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Permanence in Book Papers 

Investigation of deterioration in modern papers 
suggests a practical basis for remedy. 

W. J. Barrow and Reavis C. Sproull 

The deterioration of paper in the books 
of libraries has been a matter of increas- 
ingly acute concern for nearly a century. 
Although sporadic attempts have been 
made over this period to ascertain the 
causes of the deterioration and to find 
means for preventing it, the problem 
continues to grow. In this article are 
presented the results of a recent attempt 
to determine its magnitude and to open 
some profitable avenues toward solution. 

Background 

Books, which were once a principal 
end product of paper manufacture, now 
absorb only a small fraction [less than 
2 percent (1)] of all paper production. 
By far the greater part of this produc- 
tion has very ephemeral uses-in news- 
papers, shopping bags, shipping contain- 
ers, towels, and so on. As a result, the 
qualities of permanence which once were 
among paper's most important charac- 
teristics now take a much lower place in 
the scale of importance and may, for 
most uses, be appropriately ignored. The 
literature of paper technology is enor- 
mous, but this literature typically shows 
little interest in the product beyond the 
immediate point of its conversion into 
consumer goods, and a paper technolo- 
gist who feels completely at home with 
new paper may be quite nonplussed 
when confronted with a piece of paper 
which may be anywhere from 100 to 
1000 years old. 

At the other extreme are those for 
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cumstances; among these the economics 
of the situation undoubtedly plays the 
largest part, but there are other factors 
also. One of these is lack of apprecia- 
tion of the exact state of affairs with 
respect to the deterioration of book pa- 
pers, the rate and extent of such de- 
terioration, the expectations of perma- 
nence which may legitimately be held 
regarding papers in current use, and so 
on. Still another is the lack of under- 
standing of the real causes of deterio- 
ration and the consequent paucity of 
economically feasible techniques for pre- 
venting it. 

In the very recent past, even when 
publishers, librarians, and papermakers 
have cooperated in efforts to produce a 
durable book, the lack of understanding 
of the real causes of deterioration has 
too often led to failure. For example, 
when, in 1906, the Library of Congress 
commenced publication of the important 
records of the Virginia Company of Lon- 
don which it had inherited from Thomas 
Jefferson, it arranged for publication on 
all-rag paper made by one of the coun- 
try's oldest and best paper manufactur- 
ers (2). But by 1928 the resulting vol- 
umes (the first two of a set of four) were 
falling to pieces because of an excessive 
use of aluminum sulfate and rosin in the 
sizing. 

Deterioration in paper-a process 
which occurs even under storage condi- 
tions which are "normal" with respect to 
temperature, humidity, and cleanliness, 
and which is distinguished from the im- 
pairment resulting from insects, molds, 
or use-is evidenced by progressive em- 
brittlement, which eventually prevents 
ordinary handling. Such deterioration is 
generally ascribed either to the polluted 
air of cities or to injurious agents intro- 
duced into the paper during the course of 
manufacture. Considerable attention has 
been given to the first of these factors, 
and especially to the effects of sulfur 
dioxide on paper and to its removal 
from the air of libraries (3-5). It has 
been found that books stored in urban 
areas are more acid than those kept in 
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whom permanence is still one of paper's 
most important characteristics-the cus- 
todians of libraries and archives. By liv- 
ing with old papers, the members of 
these professions may acquire a "feel" 
for them which is lacking in the paper 
technologist, but they are usually quite 
naive with respect to the origin of the 
qualities which they esteem-a naivete 
which is betrayed in their urgent though 
uncritical specification of "all rag" con- 
tent whenever permanence is desired. 

Because libraries cannot prescribe the 
characteristics of the paper which enters 
their collections but must take what the 
market affords, it is no wonder that in- 
creasingly, since the introduction of the 
ground wood and chemical wood fiber 
papers of the last decades of the 19th 
century, the custodians of these institu- 
tions should find themselves piling up 
mountains of paper only to watch these 
mountains disintegrate before their eyes. 
With respect to newspapers, this situa- 
tion became so acute and concentrated 
that it has been met to a considerable 
extent-with concomitant gains in space 
saving-through the techniques of mi- 
crofilming; but for the generality of 
books the problem is more diffused and 
complex, and microfilming would con- 
sequently be so costly and so wasteful, 
and would impose so many inconveni- 
ences, that these institutions have looked 
for other solutions or-at the very least 
-for an improvement in the quality of 
currently used book papers. 

These hopes have been largely un- 
realized through a combination of cir- 



rural locations (4, 5); in one case the 
paper in copies of a book stored in cities 
showed, over a 25-year period, 2 to 9 
percent greater loss in folding endurance 
than copies of the same book held in 
rural repositories, but the difference 
seemed to be ascribable to differences of 
use rather than of storage conditions 
(6). One study, however, indicates that 
the greatest absorption of acid occurs in 
the outer edges of the leaves (4). Thus, 
these studies have shown that while re- 
moval of acidic gases from the atmos- 
phere is desirable, such gases account 
for only a small part of the total de- 
terioration. And they do not explain the 
phenomenon, frequently observed by the 
librarian who has stored different books 
under the same conditions for years, that 
the leaves of 25- to 50-year-old volumes 
are cracking while those of 300-year-old 
volumes remain flexible and strong (Fig. 
1). Storage conditions could not by 
themselves have caused the deteriora- 
tion of the later books. In spite of this 
fact, far too little attention has been 
given to identifying and to inactivating 
or removing the other probable causes 
of deterioration-agents introduced into 
the paper at the time of manufacture. 

Yet the history of writing materials 
suggests avenues of inquiry into this 
matter. Many early materials have shown 
amazing stability under storage condi- 
tions in which most modern papers 
would last only a few decades. Papyrus, 
for example, was a principal vehicle of 
written records from at least 3000 B.C. 

down to the advent of paper, 4000 years 
later, and abundant examples survive. 
While the relation of acidity to the per- 
manence and retention of flexibility of 
papyrus has not been adequately ex- 
plored, two very embrittled examples of 
about 1000 B.C., examined in the course 
of our study (7), showed high acid levels 
(pH 3.8 and 3.9, respectively). From 
some time before the beginning of the 
Christian Era, papyrus was (in the West) 
in increasingly keen competition with 
vellum and parchment. These were pre- 
pared by a lime process from the skin 
of sheep, calves, and other animals, and 
it has been conjectured that their ex- 
cellent lasting qualities (as evidenced in 
the Dead Sea Scrolls, some of which date 
from the 1st century B.C.) are due to the 
presence of residual calcium carbonate 
from the manufacturing process. These, 
in general, have lasted much better than 
their counterpart, leather, whose acidity 
varies with the method of tanning. 

It took paper a thousand years to 

travel from China to Europe, which it 
reached only in the 12th century. But 
well before the end of the Middle Ages 
it had become the most common mate- 
rial for record-keeping and had out- 
stripped parchment and vellum as the 
material used for all but the most im- 
portant permanent records. Linen rags 
were the principal source of cellulose 
fiber in the manufacture of the earlier 
European papers (8), and many of these 
have lasted well. Several investigators 
(4, 9, 10) have found that the strongest 
early papers are either very slightly acid 
(pH 6.0 and above) or mildly alkaline, 
and they attribute this condition to the 
presence of calcium and magnesium 
compounds. These compounds may have 
been introduced either during the bleach- 
ing of the rag with extract of wood ashes 
or through washing the rag with water 
containing bicarbonates of these ele- 
ments. It is unlikely that lime was used 
in the preparation of the pulp (though 
its use would account for the presence of 

calcium), since such a process does not 
appear in the literature until much later. 
Regardless of the source of these com- 
pounds, however, they are associated 
with preservation, while the acid papers 
of the same period are today either quite 
brittle or have altogether disappeared. 

Confirmation of these clues is afforded 
by the history of inks. In the course of 
the Middle Ages the carbon inks were 
gradually supplanted in the West by iron 
gall inks. These contained sulfuric acid, 
as a result of the interaction of ferrous 
sulfate with oak gall tannins, in varying 
degrees of concentration corresponding 
with the very considerable variations in 
the old formulae (9). Highly acid inks 
have often done considerable damage to 
paper, even to the extent of eating holes 
in it (Fig. 2), while the low-acid inks 
caused little or no damage, and in some 
cases the alkalinity of the paper was suf- 
ficient to neutralize the acid. The dam- 
age done to vellums and parchments by 
these inks was similarly small, due to the 
high lime content. 

It was paper, as much as any one 
thing, that made possible the transition 
from the Middle Ages to the modern 
world, for it was only through paper that 
the world could fully benefit from the 
invention of printing. Printing may, in 
consequence, be said both to owe its suc- 
cess to paper and at the same time to 
have ushered in the modern age of paper. 
Yet there is a certain ironic quality in 
the observation that this very invention 
so assisted in stimulating the needs and 

uses for paper and so advanced the tech- 
nology by which those needs have been 
met that it resulted in the progressive 
loss of that very permanence which it 
had seemed to insure (8, 9, 11). 

The use of potassium aluminum sul- 
fate in sizing had already commenced 
before the end of the 17th century. This 
was only the first of a number of addi- 
tives which threatened eventually to 
shorten the life of paper. Forced by ris- 
ing demand to resort to less than the best 
or to other than traditional raw mate- 
rials, the papermaker found that he 
could employ weakened rag if he cor- 
rected its yellow tint by blueing, and 
(after 1774) that he could bleach other 
discolored (and often weak) material 
with chlorine. Even the relatively pure 
source of cellulose that became avail- 
able with the invention of the cotton gin 
(1793) did not long satisfy the spiraling 
demand, and the last decades of the 19th 
century found grass (from 1860) and 
wood (from 1880) firmly established as 
raw materials, bringing with them new 
threats to permanence, either through 
unwanted constituents of the raw mate- 
rial or through residues or effects of the 
reagents used to remove such constitu- 
ents (chlorine, sodium hydroxide, so- 
dium sulfate, calcium bisulphite, and 
so on). 

Meanwhile, as striking evidence of the 
high degree of stability which a well- 
made paper can possess and with which 
the papers of important books and docu- 
ments should be endowed, every great 
library can show examples-and in some 
cases many thousands of examples-of 
books printed or written five and more 
centuries ago on paper which is still 
white, strong, and flexible, though kept 
under the same storage conditions as 
books one-tenth as old which have long 
ceased to be usable. 

Physical Strength of 
Modern Book Papers 

In the light of the foregoing facts, it 
appeared desirable to ascertain, in the 
first place, just what has happened and 
is happening to books printed on modern 
book papers. For this purpose, a repre- 
sentative sample was assembled, consist- 
ing of 500 nonfiction books issued by 
American publishers during the period 
1900 to 1949 and comprising 100 books 
for each decade. None of these books 
bore signs of having suffered from ad- 
verse storage conditions or wear. Three 
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Fig. 1. Two volumes, printed 227 years apart. The upper one (1908) has a pH of 4.3 and has deteriorated to such an extent that it 
has a folding endurance of 0 folds; the lower one (1681) has a pH of 5.7 and a folding endurance of 1117 folds. 
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Fig. 2. Highly acid ink caused this 18th-century document to crumble. 

Fig. 3. "Unbindables." 
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additional groups served as controls: 32 
representative nonfiction works pub- 
lished between 1955 and 1957; six recent 
newspapers; and 25 books classified by 
librarians as unbindable (Fig. 3). The 
newsprint, as the weakest and least dur- 
able type of paper, and the "unbind- 
ables" were used to establish a floor of 
potential usability. 

The tests which provide the best meas- 
ures of the usability of paper are those 
for folding endurance and tear resist- 
ance. Each of the books in the sample 
was subjected to such tests, and others 
were used besides. (i) The Elmendorf 
tear tester (internal tear) was used to 
test the tear resistance of sample leaves, 
both with and across the machine direc- 
tion (Fig. 4). Five tears were made 
through each of eight strips taken from 
each direction of the sheet from each 
book--that is, there were, in all, 40,000 
separate tears on 8000 strips. (ii) The 
folding endurance test was made by a 
specially constructed instrument which 
operated on the principle of the Massa- 
chusetts Institute of Technology's fold- 
ing endurance tester (double folds) but 
which bent the paper at a 90? angle in- 
stead of the 270? angle of the Massa- 
chusetts Institute of Technology instru- 
ment (Fig. 5). This was to permit 
greater discrimination of results on weak- 
ened papers. To compare the instru- 
ments, however, the Massachusetts Insti- 
tute of Technology tester was also used 
on the ten strongest and ten weakest 
papers for each decade. Five strips were 
taken for the folding test from each di- 
rection of the sheet from each book- 
that is, a total of 5000 strips. (iii) An 
acidity (pH cold extraction) test was 
carried out on the same strongest and 
weakest papers. (iv) The presence of 
ground wood was determined by the 
phloroglucinol spot test. All test strips 
were selected from the center of the 
leaves and were conditioned and tested 
in accordance with standards of the 
Technical Association of the Pulp and 
Paper Industry. A summary of the re- 
sults of these tests is presented in Tables 
1 and 2 and in Fig. 6. 

These results fully justify the concern 
of the librarian. The median folding en- 
durance of the total sample for the five 
decades is well below the corresponding 
figure for new newsprint. Actually 76 
percent of the books for the first four 
decades are below the range for new 
newsprint (12 to 45 folds) in folding en- 
durance; 17 percent are within that 
range, and only 6 percent are stronger. 
If it may be assumed that the folding 
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endurance of the 1955 to 1957 books 
(average, 291 folds) is typical of the 
entire sample when new, it is evident 
that there has already been a very steep 
falling off in the books of the 1940 to 
1949 decade (average, 106 folds). But 
the deterioration of the books of this 
decade has not as yet shown itself suffi- 
ciently for full evaluation of its rate or 
extent. 

Acidity may well be the principal 
cause of deterioration in these papers. 
Ground wood was found in only 21 of 
the 500 volumes, and in only six made 
before 1940, while the role of acidity 
from other sources is strongly suggested 
by a comparison of the pH values of the 
weakest and strongest papers (Table 2). 
In such a comparison it appears that the 
acidity of the weakest papers is, on the 
average, from six to ten times as great 
as that of the strongest. It may be sus- 
pected, accordingly, that many of even 
the stronger papers will continue to de- 
teriorate, since few have a pH above 6.0. 

The principal sources of this acidity 
are probably alum rosin sizing, residual 
chlorides from the bleaching, and a 
breakdown in some of the oxidizable 
carbohydrates found in chemical wood 
fibers. Of course, a small amount may be 
due to deteriorated cellulose, but failure 
to wash the chlorides from the fibers and 
the use of alum in the sizing probably 
account for most of the acid present. 

It also appears from these results that 
the folding endurance test is the most 
meaningful for measuring the physical 
effects of aging. Because a pattern of de- 
terioration similar to that found here, in 
terms of progressive loss of folding en- 
durance, results from accelerated aging 
by baking at 100?C [each 72 hours of 
baking has been found to be the approxi- 
mate equivalent of 25 years of aging 
under normal storage conditions (12)], 
the ---eliability of that method for pre- 
dicting the permanence of a paper re- 
ceives additional confirmation. 

Stabilization of New Book Papers 

It appears both from this and from 
other studies that in older papers and- 
as is discussed below-in the newer 
papers as well, acidity (pH of less than 
6.0) is associated with deterioration and 
that mild alkalinity is associated with 
stability (4, 5, 9-11, 13-15). If, then, 
acidity is a principal enemy of paper, it 
should logically be expected that stabil- 
ity would be improved through the use 
of neutralizing agents. Previous investi- 
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gations (9) have shown that the hydrox- 
ides and bicarbonates of calcium are 
effective in counteracting acidity in 
paper and in stabilizing it under artifi- 
cial aging tests; further, that the small 
amounts of calcium carbonate precipi- 

tated in paper through soaking in solu- 
tions of these compounds appear, upon 
accelerated aging, to have no ill effects 
and serve as a buffer for acids which may 
later be absorbed. However, soaking 
papers in two solutions seemed to be too 

Fig. 4. (Left) The MIT folding endurance tester, used to measure flexibility. (Right) 
The Elmendorf tear resistance tester, used to measure tear resistance. When the left-hand 
clamp is moved upward by the swinging pendulum, the paper is torn and the number of 
grams required to make a continuous tear across the sheet is registered on the dial. 

Fig. 5. (Left) The special fold tester used in this study. (Right) the MIT folding endur- 
ance tester. In the latter, the paper specimen is fastened first in the upper clamp and 
then in the oscillating lower jaw. Both ends of the specimen are held tight by screw 
clamps, and the desired tension is applied. The lower jaw bends or folds the paper at a 
270? arc until it breaks; the number of folds is recorded on a counter. The special fold 
tester operates on a similar principle but folds the paper strip at a 90? arc. This tester 
is suitable for very weak papers. 
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Table 1. Present strength of paper in nonfiction books published in the United States 
during the period 1900-1949. 

Folding Tear resistance (g) 
endurance* 

Period TNo. of (folds) Median Average 
Period No 

books Direction in leaf Direction in leaf 
Median Average 

Long Short Long Short 

Sample 
1900-09 100 4 12 25.7 25.8 28.2 29.6 
1910-19 100 3 9 24.7 22.6 27.2 29.0 
1920-29 100 4 8 26.2 28.3 27.6 30.0 
1930-39 100 9 51 37.4 42.1 38.6 43.3 
1940-49 100 19 106 41.5 44.0 42.0 44.5 

Controls 
1955-57 32 164 291 46.2 49.3 46.2 49.3 
1957 6t 24 27 16.1 19.3 16.1 19.3 

19t 1 3 14.8 15.8 15.0 14.0 

* Tension of 1 kg on the special fold tester. t Newsprint. 1 Very weak (unbindables). 

prolonged and costly an operation for 
general adoption, while calcium bicar- 
bonate alone is not entirely effective be- 
cause of its low solubility. 

Consequently, since magnesium carbon- 
ate has characteristics similar to calcium 
carbonate and is at the same time more 
soluble, it was thought that a combina- 
tion of the two in the bicarbonate form 
might give the desired results, especially 
since magnesium compounds (probably 
in the original form of carbonates or 
phosphates) are found together with 
calcium in well-preserved old papers- 
prima facie evidence, at least, that such 
compounds are not harmful to cellulose 

(9). Preliminary experiments during our 
investigation suggested that soaking in a 
solution of calcium and magnesium car- 
bonates offers good possibilities for sta- 
bilization. 

As it was developed, the stabilizing 
process consists of soaking the papers 

overnight in a saturated solution of cal- 
cium and magnesium bicarbonates. The 
bicarbonates left in the sheet after soak- 
ing revert upon air-drying to the car- 
bonate form. The solution is prepared 
by passing carbon dioxide for 2 hours 
through a solution containing 1.5 to 2 
grams of calcium carbonate and 15 to 
20 grams of magnesium carbonate in 1 
liter of water. Nearly half of the mag- 
nesium carbonate and about one-tenth 
of the calcium carbonate is converted to 
bicarbonates. After the undissolved par- 
ticles settle, the clear solution is de- 
canted for use. 

Twenty-six reams of different papers 
commonly used in books were obtained 
for testing. These represented the prod- 
ucts of manufacturers (including prin- 
cipal manufacturers) in the United 
States east of the Rocky Mountains. 
These samples were classified as either 
text, English finish, or coated papers. 

Table 2. Present strength of paper in nonfiction books published in the United States 
during the period 1900-1949. Folding endurance, tear resistance, and pH of the ten 
weakest and the ten strongest papers of each decade. 

Weakest Strongest 

Folding Folding enduinc Tear re- Tear re- endurance endurance 
(double ( (double c 

H* folds) ) pH* folds) (g) 
pH*Spe* 

Spe- Direction Spe- Direction 
cial cial MIT 

testert tester? Long Short testerf tester$ Long Short 

1900-09 4.3 0 0 12.4 14.3 5.3 71 14 40.9 41.1 
1910-19 4.2 1 0 13.2 15.6 5.2 29 8 41.9 42.1 
1920-29 4.4 1 1 15.2 16.5 5.0 30 10 37.4 36.1 
1930-39 4.4 2 2 22.9 27.7 5.1 398 73 55.0 65.0 
1940-49 4.4 5 4 26.0 30.0 5.1 530 180 59.4 55.4 

* Relative hydrogen-ion concentrations (cold extraction.) t Tension, 1 kg. , Tension, I/2 kg. 
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Comparison was made of the physical 
and chemical characteristics of speci- 
mens of each of these papers, with and 
without the stabilizing treatment, and 
both before and after accelerated aging. 

For the physical tests the MIT fold- 
ing endurance tester (double folds) and 
the Elmendorf tearing resistance tester 
(internal tear) were employed, since the 
characteristics tested by these machines 
are those chiefly involved when the pages 
of a book are turned. 

For the folding endurance test, five 
consecutive sheets were selected from 
each ream. Ten test strips were cut from 
each sheet in each direction; of these five 
served as controls and five were sub- 

jected to accelerated aging. The total of 
these was 2600 strips. For the tear-re- 
sistance test a similar process of selection 
was employed, except that four strips 
were taken instead of five; the total of 
these was 2080 strips. Letter-size sheets 
were cut from each ream and were sub- 
jected to the stabilizing process; the 
same numbers of test strips were simi- 
larly cut from these. The grand total of 
test strips was consequently 9360. All 
samples, treated and untreated, were 
conditioned and tested according to 
standards of the Technical Association 
of the Pulp and Paper Industry. 

Accelerated aging was effected by 
heating for 72 hours at 1000??+20C, in 
accordance with the procedure devel- 
oped at the National Bureau of Stand- 
ards (12). The temptation to use higher 
temperatures in emulation of certain 
other investigations, in order to hasten 
the accelerated aging test, was resisted 
because it was suspected that these 
higher temperatures induce a breakdown 
in the cellulose which does not occur in 
natural aging. 

Exploratory tests were made for cop- 
per number, water extractables, alkali 
solubles, and viscosity; but, though vis- 
cosity data exhibited a small trend, they 
showed no relation to folding endurance 
or tear resistance, and none of these tests 
proved satisfactory for evaluating the 
stability of the papers following acceler- 
ated aging, the indications being that 
chemical tests of this type are not sensi- 
tive enough to uncover the subtle 
changes that are occurring. In addition, 
however, test specimens were subjected 
to pH measurement, to fiber analysis, 
and to a spot test with dilute hydro- 
chloric acid to detect the presence of 
carbonates through the evolution of car- 
bon dioxide. Of all tests, those for fold- 
ing endurance, tear resistance, and pH 
were found to be the best indicators for 
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relating the effects of natural aging to 
accelerated aging for different papers. 

The principal results of these tests are 

given in Tables 3 and 4, where text 

papers and English finish papers are dif- 
ferentiated from coated papers and 
where the samples are arranged in as- 

cending order of relative retention of 

folding endurance after accelerated ag- 
ing. 

Because it was found that three out 
of four of the total sample of 532 books 
(published between 1900 and 1957) 
tested in the previous investigation were 
constructed with the machine direction 
of: the paper parallel to the spine, it ap- 
peared that the significant tests for meas- 
uring the resistance of paper to the 
strains imposed upon it in the natural 
use of books are those for folding endur- 
ance in the cross direction and for tear 
resistance in the machine direction. 
These, in consequence, are the tests re- 
flected in Table 3. Table 4, however, 
shows retention of the characteristics of 

physical strength expressed in percent- 
ages of average values obtained for both 
directions of the papers and relates these 
to the respective pH values. 

It will be seen from Table 3 that while 
seven of the text papers and English 
finish papers, when new, were able to 
withstand more than 100 folds, after a 

cycle of accelerated aging only four re- 
mained in this category, and that the 
average drop in folding endurance after 
a cycle of accelerated aging was from 
126 to 58 folds-a loss of 54 percent. By 
way of contrast, it may be noted that new 
rag bond papers often survive 3000 folds 
and that many book papers from 200 to 
400 years old can still endure 300 to 
1500 folds. 

Table 3 also shows what happens to 
the tear resistance of these papers upon 
accelerated aging. Two books in the en- 
tire sample tore at 30 grams or less when 
new; after accelerated aging there were 
eight in this category, and the drop for 
the text papers and English finish papers 
(chiefly used for text, in contrast to the 
coated papers, which are chiefly used for 
illustrations) was from 54.9 to 42.4 
grams-a loss of 23 percent. 

The seven coated papers tested showed 
greater folding endurance but a lower 
tear resistance than the other two types. 
It is interesting to note that these papers 
were found to be mildly alkaline when 
the entire sheet was ground and tested. 
However, when they were laminated with 
cellulose acetate, split into four layers, 
and delaminated with acetone, the two 
inside layers were found to be either acid 
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or less alkaline that the two outer lay- 
ers. This suggests that in coated papers 
the acidity may be localized. Further 
work is required to determine the signifi- 
ance of this observation. It is doubtful 
whether the coated papers will withstand 
much more wear than the uncoated, be- 
cause of their low tear resistance. 

The fiber analyses on all papers 
showed that chemical wood fibers were 
used almost exclusively; rag and ground 
wood were found only in traces. Hard- 
wood fibers prepared by the sulfite and 
soda processes predominated, while soft- 
wood fibers and the sulfate process were 
identified less frequently. Thus, the type 
of chemical wood fiber principally used 
was itself not conducive to stability. 

Again, as with the older papers repre- 
sented in Tables 1 and 2, the relation of 

acidity to deterioration is clearly seen in 
these new papers. Those which showed 
the highest rate of deterioration follow- 
ing accelerated aging, as indicated by 
loss in folding endurance and tear re- 

Tear 
I. 

40 . 

351 

30 

25C 

sistance, also have the greatest acidity. 
The three papers among the text and 
English finish papers which held up best 
after accelerated aging (samples No. 24, 
25, and 26) had the least acidity. Again, 
it appears that acidity is the principal 
cause of deterioration, and that it occurs 
in new papers as well as in old. 

None of the 26 papers tested may be 
considered to have either sufficient origi- 
nal strength or sufficient permanence to 
qualify them for use in books having a 
prospect of moderate usage over a long 
period of time. Under conditions of nor- 
mal use in libraries, it is doubtful 
whether they would hold up much bet- 
ter than the 500 volumes tested for the 
period 1900 to 1949. It may be pre- 
dicted with some assurance that the high 
rate of deterioration among most of the 
new papers will present quite a problem 
to librarians some three to six decades 
hence. 

So much for the 26 new book papers 
prior to the stabilizing treatment. These 
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Fig. 6. Median fold and tear, plotted by decades. Smooth line, fold; dotted line, tear 
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Table 3. Principal folding-endurance and tear-resistance data for 26 treated and un- 
treated modern book papers before and after accelerated aging for 72 hours at 100?C. 
CD, cross direction of the sheet; MD, machine direction of the sheet; '2 kg tension used 
on all fold-test specimens (MIT tester). 

Untreated Treated 

Folds, CD Tear (g), MD Folds, CD Tear (g), MD 
Sample 

Before After Before After Before After Before After 
aging aging aging aging aging aging aging aging 

Text and English finish papers 
1 459 101 101.0 64.2 459 381 103.9 92.6 
2 44 18 63.6 41.8 64 53 64.9 64.8 
3 275 95 25.8 12.7 263 289 26.6 23.0 
4 235 53 76.7 57.2 324 228 79.9 75.4 
5 81 39 73.4 52.4 104 116 72.3 71.4 
6 384 122 67.6 47.8 401 323 72.7 70.8 
8 41 22 43.7 29.8 60 65 40.3 41.8 
9 107 50 46.5 31.8 98 101 52.9 48.6 

10 57 36 50.4 43.3 94 83 56.2 55.8 
12 186 100 53.4 46.6 235 187 61.8 59.0 
14 44 32 29.2 21.6 46 38 31.4 29.8 
15 59 48 59.4 46.7 99 117 62.3 57.9 
16 13 9 33.9 25.8 15 16 31.2 31.0 
17 91 63 81.0 72.8 123 88 84.5 76.9 
18 17 12 43.9 40.5 26 26 42.2 40.9 
22 24 20 50.1 43.8 31 30 48.6 44.6 
24 136 126 66.5 57.8 113 124 64.6 58.2 
25* 59 63 34.3 29.2 73 57 38.6 35.6 
26* 77 89 43.6 40.7 107 88 48.7 45.8 

Average 126 58 54.9 42.4 144 127 57.0 53.9 

Coated papers 
7 71 29 33.6 28.2 68 39 37.6 32.7 

11* 358 186 35.3 30.6 361 395 41.8 37.9 
13 315 208 38.9 33.5 414 376 40.2 37.3 
19 272 241 26.0 23.8 546 357 31.3 27.8 
20 201 156 38.6 18.1 355 317 24.0 21.6 
21* 334 271 34.2 30.8 507 368 39.6 36.5 
23* 431 316 41.9 39.8 314 278 44.7 45.0 

Average 283 201 35.5 29.3 366 304 37.0 34.1 

* Spot test indicates presence of calcium carbonate. 

Table 4. Relative retention of folding endurance and tear resistance, and pH, of 26 
treated and untreated modern book papers before and after accelerated aging for 72 
hours at 100?C. 

Untreated Treated 

Reten- Reten- 
tion of Reten- tionof Reten- 
fold- tion of fold- tion of 

,. pHi . tear pH . tear 
Samples* _____________ ing . ___________ ing 

endur- resis- endur esis- 
Con- After tance Con- After tance 
trol aging after after trol aging after after 

agi ng t aging' 
(%) (%) (%) (%) 

Text and English finish papers 
1-4 5.0 5.3 26 64 9.0 9.1 86 93 

5, 6, 8, 9 5.0 5.0 36 70 8.9 9.0 94 97 
10, 12, 14 5.0 5.0 53 80 8.9 9.1 82 95 

15-18 5.3 5.3 63 83 8.9 9.0 93 93 
22, 24-26 5.8 5.7 92 89 8.9 9.0 92 93 

Coated papers 
7, 11, 13 9.4 9.3 50 87 8.9 9.1 86 91 

19, 20, 21, 23 9.4 9.2 80 82 9.1 9.2 84 93 

* Average of groups of papers. t Average, both directions. 

same papers, after being soaked in the 
solution of calcium and magnesium bi- 
carbonates, exhibited a decided increase 
in stability. This is seen in Table 3 in 
their increased retention of both folding 
endurance and tear resistance following 
accelerated aging. In contrast to the 
average 46-percent retention of folding 
endurance in the cross direction after 
accelerated aging shown by untreated 
text and English finish papers, these 
papers after treatment show 88 percent 
retention. The corresponding figures for 
tear resistance in the machine direction 
are 77 and 95 percent. If the two char- 
acteristics of folding endurance (in the 
cross direction) and tear resistance (in 
the machine direction) are combined as 
a general indication of strength, then the 
retention of the untreated papers is 67 
percent and that of the treated papers 
is 92 percent. Table 4 shows averages of 
characteristics for both directions. 

The sampling procedure upon which 
this finding is based was computed for 
the 95-percent confidence level; in con- 
sequence, it is believed that errors due to 
sampling variations have been avoided, 
and that the percentages of improvement 
shown have a high degree of reliability. 

It is significant, too, that the higher 
pH of the papers after treatment changes 
little when the papers are subjected to 
accelerated aging (Table 4). This would 
suggest that sufficient buffer salts are 
present to prevent the paper from be- 
coming acidic for many years. (An inter- 
esting development shown in Table 4 is 
the loss of alkalinity of the coated papers 
following treatment. This may be tenta- 
tively ascribed to loss of alkaline com- 
pounds from the coatings during soak- 

ing.) 
Calcium carbonate is used as filler in 

some modern papers (14), and the spot 
test indicated its presence in two of the 
text and English finish papers in the sam- 
ple (Nos. 25 and 26). These proved to 
be among the most stable papers of the 
lot. 

Comparative Deterioration Curves 

for New and Old Papers 

When batches of the treated and un- 
treated papers were subjected to acceler- 
ated aging for 6, 9, 12, and 24 days, 
respectively (multiples of the 3-day Bu- 
reau of Standards procedure), it was 
found that their decline in folding en- 
durance followed exponential decay 
curves similar to those exhibited by other 
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organic materials. The tear resistance 
followed a similar pattern. Meanwhile, 
the acidity of the less stable papers was 
found to increase. 

Because the new papers tested during 
this investigation showed a considerable 
range in rate of deterioration, it ap- 
peared that it might be useful to estab- 
lish some arbitrary limits to the range, 
so as to provide measurements with 
which performances of an intermediate 
character might be compared. For this 
purpose, several of the most unstable of 
the new papers were selected to serve as 
the floor. For the ceiling, seven old 
papers (1534 to 1713), still in good con- 
dition after 200 to 400 years, were avail- 
able. Within the range limits set by 
these papers, the characteristics of the 
weakest papers, after receiving the sta- 
bilizing treatment, can now be observed. 
All these papers were subjected to ac- 
celerated aging, presumptively equiva- 
lent to 25, 50, 75, 100, and 200 years of 
natural aging, respectively. 

The results are shown in Fig. 7. The 
rapid deterioration of the untreated new 
papers needs no comment. In contrast, 
the much slower rate of deterioration of 
even these inferior papers after the sta- 
bilizing treatment may be noted as com- 
paring favorably with the rate of deteri- 
oration of the very stable old papers. 

The plotting on a logarithmic scale of 
the folding endurance of papers after 
three or more cycles of accelerated 
aging (72 hours per cycle) offers the fol- 
lowing possible advantages: (i) Relative 
rates of deterioration may be established 
which will permit the comparison of a 
paper with papers of known stability; 
(ii) estimates of strength properties of 
a paper may be extended many decades 
into the future; (iii) irregularities result- 
ing from testing a typically weak or 
strong portion of a sheet can be detected 
either in the control or in the artificially 
aged specimens. 

While this method of testing and an- 
alysis has been used to check the effec- 
tiveness of the experimental stabilizing 
process, more investigation is needed to 
explore other relationships between the 
naturally aged and the artificially aged 
papers. 

Application of Stabilizing Procedure 

Practical application of the stabilizing 
procedure has not been fully developed, 
but experimental or "trial"' runs have 
been made. The equipment developed is 
relatively simple and inexpensive. The 
process can be carried out by a semi- 
skilled person; and the expected produc- 

tion is approximately 2500 pages (6 by 
9 inches) per day. Larger sheets and 
books that present special problems take 
longer. Bound books must be removed 
from their covers for treatment and must 
be resewed, backed, and so on, before 
recasing. This entails little or no addi- 
tional expense since many of the books 
in need of the stabilizing treatment 
would require rebinding at some future 
time in any case. Therefore, the cost of 
the stabilizing procedure for books of 
lasting value is moderate when com- 
pared with the other costs of purchase, 
cataloging, storing, rebinding, and so on. 
Since the stabilizing procedure has not 
presented any major problems, it pro- 
vides the librarian with a process which 
will increase several times the life ex- 
pectancy of the works which he accumu- 
lates and stores for posterity. 

Summary 

Deterioration of paper in the book 
stock-especially among books of recent 
decades-has become a serious problem 
for libraries, but exact measures of the 
extent or rate of this deterioration have 
not been available. By the same token, 
no good indications have been available 
of the expected useful life of paper in 
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books currently coming off the press. 
Furthermore, although attention has 
been given to means of counteracting one 
of the recognized causes of deterioration 
-pollutants absorbed from the atmos- 
phere-similar attention has not been 
given- to the problems of identifying and 
counteracting the other recognized source 
of deterioration-agents left in or intro- 
duced into the paper at the time of 
manufacture. Our investigation was un- 
dertaken in an attempt to fill some of 
these gaps in our knowledge. 

It has been found that modern books 
-even those written with a serious or 
scholarly purpose ("nonfiction") and 
published ("to last!") in hard bindings 
-are deteriorating rapidly, and many of 
those issued 25 to 50 years ago are now 
almost unusable. The paper of an aver- 
age American publication of the first 
decade of this century retains only 4 per- 
cent of the folding endurance of a typi- 
cal new book paper of today; even the 
paper in the average publication of the 
1940's has already declined in folding 
endurance to 36 percent of today's new 
book paper. 

Meanwhile this typical new book 
paper itself shows low initial strength 
(for example, folding endurance on the 
order of only 20 percent of that of book 
papers already 200 to 500 years old) as 
well as indications that it is subject to 
rapid deterioration. 

Acidity appears to be the principal 
cause of deterioration, both in the older 
papers and the new. A stabilizing process 
for neutralizing this acidity was devel- 
oped and was brought during the inves- 
tigation to an initial stage of economic 
feasibility. This process appears to inac- 
tivate the most injurious properties 

found in new book papers and precipi- 
tates compounds into the fibers which 
should, in addition, counteract the effect 
of pollutants absorbed from the air. 

A principal technique used for pre- 
dicting the durability of paper is the 
accelerated aging procedure developed 
by the National Bureau of Standards; by 
extending the use of this technique, in- 
teresting decay curves have been ob- 
tained which facilitate comparison of 
modern papers with papers which have 
already demonstrated their stability for 
several centuries. These curves offer 
other values as well for the study of per- 
manence in paper and suggest that a 
principle exists relating extended accel- 
erated aging to even longer periods of 
natural aging than those with which it 
has hitherto been equated. 

During the past 300 years the paper- 
maker has done an excellent job in meet- 
ing the demand for more and cheaper 
paper. A by-product of this accomplish- 
ment has been the production of many 
weak and unstable papers. This does not 
give rise to any problem where strength 
or stability are not critical, but where 
permanence is important, as in libraries 
of record, the problem becomes serious. 
While the present study describes a pro- 
cedure for stabilizing initially unstable 
paper, much more remains to be done if 
relatively stable papers are to be made 
for books of lasting value. There is evi- 
dence that this is possible-that such 
papers can be made from certain types 
of chemical wood fibers at but little ad- 
ditional cost. But more research is 
needed, and the cooperation of the sci- 
entist, papermaker, printer, publisher, 
and librarian will be required to assure 
permanent books for the future. 
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