than either of the two secondary hydroxyls is readily de-
tected by comparing the ratio of se to s; or s; at a substitution of 0.5-1.0,
or of 56 Or s34 to 533 at a substitution of 1.5-2.0. The determination of
reactivity ratios under conditions of uniform reaction, as in solution, is
at present in a satisfactory condition, and will be reviewed below.

It would be desirable to be able to use the available information about
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reactivity ratios to evaluate the uniformity of cellulose derivatives by
analysis for the different types of substitution. By comparison of these
results with the theoretical distribution, a quantitative evaluation of uni-
formity could be obtained.

Unfortunately, it is still not possible to specify methods for the exact
quantitative evaluation of uniformity by using these principles. The dif-
ficulty is twofold. To begin with, it is apparent from Figure 2 that the
curves have rather flat shapes in the regions where content of a given species
is appreciable. Accordingly, a mixture of material of, say, D.S. 0.8 and
1.2 would be hardly distinguishable from a uniform material of D.S. 1 if
only the six quantities in Figure 2 were determined.

It turns out that the detection of nonuniformity depends on exact analy-
sis for species that would be present in small quantity in a uniform product.
For example, the amount of unsubstituted glucose in a product of D.S.
2.5 is a good criterion of the uniformity.

The other important difficulty in a statistical study of the evaluation of
uniformity of the substituted glucose content arises from the break-
down of the assumptions involved in the calculations. It is becoming
increasingly apparent that interference between positions 2 and 3 is an
important factor in rate-controlled reactions.” This necessitates the use
of the complete mathematics of equations 3-11 which has never been done
over a wide enough range of D.S. to allow the evaluation of k, and #&,.
Another complication arises if the ratio of reactivities changes during re-
action. For example, in etherification to a high D.S., there is a profound
change in the nature of the medium surrofmding the individual hydroxyl
groups from the initially hydrophilic alkali cellulose to the hydrophobic
ether. It would hardly be surprising if there was a change in the reactivity
ratios as a consequence of the change of medium. The mathematical
difficulties of handling such a situation would not be insuperable, but there
appears to be little chance that the necessary precise data will be obtain-
able.

As a consequence of the above difficulties, it is scarcely surprising that,
in industry, the evaluation of uniformity is'on a purely empirical physical
basis, depending on strict specifications of turbidity in solution, solubility
range, viscosity—concentration behavior, and the like. It must not be
supposed, however, that the effort that has been expended in the study of
the statistics of substitution reactions has been wasted. Many erroneous
notions have been dispelled. Above all, a very good idea of that which is
practically attainable has been reached during the last twelve years.

7T, E. Timell and H. M. Spurlin, Svensk Papperstidn., 55, 700 (1952)
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(b) EXPERIMENTAL EVALUATION OF DISTRIBUTION THEORY

The most important use of the calculated distribution curves is to
serve as a logical framework for the correlation of experimental results on
the nature of partially substituted derivatives. The experimental work
usually has purposes other than mere confirmation of the equations. The
most frequent objective has been to study the availability of fibrous cellu-
lose for reaction. There has also been important work on the directing
influence of specific reaction conditions, such as etherification of the as-
sociation complex of cellulose with sodium and cupric hydroxides (see
Table 15, Section E of this Chapter IX). There has, however, been enough
work to furnish experimental confirmation for the statistical theory of the
arrangement of substituents in cellulose derivatives.

A complete confirmation of the theory would require a study of the in-
fluence of the state of substitution of one anhydroglucose unit on that of
its neighbors. Because of the experimental difficulty of such an approach,
attention has been confined up to the present to the following alternative
methods.

In the first method, a series of derivatives of increasing substitution is
prepared, and the amount of some specific type of substitution is deter-
mined. For example, the amount of primary substitution may be esti-
mated by the techniques of tritylation,® tosylation—-iodination,%!0 rate of
tosylation.!* In addition, the amount of unsubstituted glycol groups in
the 2,3- positions (i.e., the glycol number) can be estimated by cleavage
by periodate!? or lead tetraacetate.!? Because of the limited amount of
information obtainable by these methods, this type of approach cannot
be expected to give a completely satisfactory confirmation of the theory.
However, it is satisfying to know that results so far obtained by these
methods on uniform products are in agreement with the theory.

In the second method of approach, an attempt is made to determine
the number of anhydroglucese units substituted in each of the eight pos-
sible manners for a series of derivatives of increasing total substitution.
Unfortunately, this method is applicable only to cellulose ethers, since the
available methods of analysis depend on hydrolysis to the monomeric sub-

8 I. Sakurada and T. Kitabatake, J. Soc. Chem. Ind., Japan, 37, Suppl. binding, 604
(1934).

9 C.J. Malm, L. J. Tanghe, and B. C. Laird, J. Am. Chem. Soc., 70, 2740 (1948).

1 R, B, Cramer and C. B. Purves, J. Am. Chem. Soc., 61, 3458 (1939).

11T, S. Gardner and C. B. Purves, J. Am. Chem. Soc., 64, 1539 (1942).

12 7. F. Mahoney and C. B. Purves, J. Am. Chem. Soc., 64, 9 (1942).

13 H. H. Brownell, Thesis, McGill Univ., Montreal, 1953.
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stituted glucose stage without the loss of substituents which occurs on hy-
drolysis of other derivatives. Of course, analytical information on the
hydrolyzed products can be supplemented with information of the first
kind, such as the glycol number of the unhydrolyzed material.

It would be especially desirable to isolate, characterize, and weigh the
eight types of substituted glucose, rather than to depend on frequently
rather indirect analytical methods. With the present highly developed
status of paper chromatography, countercurrent distribution between
solvents, and high-vacuum distillation methods, such an approach should
not be too difficult. It isencouraging to note that even in the complicated
case of hydrolyzed hydroxyethyl cellulose, it was possible by the use of
paper chromatography to resolve all the glucose substitution types except
those substituted in the 2- position from those substituted in the 3- posi-
tion.!* The early attempts by Traube and his coworkers!4-1 to separate the
methylated glucoses by distillation were not so successful, though resolu-
tion of unsubstituted, mono-, di-, and tri-substituted glucoses was reason-
ably complete even without the use of a distillation column.

By selecting from the methods outlined above and when necessary de-
veloping new methods, Timell>®—!% succeeded in establishing that the
statistical theory of distribution of substituents does indeed hold for reason-
ably uniform ethers (see Table 17, Section E of this Chapter IX). In the
case of methyl cellulose, the reactivities of the three sorts of hydroxyls did
not appear to differ by factors of more than 2:1 when either solutions of
cellulose in quaternary bases or fibrous alkali cellulose were reacted with
methyl sulfate or methyl chloride. On the other hand, in the presence of
excess cupric hydroxide, alkylation in the primary position is suppressed
(Table 15, IX-E).

As had been expected by earlier investigators, the presence of ionized
substituents in either secondary position greatly reduces the ease of intro-
duction of a second ionized substituent in the adjoining secondary position.”
In fact, with carboxymethyl celluloses of D.S. 1 or less, there was no evi-
dence for substitution in both secondary positions at the same time, and
the mathematics of equations 3-11 with 2, = k, = 0 appeared to apply.
This conclusion cannot be strictly true, since by the use of drastic reaction

14 A, Funk, Dissertation, Berlin, 1935; H. J. Schenck, Dissertation, Berlin, 1936.
16 W, Traube, R. Piwonka, and A. Funk, Ber., 69B, 1483 (1936).

18 T, E. Timell, Svensk Kem. Tid., 62, 49, 129 (1950).

17 T, E. Timell, Svensk Paperstidn., 55, 649 (1952).

18 T, E. Timell, Svensk Paperstidn., 56, 311 (1953).

19 T, E. Timell, Svensk Paperstidn., 56, 483 (1953).
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conditions it is possible to prepare carboxymethyl cellulose of substitution
greater than 2.

As a result of Timell’s thorough investigations, there can remain no doubt
about the usefulness of statistical considerations as a guide to the study
of the manner of arrangement of ether substituents along the cellulose
chain. Furthermore, it is interesting to note that under usual technical
conditions of etherification, the initial reactivities of the three sorts of hy-
droxyl groups are rather close to one another. This is particularly true of
the 2- and 6- positions, the reactivity in the 3- position being uniformly
somewhat lower.

It is also becoming increasingly apparent that the original supposition®
is correct that there is frequently marked interference between reaction at
positions 2 and 3. Although so far firmly established only in the case of
the carboxymethyl group, similar effects may be expected in all cases in
which ionized or bulky substituents are involved. It may be anticipated
that tosyl, trityl, and benzyl groups will give large mutual interference.
The presence of even a relatively small adjacent group, such as ethyl or
acetyl, would be expected to reduce the rate of introduction of tosyl or
trityl groups into the adjoining positions.

This mutual interference does not in any way invalidate the statistical
treatment. It simply necessitates the determination of more reaction rate
constants in order to specify the nature of the system. For example, if the
rate of tosylation is to yield information about the amount of substitution
of each sort of hydroxyl in cellulose acetate, it will be desirable to consider
the following seven rate constants: one constant for the primary group;
three constants for position 2, depending on whether position 3 is unsub-
stituted, carries an acetyl group, or carries a tosyl group; and three similar
constants for position 3.

(¢) UNIFORMITY OF METHYL CELLULOSE

The application of the concept of statistical distribution of substituents
to the evaluation of uniformity may be illustrated by the comparison of the
nature of methyl celluloses prepared in different manners. The question is
important because some of the conclusions that are drawn, even in the cur-
rent literature,® are not reconcilable with the principles adopted in this
book.

The principal point at issue is the nature of cellulose xanthate in solution
(Section F of this Chapter IX and Chapter X-C). By reaction of this

% T, Lieser, Kurzes Lekrbuch der Cellulosechemie, Borntriger, Berlin, 1953,
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solution with diazomethane generated #n si#tu, Lieser?! obtained methyl
celluloses of D.S. about 0.5. It is not very probable that the methyl groups
were introduced solely in the positions originally occupied by xanthate
groups.?? The following arguments apply only to the uniformity of the
methyl celluloses. These, when subjected to acetolysis at low temperature
with a mixture of acetic anhydride, acetic acid, and sulfuric acid, gave
cellobiose octaacetate in yields of 11-14 g. per 100 g. of methyl cellulose
used. Similar experiments with unmethylated cellulose gave yields of 469,.

These experiments prove that the methyl cellulose samples contained
many of their anhydroglucose units unsubstituted and adjacent in pairs.
Further conclusions that can be drawn from these results depend on what
assumptions are made. Lieser assumed that a methyl cellulose of D.S.
0.5 would not contain more than one substituent on any individual anhy-
droglucose unit, and that the yields from methyl cellulose should be cor-
rected by a factor corresponding to the yield from cellulose (i.e., 46%, for
these experiments). He further assumed, without carrying out the neces-
sary calculations, that the observed yields could not be explained on the
basis of random arrangement of the substituted anhydroglucose units.
Lieser therefore concluded that the cellulose in viscose is only 509, available
for reaction, and that the samples consisted of mixtures of monomethyl
cellulose and unaltered cellulose. This conclusion is unjustified, as was
pointed out in the first edition of this book as well as by Staudinger and
Zapf?® and by Timell.® Obviously, more than half of the anhydroglucose
units of a methyl cellulose of D.S. 0.5 would be unsubstituted. As is
evident from Figure 1, the content of unsubstituted anhydroglucose units
for D.S. 0.5 can go as high as 57.89, if all hydroxyls have equal avail-
ability. There would be a better than 259, chance that any cellobiose
unit that was formed by hydrolysis would be unsubstituted. The ob-
served yields of cellobiose octaacetate (about 25%, of that from cellulose)
are thus in excellent agreement with those to be expected on the basis of a
perfectly uniform methyl cellulose.

There is a further point that needs attention in this connection. The
assumption is implicit in the above reasoning that the rate of hydrolysis of
the 1,4-glucosidic bonds in the chain structure will not depend on the state
of substitution of the adjoining anhydroglucose units. This assumption

21 T Lieser, Ann., 483, 132 (1930).
32 Chian-Vuang Chen, Ralph E. Montonna, and C. S. Grove, Jr., Tappi, 34, 420

(1951).
28 H, Staudinger and F. Zapf, J. prakt. Chem., 156, 261 (1940).
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is far from being justified. Lieser?.?* recognized that methyl celluloses
undergo the acetolysis reaction more rapidly than does cellulose, and that
incompletely reacted products isolated from the reaction mixture were
lower in methoxyl content than was the starting material. During the
acetolysis reaction, a mixed acetate-methyl ether is being degraded. Itis
now known (see Section G of this Chapter IX) that cellulose ethers undergo

TABLE 1

Acetolysis of Cellulose and Methyl Cellulose
(From data of Lieser and Jaks3h3¢)

Cellobiose
Cellobiose  octaacetate
Cellobiose octaacetate yield,
content isolated, calculated,
calculated, £./100 g. g./100 g.
mole of methyl of methyl
Type of product D.S per cent cellulose cellulose®
Fibrous cellulose 0 100 45 —
Fibrous methyl cellulose® 0.28 54 37 23
0.46 36 23 15
0.65 22 22 10
0.73 17 26 8
0.74 17 19 8
1.26 3.5 14 1.5
Technical methyl cellulose’ >1.5 <0.2 0 <0.1
Methyl cellulose from xanthate? 0.50 32 11 14
0.46 36 14 15

s Based on a 45% yield from the cellobiose content for fibrous products,* 46%, for
xanthate.!

® Prepared by reaction of cellulose with methyl sulfate in the presence of 20% NaOH.

¢ “Tylose,”” presumably prepared with methyl chloride and 35% NaOH.

4 Prepared by reaction of diazomethane with viscose solution.

acid degradation more rapidly than does cellulose acetate. It may there-
fore be expected that the methyl-substituted portions of a mixed acetate—
methyl ether will be hydrolyzed preferentially. This will lead to an in-
creased chance that any remaining dimer unit will be substituted only with
acetyl groups, and will enhance the yield of cellobiose octaacetate above
that to be expected on comparison with cellulose itself, for which the theo-
retical yield is only 67 mole per cent,? even if all cellobiose units, once they
are formed, are protected from further degradation.

In spite of the uncertainty arising from the above considerations, ace-
tolysis is a potentially valuable tool for the evaluation of the uniformity of

2 T, Lieser and R. Jaks, Ann., 548, 204 (1941).
% W, Kuhn, Ber., 63B, 1503 (1930).
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cellulose ethers. As was pointed out above, it is desirable for this purpose
to use a method for the determination of some constituent that would be
present in very small quantity in a uniform product. Above a D.S. of 1,
the content of unsubstituted cellobiose units fulfills this requirement ad-
mirably. It is therefore interesting to compare with the theory for a uni-
form product some yields of cellobiose octaacetate obtained by Lieser and
Jaks?* from methyl celluloses obtained by reaction of fibrous cellulose with
methyl sulfate in the presence of 209, NaOH. These data are given in
Table 1, together with comparable data for cellulose, a technical water-
soluble methyl cellulose, and the previously mentioned methyl cellulose
samples prepared from cellulose xanthate. It is iminediately apparent
from these results that the yields of cellobiose octaacetate from the fibrous
products prepared with 209, NaOH were higher than could have been
expected from a uniform product. The technical product and the ethers
prepared from xanthate gave yields in very good accordance with the theory
for a uniform product. These differences are in agreement with general
experience. The technical products, prepared with strong NaOH and
methyl chloride, are much more uniform than are ethers prepared with
methyl sulfate and weak NaOH (see Section E of this Chapter IX). The
product prepared in solution from the xanthate would be expected to be
uniform.

On the basis of these results, the acetolysis method would be expected
to be especially suited to the evaluation of uniformity of technical products
in the substitution range 0.7-1.2.

(d) COMBINED RATE AND EQUILIBRIUM CONTROL

Until recently, very little progress had been made in the study of the
distribution of substituents in cellulose esters. This is, of course, a diffi-
cult field because of the ease of removal and migration of ester groups.
To be sure, previous investigators®®!! had shown that the secondary
cellulose acetates of commerce had roughly equal amounts of hydroxyl
content in the primary and secondary positions. The situation has now
been largely clarified by the efforts of Hiller®® and Malm and co-
workers.#¥~2 These workers found that the normal secondary cellulose
acetate of commerce (D.S. 2.3-2.4), when dissolved in acetic acid contain-

3 1,. A. Hiller, Jr., J. Polymer Sci., 10, 385 (1953).

27 C. J. Malm, L. J. Tanghe, and B. C. Laird, J. Am. Chem. Soc., 70, 2740 (1948).

3 C. J. Malm, L. J. Tanghe, and B. C. Laird, J. Am. Chem. Soc., 72, 2674 (1950).

2 C. J. Malm, L. J. Tanghe, B. C. Laird, and G. D. Smith, J. Am. Chem. Soc., 74,

4105 (1952).
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ing 2-39, water, would initially increase slightly in substitution and then
gradually decrease. With products of lower substitution (D.S. 1.7), th.e
initial rise in substitution was much more pronounced. This behavior is
illustrated in Figure 3 for three samples of cellulose acetate. The sulfuric
acid ased as a catalyst in this case did not change the general nature of the
results, though the higher temperatures necessary to secure acceptable
reaction rates in the absence of catalyst decreased the initial rise. It was
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Fig. 8. Acid-catalyzed reaction of secondary cellulose
acetates with 97.29%, acetic acid (Hiller®). Concen-
tration of H2SO;4, 0.19%,; temperature, 65.7 °C.

clear to both sets of workers that the explanation of this behavior was
simple. The free primary hydroxyl content of the sample was initially
greater than that corresponding to equilibrium with the acetic acid-water
mixture used, and these primary hydroxyls were acetylated fairly rapidly,
resulting in a tendency for the substitution to rise. At the same time, the
content of free secondary hydroxyl was initially lower than the equilibrium
value, so that deacetylation occurred in these positions, but at a lower rate
than the initial acetylation in the primary position. As the more rapid
reaction in the primary position approached equilibrium the continuing
hydrolysis in the secondary positions became dominant. The validity
of these conclusions was checked by tritylation experiments. It was also
found by Malm? that the rate of the acid-catalyzed acetylation by acetic
anhydride was more rapid in the primary position than in the secondary
positions. Furthermore, there was a good correlation of optical rotation
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with the relative amount of free primary and secondary hydroxyls, allow-
ing the redistribution reaction to be followed readily.

Hiller?® undertook a very elaborate mathematical analysis of his rate
data, with the objective of calculating the pertinent rate and equilibrium
constants. He was unable to segregate the effects of reaction at the two
secondary positions, and therefore based his calculations on the question-
able assumption that the rates in the secondary positions could be charac-
terized by a single constant. This is a fairly serious drawback of those
portions of his calculations based on observations after long elapsed times,
and particularly of his estimates of the equilibrium constants for reaction
in the secondary positions. However, his results should prove of great
value in the interpretation of the commercial process of hydrolysis of cellu-
lose triacetate to secure uniform products of lower substitution. Hiller’s
values of rate constants are given in Table 2 and the equilibrium constants

TABLE 2
Rate Constants for Acetylation of Cellulose (Hiller26)

Rate constant X 103, mole ! hr. !

Primary groups Secondary groups

Temperature, ° C. Acetylation Deacetylation Acetylation Deacetylation

Uncatalyzed reaction

84.4 2.6 = 1.8 1.9 0.74 0.057
94.2 6.5 =+ 3.0 3.6 1.7 0.15
104 .4 9.2 &+ 3.0 4.9 3.6 0.40
115.1 14.8 &= 6.0 7.4 7.6 0.94
Acid-catalyzed reaction (0.1%, H,SO,)
46 0 1.5 = 0.2 2.5 0.92 0.035
54.8 3.8 & 1.8 4.7 1.3 0.060
65.7 6.3 = 1.0 6.3 2.0 0.12

are shown in Figure 4 as a function of temperature. The net result of the
interaction of the rate and equilibrium constants is that in a given acetic
acid-water mixture, the equilibrium extent of acetylation of the primary
hydroxyls tends to be high, and the rate of attainment of this equilibrium
is relatively high. Conversely, with the secondary hydroxyls the equilib-
rium substitution is low, as is the rate of attainment.

In commercial practice, the hydrolysis of primary cellulose acetate is
carried out in the presence of so much water that the equilibrium substitu-
tion would be very low for both primary and secondary hydroxyls. Asa
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consequence, the reaction is largely rate controlled, and the primary hy-
droxyl content is considerably higher than the equilibrium value. This
has important consequences, since a high ratio of free primary to secondary
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Fig. 4. Temperature dependence of equilibrium constants for hydrolysis of
cellulose acetate (Hiller?®). K, is equilibrium constant for hydrolysis of primary
hydroxyls; K, for secondary hydroxyls; K, for over-all reaction.

hydroxyl in cellulose acetate results in a wider range of solubility than the
converse situation. A similar situation is encountered with ethyl cellulose
of low D.S.; the product substituted only in the secondary positions, pre-
pared in the NaOH-Cu(OH), system, is more soluble in water than the
usual product prepared in the absence of copper.!®



IX. DERIVATIVES OF CELLULOSE 691

In addition to his studies of rates and equilibrium of acetylation, Hiller?
also determined the rate of degradation of his samples. This facet of his
work will be treated in more detail in Section G of this Chapter IX. The
result of paramount importance in connection with this discussion is the
fact that even under the most favorable conditions of low temperature and
high catalyst concentration, the rate of degradation is so high that equilib-
rium cannot be approached closely without excessive degradation. It
is therefore clear that a uniform cellulose acetate of D.S. 2.0-2.5 and of
acceptably high degree of polymerization (D.P.) will never be secured by
reaction of a nonuniform product with acetic acid—~water mixtures until the
equilibrium is closely approached. This conclusion is especially true for
the direct acid-catalyzed esterification of fibrous cellulose. For this reason
the commercial process involves acetylation nearly to the triacetate, which
must then be uniform. This product can then be hydrolyzed in solution
to give a uniform secondary acetate.

2. Reaction of Cellulose Fibers

The raw material for the preparation of cellulose derivatives is nearly
always fibrous cellulose derived from plant sources. However, a large
fraction of the cellulosic material in these native fibers is crystalline in
nature (see discussion of fiber structure in Chapter IV-B), and the interior
of the crystalline regions is inaccessible to chemical reagents as long as
this native crystalline structure is maintained. All reactions of the crystal-
line region have to start at the surface and proceed gradually inward. It
has long been apparent that this inaccessibility of a portion of the cellulose
hinders a uniform reaction. Means for overcoming this tendency toward
nonuniformity constitute a large portion of the technology of cellulose
reactions. The situation may be much more serious than mere nonuni-
formity of the product; cellulose may not react at all or only with extreme
difficulty in a reaction that proceeds nicely with low molecular weight
compounds. Therefore, the rate of reaction of cellulose as well as the uni-
Sformity of reaction must be considered. In addition, the possibility of con-
ditions promoting serious degradation always exists.

The difficulties of rate and uniformity of reaction of fibrous cellulose are
due, beyond a shadow of a doubt, to the difficulty of getting the reagents
to the cellulose hydroxyls. In order to point out the nature of the stages
of difficulty that are encountered, a simplified résumé of some of the de-
tails of fiber structure discussed in Chapter IV will be presented.
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(a) FIBRILLAR STRUCTURE OF NATIVE CELLULOSE

The basic unit of organization of native cellulose, whether fiber, mem-
brane (Valonia), or unorganized products such as bacterial cellulose, is a
fibril about 100 A. in diameter and of great but indefinite length.

As was mentioned in Chapter IV-B, the current theories of cellulose
fiber reactivity do not take the fibrillar structure into account. Some of
them are even incompatible with the idea of discrete fibrils. In the follow-
ing discussion, an attempt will be made to show that the peculiarities of
cellulose reactions are easily explained on the basis of behavior of and inter-
actions of fibrils.

The literature of cellulose reactions contains many designations founded
on preconceived ideas of mechanism or else designed to conceal ignorance.
Among these terms are microheterogeneous and macroheterogeneous re-
action, micellar surface reaction, permutoid or quasihomogeneous reaction.
Since cellulose reactions are not as clean-cut as these terms would indicate,
and in any case terminology does not assist in understanding, no further
use of these designations will be made in this Section.

Each fibril behaves as if it were largely crystalline in its core, with the
degree and perfection of organization decreasing as the surface is ap-
proached. There is no evidence at all for a separate, amorphous phase or
cementing material holding the fibrils together in fibers of purified native
cellulose. The bonding between fibrils in fibers appears to be due to the
same factors that operate in bonding fibers to make paper (Chapter VIII).
The bonding in paper seems to be due to several factors. The surface
area of the fiber is increased by tearing and splintering. The newly
created surfaces are swollen by water and made easily deformable. When
these surfaces are dried in contact with each other, strong bonds allied in
character to the formation of interpenetrating crystalline regions are formed.
It is especially characteristic that these bonds between fibers are preserved
when the paper is nitrated or acetylated. In the same manner, a fiber
can preserve its identity when transformed into a derivative. This anal-
ogy furnishes good evidence that cellulosic surfaces created in the pres-
ence of water will adhere strongly when dried in contact.

In the water-swollen state during growth of the fibers, crystallization is
not complete although the cellulose molecules must be largely oriented in
the direction of the axis of the fibril.* In this condition the fibrils will be
easily deformable and will therefore pack fairly closely in the fiber. As
water is withdrawn by growth processes or drying, crystallization in the
fibril will occur. It is plausible to postulate that occasionally this crystal

®» E. E. Berkley and T. Kerr, Ind. Eng. Chem., 38, 304 (1946).
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growth process will occur in such a fashion that it can cross over into an
adjacent fibril, thus forming a very strong bond between fibrils. More often,
the structure will remain disorganized at the interface between fibrils and
there will remain a surface of weakness. The degree of interfibrillar crys-
tallization may well be an important factor in the phenogienon of “‘horni-
fication’’ (very poor reactivity) referred to later. For the present dis-
cussion, it will be assumed that a normally reactive cellulose sample is
being cousidered, and that the bonding between fibrils is loose.

The fibrillar structure of the fiber enables distinguishing three stages of
penetration of reagents. (1) The fiber with a diameter of about 100,000
A., may react only on the surface. (2) The surface of the fibril, with a
diameter of 100 A., may be available for reaction. (3) The cellulose mole-
cule, with a diameter of less than 10 A., may be freely accessible to the re-
agents. On the basis of these considerations alone, it is evident how much
can be gained if reagents can penetrate the fiber. A thousandfold decrease
in the time required for reaction would be anticipated if the surface of the
crystalline regions could be made freely available, as compared to the time
required if a reaction has to work its way inwards from the outer fiber
surface. Of course, a further increase in rate would be expected if, by the
destruction of the crystalline structure, the individual cellulose molecules
could be made available for the reaction from the beginning.

The preceding discussion allows some insight into one of the most im-
portant facts of cellulose behavior, that is, that reactivity improves as the
degree of swelling in the reaction medium increases, other factors being con-
stant. Since, however, the driving force for the reaction is a function of
reagent concentration in the reaction medium, two factors must always be
kept in mind. The medium should allow swelling to occur, yet conditions
favorable for the chemical reaction in question must be maintained.

That swelling is sufficient to ensure access of reagents to the inside of the
fiber is not immediately evident. It might be thought that it would be
necessary to have actual capillary channels into the fiber. In capillary
channels of a size that would be consistent with other evidence, however,
the viscous resistance to actual flow would be enormous and all transfer of
reagents would have to be by diffusion. Consequently, all that is involved
is the variation of rate of diffusion with the degree of swelling. It has long
been known that the rate of diffusion of substances of low molecular weight
in dilute solutions or gels of high polymers is very little less than in
water,31:32 in spite of the macroscopic high viscosity of the solution. It is

31 R, Taft and L. E. Malm, J. Phys. Chem., 43, 499 (1939).
33 1. J. Bikerman, J. Phys. Chem., 46, 724 (1942).
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now realized that the local viscosity in a swollen polymer controls the rate
of diffusion as well as the flexibility and extensibility of the structure.
If swelling has caused the sample to be limp and easily deformable, the rate
of diffusion will be high. It isa matter of everyday knowledge that cellulose
fibers and films aye greatly softened by the uptake of a few per cent of water.
The effect of this water of swelling on the rate of diffusion is very pro-
nounced, as may be seen in Table 3.3%3¢ A vast amount of experience on

TABLE 3

Influence of Swelling on Diffusion of Water Vapor through Cellophane
(From data of Hauser and McLaren,3® Doty, Aiken, and Mark3¢)

Permeapility,
moles/sq. cm./sec./cm.
mercury pressure difference

Relative humidity, % for l1-cm. thickness
100 2700 X 10-13
50 300
0 1.5

the influence of the degree of swelling on the rate of diffusion in polymers
indicates that the above behavior may be taken as typical of other swelling
agents and other diffusible substances.

Some speculation is in order about the details of the swelling mechanism
of native fibers, particularly with agents such as water and pyridine, which
open up the interior of the fiber without noticeable attack on the crystal-
line regions. It is probable that the outer wrapping layers of the fibers,
which interfere very markedly with the action of strong swelling agents
(Chapter IV-B), are not important in the case of the limited swelling pos-
sible with water, pyridine, or acetic acid. After all, the fiber was more
highly swollen when originally laid down, and the wrapping layers had to
be able to accommodate the corresponding degree of swelling. It is thus
probable that the outer portion of each fibril throughout the fiber swells
slightly, causing the fiber as a whole to expand; at the same time the fiber
loses some of its flattened shape and becomes more cylindrical. There will
then be an intercommunicating network of swollen material, allowing ready
diffusion of reagents into the fiber.

Inspection of electron micrographs of clumps of fibrils in cotton fiber dis-
integrated under water gives the impression that the fibrils have enough
elasticity to spring apart under swelling conditions and thus create actual

32 P. M. Hauser and A. D. McLaren, Ind. Eng. Chem., 40, 112 (1948).
3 P. M. Doty, W. H. Aiken, and H. Mark, Ind. Eng. Chem., Anal. Ed., 16, 686 (1944).
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voids in the structure (Chapter IV-C). Such an interpretation must be
viewed with caution, since these observations were made on samples re-
dried without the constraints present in the intact fiber. However, the
ease of splitting along the fibrillar interfaces demonstrated by the electron
micrographs certainly proves that lateral bonding between fibrils is weak
in the presence of swelling agents. That actual channels are opened up
by the elastic forces between the somewhat disordered fibrils is thus quite
plausible. It must be emphasized, however, that these channels are prob-
ably not intercommunicating and certainly do not occupy a large fraction
of the increase of volume of the fiber that is observed on swelling. Also,
fibers such as ramie show no evidence of channels between fibrils, yet ramie
with its beautifully parallel fibrils is nearly as reactive as cotton or wood
pulp with a more irregular structure (see Fig. 49, Chapter IV-C). It is
therefore very probable that most of the transfer of reagents in swollen
fibers is through a zone of swollen material surrounding the fibrils, rather
than primarily through empty channels.

(b) VARIATION OF REACTIVITY OF CELLULOSE

The above concept of interfibrillar swelling has been discussed in detail
to help explain the very wide variation in the reactivity of different cellulose
samples. This variation is particularly evident in reactions such as acetyla-
tion, where the swelling power of the medium is necessarily limited by the
lack of technically suitable chemically inert swelling agents. The reactiv-
ity of different samples of cellulose in such cases can range from very
good to very poor. In cases of poorly reactive cellulose samples, reaction
is always observed to be largely confined to the surface of the fiber. If
drastic conditions or very long times are used, the whole fiber will, of course,
eventually react. The difficulty here is that those portions of the fiber
that react first are subjected to the full degrading action of the medium for
a long time, and the final product will be too low in D.P. to be useful. It
is therefore desirable to use cellulose of high reactivity, even in cases where
a long reaction time would be economically feasible.

From experimental evidence, much of the observed difficulty with poor
reactivity can be traced to a decrease in the reactivity of initially reactive
cellulose, that is, the hornification referred to previously. If, for example,
a water-wet sample of reactive cellulose is dried slowly at 100°C., there will
be a pronounced drop of reactivity as measured under normal acetylating
conditions. The effect is much more pronounced if the cellulose is first
swollen in aqueous NaOH, water-washed, and then dried hot.

The opinion seems to be gaining ground that this loss of reactivity is due
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to an effective cross-linking of the cellulose, which reduces or even com-
pletely inhibits the ability of the fiber to swell in usual acetylation baths.
There have been numerous proposals of actual chemical cross-linking, but
there seems to be no necessity to invoke such action. The possibility of
crystal growth between fibrils appears to be an adequate explanation
The conditions of heat and moisture that lead to hornification are also those
that promote crystallization of cellulose. Another indication that partial
cross-linking of fibrils by crystallization is the correct interpretation is the
fact that the effect of hornification is not nearly so pronounced with re-
action media, such as NaOH or nitrating baths of high HNO; content,
which have the ability to penetrate and modify the crystal structure of
cellulose.

(¢) ENHANCEMENT OF REACTIVITY

The reactivity of fibrous cellulose that has not been subjected to adverse
conditions, such as high-temperature drying, is adequate for most purposes.
However, much higher reactivity in media of even very poor swelling ability
can be obtained if desired. The basis of all pretreatments to enhance re-
activity is the great hysteresis of deswelling and crystallization character-
istic of cellulose. An example of this hysteresis is the greater moisture
content of fibers conditioned to constant humidity from a higher humidity,
as compared to conditioning to the same humidity from a dry state (Chap-
ter IV-D). This hysteresis is much more pronounced if the dehydration is
carried out from an initially higher degree of swelling than is possible with
water alone. The enhancement of reactivity is most effective if dehydra-
tion is accomplished by displacement of water by organic solvents. For
example, if cellulose is first dissolved in cuprammonium, precipitated in a
nearly amorphous state, water-washed, and the water then displaced with
organic solvents, a very reactive product is obtained.® Acetylation of
such an expanded cellulose with pyridine-acetic anhydride mixtures pro-
ceeds easily to give a soluble product, whereas native fibers under the same
conditions acetylate with difficulty to give insoluble products.3®3

One of the most complete studies of the comparative ease of acetylation
of cellulose subjected to swelling and then to either vacuum drying or sol-
vent displacement of water from the swollen condition has been carried

& P, Karrer, Einfuhrung in die Chemie der Polymeren Kohlenhydrate, Akadem. Ver-
lagsgesellschaft, Leipzig, 1925, p. 176.

% H. Staudinger and B. Ritzenthaler, Ber., 68B, 1225 (1935).

7 H, Staudinger and G. Daumiller, Ann., 529, 219 (1937).
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out by Staudinger and coworkers.® These results will be cited in de-
tail in order to give a complete picture of the observed effects. The swell-
ing was brought about by water or by 209, NaOH, as well as by reprecipita-
tion from cuprammonium solution. After thorough water-washing, the
swollen samples were either vacuum dried at 40°C. or solvent displaced
with acetic acid, pyridine, or methanol followed by benzene. With acetic
anhydride-pyridine and cotton at 60°C. the order of decreasing reactivity
and, in parentheses, the corresponding acetyl content after 24 hrs., were:
(1) reprecipitated, pyridine displaced (27%); (2) mercerized, pyridine
displaced (14%); (3) water-swollen, pyridine displaced (8%); (4) water-
swollen, dried (5%); (5) mercerized, dried (0.7%). Ramie, linen, and
hemp reacted at practically the same rate as cotton. The degree of poly-
merization also had little influence. All of the above products were nearly
completely insoluble in chloroform, showing the absence of a triacetate
layer on the surface. The solvent-exchanged samples appeared uniform
under microscopic examination.

Similar comparisons were made in another fibrous acetylation process,
with HSO; as catalyst and with benzene in the reaction medium to prevent
solution of the product. The mercerized, benzene-displaced sample had
an acetyl content of 259, after 1 hr. and 449, (the triacetate) after 24 hrs.;
the mercerized, acetic acid-displaced sample, 219, and 449,; the water-
swollen, acetic acid-displaced sample, 179, and 429%,; the water-swollen,
dried sample, 29, for high D.P. and 59, for low D.P. after 24 hrs.; the
mercerized and dried sample, 19, after 24 hrs. In most cases, again, the
D.P. and fiber type (i.e., ramie, hemp) had little influence. It was further
observed that the benzene-displaced samples retained their high reactivity
after vacuum drying, and retained 4-89, benzene that could not be removed
by vacuum drying alone. The degradation after 24 hrs. acetylation time
decreased as the reactivity increased. The superiority of the more re-
active samples could doubtless have been much more marked if the compari-
son of degradation had been made at times required for a given degree of
substitution to be reached. It was found that the dried celluloses gave
partially substituted products from which most of the acetyl content could
be extracted with chloroform as cellulose triacetate. Only a small fraction
of the acetyl content of the acetic acid-exchanged products could be re-
moved with chloroform, up to an acetyl content of more than 35%,. Be-
yond this point, the solubility increased rapidly.

Staudinger interpreted his results to mean that all of the cellulose mole-

3 H. Staudinger, K.-H. In den Birken, and M. Staudinger, Makromol. Chem., 9, 148
(1953).
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cules in the solvent-exchanged fibrous products were available for reaction,
even in the crystalline regions. So extreme a viewpoint is hardly war-
ranted. In cases discussed below where it is definitely possible for reaction
to occur in the crystalline regions, completely soluble products are obtained
at intermediate degrees of reaction. This is never possible with cellulose
acetate prepared directly from fibrous cellulose. On a submicroscopic
scale, there must be discontinuities in reaction during this process.

(d) AN INTERPRETATION OF REACTIONS OF NATIVE CELLULOSE FIBERS

A satisfactory interpretation of the observed facts can be built up along
the following lines. When fibers that do not swell are reacted, the reaction
zone is observed to start in isolated spots at or near the surface of the fiber,
and then to spread gradually, leaving cellulose triacetate behind the reac-
tion front.%:3° All that is necessary is to assume that under conditions of
good swelling, everything is displaced in dimensions by a factor of a thous-
and. The fibril is now exposed to the reagents, and each fibril will begin
reacting along its length at isolated spots that either have greater dis-
order or are more exposed to a direct diffusion path for reagents. In those
cases, for example, fibrous acetylation or nitration, where the product crys-
tallizes as its formation is complete, the reaction zone may be pictured as in
Figure 5. At an intermediate state of reaction, each fibril may be pictured
as having many alternate zones of completely reacted and unreacted cellu-
lose, with cellulose molecules passing between them. Between these zones
will be regions of incomplete reaction, which will probably be more swollen
than indicated in Figure 5. The swelling of these partially reacted regions
may be expected to be much higher than either the reacted or unreacted
zomnes, for the reasons indicated in the discussion of influence of degree of
substitution on solubility in Chapter X-A. This swelling will facilitate
easy penetration of reagents into the reaction zone. The structure as a
whole will be insoluble until the zones of complete reaction have coalesced.

If the medium is a solvent for the product, as in commercial cellulose
acetate preparation in contrast to fibrous acetylation, this picture needs to
be modified only slightly. In this case, the reacted portions will swell as far
as is allowed by the constraints imposed by cellulose molecules pene-
trating into the unreacted zones. The fiber as a whole will appear under
the microscope to swell uniformly as reaction proceeds, but the continuing
existence of the fibrils will hold the structure together up to a high extent
of reaction. This is exactly what has been observed in many microscopic
studies of cellulose acetylation.

3 K. Kanamaru, Helv. Chim. Acta, 17, 1436 (1934).
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There are many observations which support the picture of localized
attack on the cellulose fibril, with the reaction zone then spreading until
the whole structure has reacted. When fibers are degraded with acids un-
der conditions of only slight swelling, they split up into fragments a few
hundred Angstroms long (Chapter IV, Sections B and C). The same type
of fragment can be isolated from esterification reactions, if the conditions
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Fig. 5. Reaction zone progressing along crystalline region with retention of fiber
structure (Spurlin!).

are such that the reacted portion of the material is rapidly degraded, thus
cutting the interpenetrating molecules which normally hold the unreacted
zones together.® If, on the contrary, degradation conditions are not severe
the few per cent or so of insoluble material remaining near the end of a
reaction will consist of gel particles (crystalline fragments surrounded by
a swollen mass of reacted material). The extreme behavior is exhibited
by fibrous cellulose triacetate of high D.P. prepared under nondegrading
reaction conditions. This product is insoluble in the usual triacetate
solvents even at very nearly complete reaction. It has been shown by

© R, Signer, A. Aeby, F. Opderbeck, and H. Studer, Monatsh., 81, 232 (1950).
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Centola*! that such products still show the x-ray diffraction pattern of
cellulose, and apparently even 19, of unreacted cellulose can cause insolu-
bility in such cases.

It may be concluded from the discussion above that in many cellulose
reactions the surface of the crystalline region is readily available for re-
action, whereas in other cases reaction is primarily from the fiber surface
inwards. This is not a matter of mutually exclusive alternatives; rather,
all intermediate stages of availability can be expected.

Another point to remember is that the progress of the reaction on the
surface of the available regions may impede further reaction. This seldom
happens in reactions in organic media, since the reaction products are
normally more highly swollen and more compatible with the reagents
than is the initial cellulose. However, in the benzylation reaction the
initial product is hydrophobic and is not swollen by the alkali which is
essential for the further progress of the reaction;*? the reaction thus be-
comes more difficult as it proceeds. Another possibility arises when the
reaction cross-links the cellulose. For example, the difficulty of reaction
of cellulose with more than a few per cent of formaldehyde*®* may be due
to the progressive cross-linking of the structure, which must impede swell-
ing and diffusion.

There is no evidence for a difference between the inherent reactivity
of a crystalline zone of any of the crystalline modifications of cellulose.
The differences of reactivity of native fibers, mercerized fibers, and regener-
ated cellulose can all be explained on the basis of differences in the amount,
size, and degree of perfection of the crystalline regions, and on the greater
ease of hornification of the more expanded structures when subjected to
drastic drying conditions.

(e) REACTIONS OF FIBROUS ADDITION COMPOUNDS OF CELLULOSE

Crystalline addition compounds of cellulose, such as alkali cellulose
(Chapters IV-B and IX-D), are uniformly much more reactive than would
be expected by comparison with native cellulose. This difference seems to
be due to three factors. The media in which the addition compounds are
prepared are good swelling agents for cellulose. The crystalline regions
are smaller. Most distinctive is the good evidence that reagents can pene-

41 G. Centola, Atti X° congr. intern. chim., 4, 129 (1939); Chem. Abstracts, 34, 2169
(1940).

2 E. J.Lorand and E. A. Georgi, J. Am. Chem. Soc., 59, 1166 (1937).

4 R. E. Wagner and E. Pacsu, Textile Research J., 22, 12 (1952).

# C. F. Goldthwait, Textile Research J., 21, 55 (1951).
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trate the crystal lattice of the addition compounds as distinguished from
the native cellulose lattice.

This last factor has appeared plausible for many years, in order to ex-
plain the fact that soluble ethers of low D.S. could be obtained by the re-
action of alkali cellulose with etherifying reagents of low molecular weight.®
The most compelling evidence, however, has come from studies of the re-
action of alkali cellulose with CS;, to form cellulose xanthate.%4 (See also
Chapter IX-E.) In this reaction, an expansion of the crystal lattice be-
gins as soon as CS; absorption starts. The kinetic results support the idea
of a uniform reaction throughout the fiber. If the NaOH concentration is
below that necessary for mercerization, the course of the reaction is entirely
different. An initially rapid reaction slows down very rapidly, so that a
final CS, uptake of only 30%, is found. With NaOH of concentration high
enough to transform the crystal lattice of cellulose to alkali cellulose I,
the final CS, uptake is twice as high. It is probable that with the low con-
centration of NaOH, reaction was largely confined, under the conditions
used, to the more amorphous portions of the cellulose. The above evi-
dence, as well as the evidence from solution properties described in Chapter
X-C, leaves no doubt that reaction has occurred, at least to a considerable
extent, throughout the fiber if the cellulose has been converted throughout
to alkali cellulose.

In general, reactions of alkali cellulose give the most uniform products
with the most water-soluble reagents.® These would be expected to diffuse
rapidly in the hydrophilic alkali cellulose. Thus CS, (which possibly
forms a water-soluble complex with NaOH%), sodium chloroacetate,
ethylene oxide, methyl chloride, and methyl sulfate give fairly uniform
products in the fibrous reaction. The ethyl celluloses of low substitution
are relatively nonuniform. Fibrous products of low substitution obtained
with higher alkyl halides are water-insoluble. If, however, the isopropyl
ether is prepared in homogeneous medium, it is soluble.

This trend illustrates the fact that despite the availability of the alkali
cellulose for reaction, no fibrous reaction product of D.S. less than 3 can be
truly uniform unless prepared by an equilibrium reaction. In all fibrous
reactions, some of the material must have a different reaction velocity
than the rest because of either a difference of diffusion path for reagents
or the remaining constraints imposed by the fiber structure. The impor-
tance of such constraints is illustrated by the fact that the mercerization
reaction itself is hindered by tension or other forces applied to the fiber.

4% K. Hess, H. Kiessig, and W. Koblitz, Z. Elektrochem., 55, 697 (1951).
4% H, Grotjahn, Z. Elektrochem., 57, 305 (1953).
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It can easily happen that there are local stresses in the fiber that cause a
different alkali concentration to be attained in different parts of the fiber.
In any case, the crystal lattice forces themselves must cause the available
alkali concentration inside a crystalline region to be different from that in
more amorphous regions.

When all of these factors are considered, it is surpnsmg that the high-
substitution cellulose ethers of commerce are as uniform as they are.®
Several factors are probably involved in this. One important considera-
tion is that the derivatives pass into solution as the reaction proceeds, so
that at least the latter portions of the reaction are under uniform condi-
tions. Another point is the low affinity of partially reacted portions of the
product for NaOH; this low affinity will lower the reactivity of these re-
gions in comparison with portions of lower extent of reaction. Finally,
it appears to be necessary to invoke the hypothesis of large mutual inter-
ference between positions 2 and 3, which will cause the reaction to slow
down when a D.S. of 2 is reached in the most reacted portion of the product
and allow the remainder to catch up.

3. Chemical Factors Influencing Reactivity

The preceding discussion of reactivity has been from the standpoint of
availability of the cellulose hydroxyls for reaction. It has been shown that
if the cellulose hydroxyls can be made equally available for reaction by
operating in solution or by allowing the reaction to come to an equilibrium,
products of an acceptable and easily definable degree of uniformity can be
obtained. There still remains the question of the ease of combining the
requirements for availability of the cellulose: with the chemical require-
ments necessary for a reaction to occur and for the degradation to be held
within acceptable bounds. These questions will now be given a short
discussion for each of the common types of reaction of cellulose. For fur-
ther details of individual substitution and degradation reactions, the sub-
sequent sections of this Chapter IX must be consulted.

(a) ESTERIFICATION
(1) Direct Equilibrium Esterification with Strong Acids

A number of strong acids will react directly with cellulose with a speed
such that degradation is held within acceptable bounds. Nitric acid is the
foremost example, but sulfuric acid will also work well. Formic acid is a
border-line example. The outstanding characteristics of the acids that work
well are that relatively concentrated solutions in water will dissolve cellu-
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lose, crystalline addition complexes with cellulose may be obtained, the
equilibrium degree of esterification is high in the presence of a small
amount of water, and the rate of degradation of the product in acid medium
is lower than that of cellulose. Another characteristic of these acids is
that their esters do not hydrolyze in a normal manner in alkali. Nitrate
esters suffer profound degradation in alkaline medium, with little or no
production of nitrate ion. Sulfuric half-esters (which alone are produced
when sulfuric acid acts on cellulose) act like alkylating agents on alkaline
hydrolysis. If at all possible, they tend to form ether linkages with other
hydroxyls rather than to form free hydroxyl groups. Apparently, the
cellulose oxygen holding the sulfate group may be lost on alkaline hydroly-
sis.

Most other strong acids do not esterify cellulose because the hydrolysis
constant of the product is unfavorable. There is some evidence that an-
hydrous phosphoric acid esterifies cellulose slightly.#” Perchloric acid can-
not form normal esters. Halogen acids are abnormal in that the cellulosic
hydroxyls are split off during reactions. These acids also degrade cellulose
very rapidly. Anhydrous halogen acids are also not good swelling agents.

The tendency of nitric acid and sulfuric acid to dissolve the reaction prod-
uct can be modified by the addition of other substances while still maintain-
ing enough swelling to ensure equilibrium nitration or sulfation. The nitrate
and, to a lesser extent, the sulfuric half-ester are the only well-known ex-
amples of cases where a uniform ester of intermediate substitution can be
obtained by a reaction with acids with retention of fiber structure.

(2) Organic Esters Prepared under Acidic Conditions

As explained previously, the direct esterification of cellulose with organic
acids is not a satisfactory reaction for two reasons. The equilibrium con-
stant is unfavorable. This necessitates the use of media high in organic
acid content and low in water content. Such media are very poor swelling
agents for cellulose, so that the reaction is nonhomogeneous and slow.
The second reason is that the rate of degradation is comparable with the
rate of esterification with organic acids whether the reaction is catalyzed
or uncatalyzed.

The degradation has less relative effect if the driving force for acetyla-
tion is increased above that possible in an equilibrium reaction. This is
done in practice by the use of acetic anhydride. With this reagent, the

47 E. Heuser, W. Shockley, A. Adams, and E. A. Grunwald, Ind. Eng. Chem., 40, 1500
(1948).
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equilibrium substitution product is the triacetate. It would still be pos-
sible to secure a uniform partially substituted cellulose acetate by direct
reaction if a medium were available in which the reaction could be carried
out in solution from the beginning. At this point, however, chemical in-
compatibilities become important, since there are very few anhydrous
solvents for cellulose which would not destroy the acetic anhydride or
react with the cellulose. Anhydrous sulfuric and phosphoric acids are
obvious possibilities. Phosphoric acid solutions were tried by Heuser,¥
with fairly satisfactory results. Products of 20-259, acetyl content could
be obtained by the use of equal parts of acetic acid and 1009, phosphoric
acid in what appeared to be a homogeneous reaction. By using acetic
anhydride in place of acetic acid, any level of substitution up to the tri-
acetate could be obtained. The products of D.S. 2.0-2.5 were incompletely
soluble in acetone, however. The low solubility may have been due to the
fact that these products were nearly completely substituted on the pri-
mary hydroxyl group. There is also some probability that solution of
cellulose in concentrated phosphoric acid is not complete (Chapter X-A)
and that therefore a nonuniform product was obtained. No one appears
to have tried the homogeneous reaction of acetic anhydride with cellulose
in solution in 1009, sulfuric or trifluoroacetic acids, both of which are re-
ported to be solvents for cellulose. It has been found,*® however, that
activated cellulose reacted with a mixture of 60 parts of acetic acid, 40
parts of acetic anhydride, and 2 parts of trifluoroacetic acid gave a fiber-
free reaction mixture at a D.S. of 2.23. This product was also insoluble
in acetone. There are some processes for the direct preparation of fibrous
cellulose acetate of D.S. 2.0-2.5 that involve the use of large quantities of
H.SO,. In this case, the initial product is a mixed acetate sulfate.

The above results have been cited at length because they indicate that
even if the long-sought goal of uniform direct acetylation of cellulose to a
D.S. of 2.5 could be reached, the product might be unsatisfactory for com-
mercial uses because of its low content of free primary hydroxyl groups.

The situation on the acid-catalyzed esterification of cellulose by organic
acids and anhydrides may be summarized by the statement that it is
almost but not quite impossible to combine the chemical requirements and
the swelling requirements so that perfectly uniform reaction conditions can
be obtained. The present commercial process, based on enough swelling to
get rapid but not uniform reaction in the esterification cycle, followed by
uniform hydrolysis to the desired D.S., appears to be the most satisfactory
solution to the problem.

@ P, W. Morgan, Ind. Eng. Chem., 43, 2575 (1951).
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(8) Reactions Requiring Media with No Active Hydrogens

There are a variety of other reagents that will react with hydroxyl groups
under suitable conditions to give esters. Among these are ketene and
isocyanates. These reagents give very poor results with cellulose because
they react vigorously with nearly all swelling agents and with all solvents
for cellulose. The best that can be done is to use a highly activated cellu-
lose and a tertiary amine as a catalyst and partial swelling agent, and to
carry the reaction to completion. Even under such conditions ketene re-
acts unsatisfactorily because of its tendency to polymerize. Ketene can
be used in an acetic acid acetylation, but under this condition it is first
converted to acetic anhydride.

(4) Esters Prepared under Basic Conditions

Cellulose esters may be prepared from acid anhydrides and chlorides
with basic rather than acid catalysts. (In spite of the fact that the base
may be consumed in the reaction and therefore is a reagent, these reactions
are definitely base-catalyzed. For example, sodium acetate is a catalyst for
the reaction of acetic anhydride with an alcohol.) If the reaction is run
under anhydrous conditions, with a tertiary amine as base, the reaction
proceeds fairly rapidly but in a very nonuniform manner. There is also
difficulty in the case of cellulose esters of sulfonic acids prepared from the
acid chlorides because of the formation of quaternary salt derivatives of
cellulose with the organic base and the replacement of the sulfonyl group
by halogen. Again, this is a case where the swelling and the chemical
requirements are incompatible.

Acid halides may also react with alkali cellulose. This is a surprisingly
satisfactory reaction, not nearly as much reagent being wasted in side
reactions as might be expected. The uniformity considerations are en-
tirely analcgous to those in etherification.

Some attempts have been made to prepare cellulose halides by the use
of such reagents as thionyl chloride in‘pyridine. It has been impossible
to secure uniform, soluble products, and degradation appears to be severe.
This degradation appears to be a necessary consequence of any reaction
which removes the hydroxyl groups from cellulose.

(b) ADDITION COMPOUNDS AND SOLUTIONS OF CELLULOSE

From the standpoint of reaction rate, the use of addition compounds
of cellulose as intermediates for the preparation of their derivatives is of
great interest. Those stable in the presence of water are formed very
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rapidly. The crystalline structure of cellulose is greatly disorganized in the
addition compounds, and this disorder is partially maintained on regenera-
tion. This use of addition compounds enables the ready activation of cellu-
lose for other reactions. The addition complexes of cellulose with acids,
bases, salts, and especially copper are also involved in all of the so-called
solvents for cellulose. It is not cellulose itself that dissolves, but a com-
pound (Chapter X-A).

Since the addition compounds are formed and decomposed very rapidly,
there is little interest in the kinetics of their reactions. The equilibria
involved are, however, important. There has been much confusion in this
field because of the neglect of some of the principles of the phase rule and of
the statistical principles of cellulose reaction. For example, attempts have
been made to determine the composition of cellulose addition compounds
by precipitating the addition compound from solution. The assumption
is implied that the ratio of complexing reagent to cellulose is the same in the
precipitate as in solution. With reactions that proceed as rapidly as the
formation and decomposition of cellulose addition compounds, this assump-
tion is entirely unjustified. The cases where this mistake has been made
in the literature will not be listed. Rather, it will be pointed out that there
are entirely valid methods that can be applied to the solutions themselves.
The examination of the variation of optical rotation, of pH, or of light
absorption as the ratio of cellulose to complexing reagent is varied is an
example.*®

Even in the case of the solid, crystalline complexes the determination of
the combining ratio is not simple. The lattices of the addition compound
are maintained with only slight, continuous change over a wide variation of
composition of the compound. The case is thus somewpat analogous to
the formation of a continuous series of mixed crystals. This question is
discussed in more detail in Section D of this Chapter IX and in Chapter
IV-B.

-

(¢) CELLULOSE ETHERS

The chemistry of the formation of cellulose ethers is usually based on
(1) the Williamson reaction of an alkyl halide, sulfate, or sulfonate on a
derivative of cellulose with a strong base, or (2) the addition of an active
reagent such as ethylene oxide, acrylonitrile, formaldehyde, or acetylene
to the hydroxyl group. (The reaction of diazomethane discussed in Section
E of this Chapter IX is an exception.) The technical problems are as-

9 P, Job, Ann. chim., [10], 9, 113 (1928); W. C. Vosburgh angd R. G. Cooper, J. Am.
Chem. Soc., 63, 437 (1941).
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sociated with the difficulty of securing uniformity of reaction and the wast-
age of reagents by reaction with water. There is no difficulty with deg-
radation in any of the commercial processes, since cellulose does not de-
grade rapidly in aqueous alkaline media in the absence of oxygen, and the
products are even more stable under these conditions.

(1) Aqueous Alkaline Reaction Media

With most of the ethers, there is no possibility of securing a uniform prod-
uct by either reacting to an equilibrium condition or removing substituents
from a trisubstituted product. The control of uniformity depends there-
fore on maintaining uniform availability of the cellulose. As indicated
previously, fibrous alkali cellulose gives sufficient uniformity of products for
most purposes. In this case, the chief problem becomes that of side re-
actions leading to wastage of reagent. As the amount of water in the sys-
tem is reduced, this wastage becomes in general less but the uniformity may
also suffer.

All of the usual ethers may be prepared from aqueous alkaline solutions
of cellulose or from solutions of cellulose esters and may therefore be secured
in the uniformly substituted condition. This method is too expensive for
commercial utilization. The large amount of water present and the low
concentration of base both lead to excessive wastage of reagent in side
reactions. As etherification media, the quaternary base solvents for cellu-
lose are expensive and difficult to recover. The pretreatments necessary
to secure solubility of cellulose in 109, NaOH are also expensive. However,
there has not been enough use of homogeneous etherification for scientific
purposes, in order to secure suitable materials for the determination of
D.P.—viscosity relationships and the like.

(2) Anhydrous Etherification by Use of Metal Derivatives

Attempts to secure greater economy of reagents in etherification by the
use of anhydrous metal derivatives of cellulose have failed, as is pointed out
in Section E of this Chapter IX. Even when alkali cellulose is dried to the
point where the residual NaOH solidifies, reaction ceases.®® These ob-
servations indicate the importance of swelling.

A point that is frequently neglected in the consideration of anhydrous
etherification conditions is the relatively rapld degradation of the anhy-
drous metal derivatives.

8 J. Chédin and A. Tribot, Mém. services chim. état, 33, 169 (1947).
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(3) Equilibrium Etherification

The normal alkylating agents, such as alkyl halides, cannot give equilib-
rium etherification to a point short of completion under alkaline condi-
tions. This statement is made advisedly, in spite of statements to the
contrary in the literature. Just as in the case of the use of acid anhydrides
in esterification, the free energy change or driving force is enormous in the
etherification reaction and the reaction must go to completion if given
sufficient time.

The base-catalyzed addition reactions of olefins bearingactivating groups,
such as acrylonitrile, do not belong in the same category as alkyl halides or
sulfates. - The reaction of formation of cyanoethyl cellulose is reversible,
and an equilibrium degree of substitution governed by the composition of
the reaction medium is theoretically possible. The practical difficulty
remains that consumption of reagent in side reactions and hydrolysis of
cyanoethyl cellulose to carboxyethyl cellulose will proceed continuously.
In order to secure an equilibrium reaction, it would be necessary to feed
acrylonitrile and NaOH, while removing sodium acrylate (by crystalliza-
tion, for example) until a stationary state had been established. The
product would be a mixed cyanoethyl carboxyethyl cellulose. No at-
tempt seems to have been made to realize such an equilibrium etherifica-
tion in practice.

- (4) Acid-Catalyzed Etherification

Since most chemists are aware that ethyl ether can be made from ethyl
alcohol by using acid catalysts, there has been no lack of attempts to trans-
late this type of reaction to cellulose. It was soon realized that the rate of
degradation of the hemiacetal bond in cellulose under any condition of
acidity was enormously greater than the rate of ether formation, so that
this line of attack is hopeless. | A more sophisticated approach is to try
the reaction of an olefin with cellulose. Here, the driving force is greater,
as in the case of esterification with anhydrides. Aside from unconfirmed
patent claims, there is still no evidence that even this reaction may be
made to go faster than the degradation reaction.

Like most generalizations, there is an exception to the rule that ethers of
cellulose cannot be made under acid-catalyzed conditions. This exception
is the reaction of aldehydes with cellulose. The cross-linking reaction of
formaldehyde or glyoxal on cellulose is well known, but the intractable
nature of the product has prevented thorough studies of availability and
uniformity of reaction up to the present. Derivatives containing sub-
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stituents of the type

R..1ilOCHOCOR"

R,I

can be made very readily by adding an aldehyde or an aldehyde deriva-
tive to a cellulose esterification bath.’! This easy reaction of aldehydes
with cellulose is paralleled by the easy reaction of aldehydes with alcohols
of low molecular weight at moderate temperatures and low acidities.
Cyclic acetals of cellulose, analogous to those produced from glycerol or
pentaerythritol, have not been prepared as yet.

The question of the reactivity of cellulose with urea-formaldehyde,
phenol-formaldehyde, or acetone-formaldehyde resins is allied to the
present subject. There is good reason to believe that these resins do form
ether bonds with cellulose when reacted in the presence of cellulose fibers.
The Zelan process (Section E of this Chapter IX) is another example of the
use of derivatives of formaldehyde in order to secure easy reaction with
cellulose.

(6) Metal Dertvatives of Cellulose

The ready preparation of the sodium and other alkali metal derivatives
of cellulose is due to the fact that ammonia and the lower primary amines
are good swelling agents for cellulose and at the same time are chemically
compatible with the alkali metals used in the reaction (see Section D of this
Chapter IX). The nonreactivity of the alkali metal derivatives with
alkylating agents when they are freed of swelling agents is another indica-
tion of the importance of swelling.

(6) Replacement of Hydroxyl Groups

It is possible to write reactions for the replacement of the —OH groups
of cellulose by such groups as —Cl, —NH;, —CN, —SR, and many others.
Alternatively,- the OH group might be oxidized to a keto or acid group.
These reactions, at first sight, appear to be well founded on the basis of
reactions of low molecular weight alcohols. A closer inspection shows that
the conditions are not very favorable. With model compounds such as
propylene glycol it is very difficult to get good yields in these reactions with-
out a host of side reactions, many of which result directly or indirectly in
decomposition of the skeleton of the basic molecule. Such side reactions
as formation of a double bond in the anhydroglucose ring would result in

8t T. F. Murray, Jr., and H. LeB. Gray (to Eastman Kodak Co.), U. S. Patent 1,930,-
145 (Oct. 10, 1933); Chem. Abstracts, 28, 320 (1934).
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very rapid degradation of cellulose. This point will be discussed further
in Section G of this Chapter IX. From the viewpoint of reactions, the
essential point seems to be that any reaction conditions which so loosen a
hydroxyl group that it may be removed will also loosen neighboring bonds
so that the cellulose can degrade as a probable side reaction. An example
would be the introduction of an —NH; group by preparation of the chloride
from thionyl chloride and reaction of this with ammonia. There would
be two displacement reactions in this case. Probably a sulfite is formed
first, and the sulfite group is then replaced by chloride ion. Finally, the
chloride would be displaced by ammonia. In both of the displacement
reactions, extensive side reactions leading to degradation would be expected.

It appears to be well established that only a few hydroxyl groups of cellu-
lose may be displaced before degradation becomes excessive. The oxidized
products may be prepared with only moderate degradation, but when once
formed, they are very sensitive to alkaline degradation (see Chapter III-
C-3).

(d) CATALYSIS OF CELLULOSE REACTIONS

Up to this point, it has been implied that catalysts for cellulose reactions
act in the same manner as catalysts for the reactions of small molecules.
This is of course true. It is at the same time true, however, that in the
case of cellulose some factors become important that are normally neglected
in other cases. Some of these factors will now be discussed in detail.

(1) Swelling Action of Catalysts

It may be taken as a good rule of thumb that the type of interaction
of a catalyst with a reagent and a hydroxyl group that leads to
more rapid reaction will also lead to partial solvation of the cellulose and an
increased tendency for the cellulose to swell. In such a reaction as the
acid-catalyzed acetylation of glycerol with acetic anhydride it is not difficult
to secure a homogeneous reaction medium. The rate of this reaction will
then be determined by the acidity, regardless of the type of acid used.
In the case of cellulose, however, the amount of swelling is a complicated
function of the amount of acid, the strength of the