
Abstract 

The efficacy of strengthening and deacidification 
processes in increasing the permanence and durability of paper are 
examined. The permanence increase following treatment is found to 
be strongly dependent upon properties of the untreated paper, its 
strength at the time of treatment, the particular mode of 
strengthening employed, and the process parameters specific to each 
treatment process. Relationships among these variables are 
displayed in convenient graphical form and algebraically. 

It is shown that addition of strength alone is of 
relatively little effect in increasing paper permanence but 
deacidification treatment of acidic papers can, for all but the 
weakest papers, significantly increase paper permanence. Most 
importantly it is shown that combined strengthening and 
deacidification treatments can result in large synergistic 
permanence increases. 

The results obtained also suggest criteria for process 
selection, processing conditions and treatment priority as well as 
areas for further research and development. These aspects will be 
discussed in a subsequent paper (Part II). The relationship of 
strengthening and deacidification is to be addressed in a 
subsequent publication. 
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I, Introduction 

In recent years much attention in addressing the "brittle 
book problem" has focused upon extending the useful life, i.e., 
increasing the permanence, of paper by reducing the rate of acid 
catalyzed hydrolysis of cellulose through the use of various 
deacidification processes which combine neutralization of acid and 
incorporation of an alkaline reserve 1-s. Since acid catalyzed 
hydrolysis is considered to be the major, though not only, cause of 
paper degradation under library and archive storage conditions 9• 11 

this approach, properly employed, can be of enormous value in 
extending the life of paper-based artifacts. Concurrently, though 
at a lower level of funding and manpower resources, there have been 
investigations into mass processes for adding strength to already 
weakened paper 12• 15 ; these studies have sometimes had an increase in 
paper permanence as well as increased strength as a stated or 
implicit objective. Paper strengthening has come to be viewed by 
some 4 as a universally effective, desirable, and applicable means 
of increasing paper permanence whose application would be limited 
only by cost considerations and concern for possible deleterious 
effects upon materials, users, and the environment. 

In early attempts to define and establish Library of 
Congress requirements for mass paper strengthening 12 it became 
apparent that limited attention had previously been given to the 
subject either in terms of its fundamental characteristics or in 
matters of detail. Examples of important questions which had not 
been seriously addressed include: What is the minimum amount of 
strengthening which is useful and economically justifiable? Is it 
adequate to give all papers an equal increase in strength or should 
the weakest papers be strengthened most? If strengthening is a 
one-time event with no change in the rate of paper deterioration, 
how much is the permanence of the paper extended? What, if any, 
are the relationships among paper strengthening, paper 
deacidification and paper permanence? If different strengthening 
processes result in different distributions of strengths in various 
papers what criteria can be developed to choose among them? 

The objective of this paper is to address these kinds of 
questions through a general exposition of the relationship among 
strengthening, deacidification, and permanence. After stating 
operational definitions for several terms, useful general graphical 
methods of depicting paper strength, paper permanence, 
deacidification and strengthening will be introduced. These 
graphical methods will then be applied to deacidification and to 
three model types of strengthening processes both alone and in 
combination with deacidification. Some conclusions are drawn 

66 The 1990 Book and Paper Group Annual 





II. Paper Strength and Permanence 

Discussion of paper strengthening would be greatly aided 
if a single universally accepted objective measure of paper 
strength was available. However, not only are there strong 
advocates for one strength measurement technique over another, 
there is profound disagreement about what constitutes paper 
strength 16 • Therefore, in the absence such agreed upon definitions 
and quantifications we shall adopt for present purposes the 
definition of paper strength: the ability of a paper to endure 
without failure the forces of physical handling. 

Paper strengthening processes may be expected to increase 
paper permanence as well as (at least initially) paper durability. 
Once again universally accepted definitions of paper permanence and 
paper durability are absent and in this paper we shall adopt the 
definitions:* 

paper permanence: how long a paper retains its physical 
integrity when subjected to chemical deterioration under 
museum, archives, or library storage conditions. 

paper durability: how long a paper retains its physical 
integrity when subjected to the physical forces of use. 

These two definitions recognize the different needs of 
museums, archives and research libraries for most of their 
collections, i.e., availability over long time periods for 
infrequent use and handling, compared to those of circulating 
libraries, publishers of dictionaries, printers of currency, etc., 
who require a paper which must endure repeated, often abusive 
handling but which need only be in service for a relatively few 
years. The issue of strengthening very weak or brittle papers to 
provide sufficient strength to enable format transfer will be 
addressed later. The primary focus of this paper will be on paper 
permanence rather than durability. 

*A subsequent paper will explore the relationships among paper 
strength, paper permanence, and paper durability. In that 
publication a more rigorous definition of durability will be given. 
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almost irrespective of initial strength become very weak in 75 
years and ultimately brittle and unusable. In terms of the 
deterioration slopes, k's of in the range of o to -0.010 year· 1 or 
more represent papers of considerable permanence while those of 
about -o. 03 year· 1 or less are characteristic of short-lived papers. 

With respect to durability, graphs similar to Fig. 1 can be 
drawn to represent paper durability. The main differences between 
the permanence and durability graphs are that years of Yll rather 
than years of storage would be plotted and that a linear rather 
than logarithmic change in strength might be employed. However, 
without going into {important) details here, we can generally 
recognize that a stronger paper is probably a more durable paper; 
hence paper A, which retains its high strength for a relatively 
long period of time, will be more durable than paper D, which 
rapidly loses (through chemical deterioration) the relatively 
little strength it initially had. 

The use of graphs like Figure 1 can be helpful in illustrating 
and clarifying relationships among permanence, durability and 
strength. 

B. Oeacidification and Permanence 

Figure 2 displays the effects of deacidification on an acidic 
paper. For continuity in the discussion here and later we shall 
employ a model paper with characteristics not too different from 
those of typical papers.* This model paper initially has a 
strength of 1,000 MIT double folds which after 75 years of natural 
aging under library storage conditions has dropped to 1 fold; the 
untreated paper therefore has a permanence of 75 xears and a slope 
value of k = -o. 040 years· 1 • Deacidification * alone o(, .acid 
papers we have assumed to have no effect upon paper strength but to 
function only to reduce the rate of deterioration. Typically, 
deacidification can reduce the deterioration rate of acia1c papers 
by factors of 3-6 so the k value of our model paper is reduced to 
(say) k = -0.010 years· 1, i.e., one-fourth of -0.040 years· 1• 

As shown in Figure 2, the deacidification treatment reduces the 
deterioration rate thereby extending the length of time required 

* A somewhat smaller initial fold strength may be more 
representative but would not show up as clearly in graphs. 

** By deacidification is mean a process which neutralizes 
acids present in a paper and deposits an alkaline reserve which 
provides for future neutralization of any acids formed or 
introduced. For our present purposes, deacidification is assumed 
to have no effect upon the strength of the paper. Some 
deacidification processes described in the literature may affect 
strength immediately following treatment or for extended periods 
afterwards; such processes are considered generically below in the 
section on strengthening. 
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for the paper strength to drop to 1 MIT double fold, i.e., 
increasing the paper permanence. The model paper which, after 25 
years of natural aging, has a remaining strength of 100 MIT double 
folds, if untreated would have a permanence of 50 years, but if 
treated would have a permanence of 225 years; deacidification has 
resulted in a permanence increase of 150 years. Clearly, if 
deacidification reduced the slope by a factor larger than 4 the 
permanence increase would be greater than 150 years; equally 
clearly, if the deacidification treatment was carried out earlier 
(after less than 25 years, when the paper was stronger) a larger 
permanence increase would result. 

c. Strengthening and Permanence 

Figure 3 displays the result of strengthening (by 200 folds) 
the model paper after 50 years of aging when its strength has 
already dropped to 10 MIT double folds. Depicted is a model 
strengthening process which only increases strength but does not 
affect the rate of deterioration, hence, after treatment the paper 
deteriorates along a line parallel (the same k value) to that of 
the untreated paper. We see that the treatment has added 
approximately 37 years to. the permanence of the paper. This 
graphical presentation of strengthening quickly allows one to 
assess the permanence consequences of strengthening by various 
amounts at different times in the life of the untreated paper. In 
a subsequent section this assessment will be made quantitatively 
for different modes of model strengthening. But we already see in 
this example that substantial strengthening, i.e., expressed as a 
20x multiplicative factor or a 200 fold additive term, does not 
greatly impact on paper permanence. 
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Expressed mathematically, we have: 

(A-16) 

where Mis the multiplying factor (proportionality constant) by 
which all papers are strengthened. 

Figure~ displays the aging characteristics of our model 
paper when strengthened at various times in its useful life by a 
proportional strengthening process. Shown is the strengthening by 
a factor of 50 (M = 50) of papers of pre-treatment strength 100, 
10, and 1 fold to 5,000, 500 and SO folds respectively, and 
similarly papers whose strength is increased 10 times (M = 10) from 
initial values of 200, 40 and 4 to 2,000, 400 and 40. It is seen 
that all the strengthened papers of a given M value lie along the 
same aging line thus, unlike incremental strengthening which 
benefits weak papers more than strong ones, proportional 
strengthening gives all papers an equal increase in permanence. 
For our model paper the permanence increase resulting from even a 
large SOx strength increase is a modest 42 years. 

As before, the mathematical definition of proportional 
strengthening can be used to obtain an algebraic expression for the 
increased permanence: 

(A-15) 

The absence off~ in the equation is an expression of 
what we have already seen in Figure 8 -- the permanence increase 
does not depend on the pre-treatment paper strength. The 
logarithmic dependence on M of permanence means that there is a 
rapidly diminishing value of increases in M on increasing 
permanence. 

Figure 9 shows the increase in permanence of our model 
paper resulting from proportional strengthening by M factors of 10, 
100 and 1,000. We see all papers equally share the permanence 
benefits of strengthening but even at what probably is an 
unrealizably large value of M = 1,000 the permanence increase of 
the model paper is only 7 5 years. For papers with the model 
deterioration rate (k = -o. 04 y· 1) it would be required that all 
papers be increased in strength to a value 100,000,000 times their 
pre-treatment strength (M = 100,000,000) to achieve a 200 year 
permanence increase. 
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Finally, combined inverse proportional strengthening and 
deacidification yields permanence increases given by: 

(A-32) 

and shown in Figure 14. 

Figures 12, 13 and 14 all show the very large increase in 
permanence resulting from combined deacidification and 
strengthening compared with each treatment alone. Moreover, the 
combined effect is seen to be greater than the sum of the effects 
of each treatment alone. Processes in which the combination of 
parts is greater than the sum of the individual parts are said to 
be exhibit synergism. In practical applications it would obviously 
be advantageous to select treatment conditions which, among other 
relevant factors, would maximize the synergistic effect. 
Mathematically the magnitude of the synergistic effect is given by: 

(A-34) 

Derivations of the synergistic permanence increases are found 
in the Mathematical Appendix: the results are presented 
algebraically below and in Figures 15, 16 and 17: 

(A-36) 

(A-38) 

(A-40) 

Figures 12-17 consolidate a great deal of information 
concerning the relationships of strengthening and deacidification 
to practical preservation problems. In a subsequent paper the 
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VI. Conclusions 

1. By making use of reasonable approximations and 
assumptions about paper permanence, rates of paper 
deterioration, and characteristics of strengthening and 
deacidification processes it is possible to develop 
mathematical relationships which provides estimates of 
paper permanence increases associated with a variety of 
strengthening and deacidification procedures. 

2. Presently available deacidification processes (which can 
achieve n values of 3 or greater) can significantly 
extend the anticipated storage life of average or 
stronger papers. However, deacidif ication processes 
alone do little to increase the permanence of very weak 
papers. 

3. Strengthening processes alone do relatively little to 
increase the permanence of papers of any strength except 
for proportional mode processes, and for them limited 
efficacy decreases with increasing pre-treatment paper 
strength. Treatment parameters (Af, Mand C) sufficient 
to achieve useful increases in permanence by 
strengthening alone are probably unattainable. 

4. Combining deacidification and strengthening treatments 
can provide substantial increases in paper permanence 
with presently available or probably attainable process 
parameters. 

5. Maximum permanence increases result when deacidification 
and strengthening procedures are carried out in 
combination. Ideally one would want a single processing 
procedure in which both strengthening and deacidif ication 
took place; however, the same permanence benefits 
(synergistic and otherwise) will accrue if two separate 
processes are completed over a time period during which 
the paper resulting from the first treatment loses little 
strength before the second treatment is undertaken. In 
practical terms, essentially the full permanence benefits 
of the combined treatment will be obtained if the two 
procedures are separated by 5-10 years or less. 

6. The sequence in which the two processes are carried out 
does not affect the magnitude the permanence increase. 
This conclusion suggests a strategy of performing at once 
whichever process is currently available with the 
subsequent treatment following after research and 
development of the other process has been completed. 
Again, little of the potential permanence increase will 
be lost if the interval between treatments is less than 
10 years. 

100 The 1990 Book and Paper Group Annual 























VI. Combined Incremental Strengthening and Deacidification
Prior to treatment the paper of strength fP will

deteriorate at a rate given by the rate constant k; A-3 gives the 
time required for it to drop to strength of 1 MIT fold: 

(A-3) 

( 1 t) =-..!.log ( f )
k i> 

After treatment, the paper, now of strength f
P. 

+ ll.f, 
deteriorates at a new rate governed by k'. Utilizing A-10, the 
time for the incrementally strengthened and deacidified paper to 
drop to 1 MIT double fold, 1t 1 �, is: 

(A-20) 

The increase in permanence associated with a frocess
combining deacidif ication and incremental strengthening, fl. t1+0

, is 
therefore: 

(A-21) 

Combining A-21 and A-4, we obtain the general 
relationships for the increase in permanence: 

(A-22) 

Figure 7 displays the permanence increase A 1t 1+D as a 
function of fP for reasonable values of n, Af and f. As seen in
the figure the increase in permanence goes through ap minimum. The 
pre-treatment fold value at the minimum, fmin' may be determined in
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algebraic form by taking the first derivative of A 1t 1• 0 with respect 
to fP and setting it equal to 0: 

(A-23) 

(A-24) 

so: 

2.303 [ n __ l_]=O 
k f min -Af fmin 

t:..f 
f. =-­

min n-1 

Figure 7 clearly shows that at n values of 6 and 3 and t:.f values of 
1,000 and 100 in agreement with equation A-24 the minima lie at f 
values: 

1,000 = 200, 100 = 20, 
6 - 1 6 - 1 

and 

1,000 = 500, 100 = 50 folds. 
3 - 1 3 - 1 
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VII. Combined Proportional Strengthening and Deacidification
Prior to strengthening and deacidification the 

anticipated permanence is given by A-3 as : 

(A-3) 

After treatment the strengthened paper having MfP MIT folds
degrades at a reduced rate: 

(A-25) 

and it drops to a single 1 MIT double fold strength in the time: 

(A-26) 

(1t P+d) =-1:.. [log(f P+d) -log(Mf)]
k' i P 

=-

-p 
log (Mf P)

The increase in permanence associated 
deacidification and proportional strengthening, A

1 t�0 is: 

(A-27) 

A(ltP+D) = (1tP+D) -(1t)
1 1 =--log(Mf )-[--log(f )] 
k' P k P 

k-k' 1 =--log (f) --log (M) 
kk' P k' 

which upon substitution from (A-4) yields: 

(A-28) 

A ( 1 t P+D) =- t [ (n-1) log ( f P) +n log {M)]

with 

Figure 8 displays A itp+o as a function of f for several 
reasonable values of M and n. No minimum is observedP in A 1 t1P+o Y.§.. 

fp. 
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VIII. Combined Inverse 
Deacidification

Proportional Strengthening and

The algebraic expression for the increase in permanence
of a paper treated by a process which increase paper strength 
inversely to its pre-treatment strength and changes the rate of 
post-treatment rate of deterioration is derived in a manner similar 
to the previous examples: 

(A-16) 

(A-29) 

(A-30) 

log(f[P+D> =log(f
P

+ i > +k't
p 

and 
(A-31) 

t. (1 tIP+D) = (1 tIP+D) _ (1 t)

=- !log(f+; )-[- !log(f
P

)]
p

1 =-log[
kk' 

1 = kk' log [ 

(f +...£)k 
p f

f k� ]p

and utilizing (A-4): 

(A-32) 

t. ( 1 t IP+D) =- i [nlog ( f!+c> - (n+l) log (f
r,

)]
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Figure 9 displays t.. 
1 t 1P•o as a function of f for several 

values of C and n. Minima are again observed as elpected for a 
function (A-32) which combines increasing permanence with pre­
treatment fold endurance arising from deacidification and the 
decreasing permanence extension with pre-treatment fold endurance 
of an inversely proportional strengthening process. Expressions 
for minima are derived as before: 

==2.303[-n
k

( 1 )(2f)+( n+l )(.J:...)J
fp2+C I> k f.,., 

n, C ., 

which when set equal to O for f P = 
fmin reduces to:

(A-33) 
1 

f . = ( n+l C) 2 
ItUn n-1

The minima shown on Figure 9 correspond to those 
calculated from A-33. 
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IX. Synergistic Effects

Examination of Figures 7, 8 and 9 shows the increase in 
permanence from a combined strengthening and deacidification (or 
other slope decreasing process) procedures is greater than the sum 
of the effects of strengthening and deacidification alone. This 
synergistic effect is especially significant for the weakest 
papers, and is defined as the difference between combined and 
separate strengthening and deacidification permanence increases: 

(A-34) 

A. Incremental Synergism

The synergistic increase in permanence resulting from
combined incremental strengthening and deacidif ication 1 s 1 •0 is the 
difference between the increase in permanence of the combined 
processes, A 1t 1 •0, and the sum of the increase in permanence of the 
individual treatments, A

1 t 1 and A1 t0
: 

(A-35) 

Substituting in A-34 from A-4, A-6, A-11 we have: 

(A-36) 

1 ( f + A f) n 1 A f n -1 
.ti.1SI+D=--log [ P ] - [--log(l+-) ---logf] 

k fP k fP k P 

=- n-1 log (l+ t.f ) 
k fP 

Figure 15 displays the synergistic effect for selected 
values of Af, fP and n.
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B. Proportional Synergism

The synergistic increase in permanence associated with a
combined proportional strengthening and deacidification process is 
similarly defined and calculated from equations A-7, A-15 and A-25: 

(A-37) 

(A-38) 

=E. [ n-l logf +logM] - [-l:.logM+ n-l logf ] 
k n P k k P 

Figure 16 displays the synergistic effects for selected 
values of M, n and k; the effect is independent of the pre­
treatment fold strength. 

c. Inverse Proportional Synergism

Synergistic effects associated with inverse proportional
strengthening and deacidification can be defined and calculated 
from equations A-4, A-19 and A-31 as: 

(A-39) 

=E. [log(f 2+C)] - [- n-l logf -l:.log(l+�) - n-l logf]
k p k P k f k p 

p 

(A-40) 

These effects are displayed in Figure 17 which, like incremental 
strengthening, shows a (deeper) minimum. 
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