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Prediction of paper permanence by
accelerated aging II. Comparison of the
predictions with natural aging results
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Accelerated aging tests are credible and useful to predict paper permanence only if such tests
can be shown to correlate with natural aging. In the first part of this study, a kinetic model was
developed based on the accelerated aging results. In this report, we have shown that this Kinetic
model can indeed predict the natural aging results of lignin-free sheets with a statistical
confidence. This is the first guantitative comparison of accelerated aging with natural aging.
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INTRODUCTION

Methods that significantly accelerate the aging process of paper are useful for predicting
paper permanence only if such methods can be shown to correlate with natural aging. A
kinetic analysis approach has previously been applied to determine the validity of the
accelerated aging tests but without much success (Major, 1958; Millet er al., 1967,
Browning and Wink, 1969; Gray, 1969; Parks and Hebert, 1972; Roberson, 1976;
Graminski et al., 1979; Amey and Jacobs, 1979 and 1982; Luner, 1966 and 1982; Erhard
et al., 1988). This is due to the following fundamental problems:

(1) The use of inappropriate parameters for kinetic analysis: Almost all of the
previous kinetic studies used physical properties to determine the degradation
rate. This is an empirical application of kinetics because the loss of physical
properties during aging is a consequence of but is not directly proportional to the
chemical degradation of cellulose. As a result, the basic requirements of the
kinetic analysis, such as the linear relationship between property degradation and
time, are not necessarily met. Some chemical properties, such as alpha-cellulose
content, have the same problem, because they do not necessarily describe a
change in the essential chemical structure during aging. The use of degree of
polymerization (DP) of cellulose is more relevant and appropriate to assess
directly the progress of chemical degradation, as recently demonstrated (Zou et
al., 1996).

(2) Lack of critical examination of the Arrhenius equation: Since the aging of

*To whom correspondence should be addressed.

0969-0239 © 1996 Blackie Academic & Professional



270 ZOU, UESAKA AND GURNAGUL

paper is a complicated process and may involve multiple reactions, the
applicability of the Arrhenius equation has been questioned (Strofer-Hua, 1990;
Priest, 1994; Shahani, 1994). This has been a major barrier to the acceptance of
accelerated aging results as convincing predictions of the natural aging behaviour
of paper. However, we have recently shown that the Arrhenius equation is still
applicable even in the case of a multiple-reaction system if certain conditions are
met (Zou et al., 1996).

(3) No examination of the statistical errors of the predictions: To predict the
natural aging behaviour of paper, the results obtained from accelerated aging
must be extrapolated to natural aging conditions. During this extrapolation (or
prediction), the statistical errors associated with original data inevitably increase.
Therefore, examination of the statistical error of prediction is important. In
addition, since the natural aging of paper is a very slow process, small changes
in properties during natural aging must be statistically examined to ensure
reliable natural aging results.

(4) No quantitative comparison of the results of accelerated and natural aging:
This is partly due to the difficulty of obtaining naturally aged samples with
known initial properties. Even in cases where naturally aged samples were
analysed (Lewis, 1932; Rasch and Scribner, 1933; Richter, 1934; Shaw and
O’Leary, 1938; Hanson, 1939; Wilson er al., 1955; van Royen, 1957; Barrow,
1959-1967; Graminski, 1976; Wilson and Parks, 1980; Bansa, 1992), no
quantitative comparison was made. However, to paper permanence researchers, it
is essential to compare the predictions quantitatively with natural aging results in
order to have full confidence in accelerated aging tests.

Therefore, there still remains a fundamental question about whether the accelerated
aging test can predict the natural aging behaviour of paper (Strofer-Hua, 1990; Bansa,
1992; Priest, 1994; Shahani, 1994). In the previous report, we applied a kinetic
approach to study cellulose degradation in paper aging and developed a kinetic model
based on accelerated aging tests (Zou et al., 1996). In this report, we show that the
kinetic model can indeed predict the degradation rates associated with natural aging
with a statistical confidence. To our knowledge, this is the first quantitative comparison
of accelerated and natural aging.

Kinetic model

According to the previously developed kinetic model, the degradation rate constant can
be determined from the following simplified equation (Ekamstam, 1936; Zou ef al.,
1996).

1 1
(D_P_D—Po) =kt (1)

where DP and DP,; are the (viscosity) degree of polymerization at time ¢ and zero (day),
respectively, and k; is the degradation rate constant (day~'). The dependence of the
degradation rate constant on temperature can be described by the pseudo Arrhenius
equation under certain conditions (Zou et al., 1996):
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E
k) = A, exp (— R_;") (2)
where 4, and E, are the apparent frequency factor and activation energy, respectively.
The dependence of the frequency factor 4, on the moisture content and hydrogen ion
concentration of cellulose sheets was found to be described by the following equation
(Zou et al., 1996):

Ay = Ay + AaZ[HZO] + Aas [H+][HZO] (3)

By substituting equation (3) into equation (2), we can predict the degradation rate
constant of papers with various hydrogen ion concentrations, [H*] (M), and moisture
contents, [H,O] (%),

- E
ki (prediction) = (4,0 + A22[H20] + 4,5[H][H,0]) exp (— R_;'> 4)
The parameters in the above equation have been experimentally determined for bleached
chemical pulps in the first part of this study (Zou et al., 1996):

Az = 4.54 X 10°day™!
Ay = 2.83 X 10"2day™!
Azs = 9.85 X 10" 1mol™! day_l

E, = 109 kJmol™!

Therefore, for naturally aged samples with known hydrogen ion concentrations and
moisture contents, equation (4) can be used to predict the degradation rate constants.
Statistical errors associated with this prediction can be estimated by using the procedures
described in the Appendix.

MATERIALS AND METHODS

Bleached kraft pulps produced from various Canadian mills in the 1970s were carefully
preserved at Paprican (kept in the dark during storage) and retested in 1993. Some of
these (BKP-1 to 6) are the same samples used for developing the kinetic model (Zou et
al., 1996). Cellulose DP and alpha-cellulose content were measured previously (de Grace
and Page, 1976) and remeasured in 1993. In addition, the pH values of all the pulp
samples were determined and the moisture content was also measured at 23 °C and 50%
RH. The pH values and moisture content were assumed to be constant over storage
period. Some of the pulps were in dry-lap form and stored under ambient conditions
(T =23 £3°C and RH = 50 + 20%, estimated); others were in the form of standard
handsheets stored under a constant temperature and constant humidity (T =23 +1°C
and RH = 50 £ 2%).

Cellulose DP was calculated from the intrinsic viscosity value as previously reported
(Zou et al., 1993 and 1996). The standard deviation (o) of the DP measurements was
within 2% of the average value (based on eight repeated measurements). Alpha-
cellulose content was measured according to CPPA standard method G.29. The cold
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extract pH value of the samples was measured according to the CPPA standard testing
procedures, but in 0.1 M NaCl solution instead of deionized water (Zou et al., 1993 and
1996).

RESULTS AND DISCUSSION
Natural aging results

Eighteen bleached softwood kraft pulps were retested after natural aging for 22 years
under ambient conditions. The original DP values and alpha-cellulose content of these
samples are listed in Table 1. As can be seen, the samples have very different pH values,
depending on the different pulping and bleaching conditions that may have been used.
Even though all of the samples are bleached softwood kraft pulps that have been stored
under the same conditions, they have very different degradation rates, strongly dependent
on their acidities. For instance, when a sample was very acidic (Sample BKP-15,
pH = 3.20), its DP dropped from 760 and 250 in only 22 years (k; =32.1 X 1078
day~!). On the other hand, when a sample had a higher pH value (Sample BKP-6,
pH =5.72), its DP did not change at all after 22 years of storage. This clearly
demonstrates the profound effect of acidity on cellulose degradation during natural aging.
In the literature, alpha-cellulose content has often been measured as an indicator of
cellulose degradation (Wilson and Parks, 1980). However, as shown in Table 1, alpha-
cellulose content did not change much for most of the samples, thus indicating that it is
insensitive to aging (or to cellulose degradation).

Five handsheet samples naturally aged under controlled conditions (23 °C and 50%
RH) were retested and the results are shown in Table 2. Once again, it is clear that
degradation rate depends strongly on the acidity of the sheets.

Comparison of natural aging results with predictions

With the natural aging results, we can now test the previously developed kinetic model.
The predicted degradation rate constants k; (prediction) using equation (4) are compared
with natural aging results &, (natural aging) in Fig. 1. The error bars indicate twice the
standard deviation (20} values of the predictors. The estimated values of the standard
deviations were approximately 40% of the mean of 4, (prediction). By considering the
statistical error involved, the agreement between the predictions and natural aging results
is found to be excellent for most of the data points.

Another comparison of the predictions with natural aging results is shown in Fig, 2
for sheets naturally aged under controlled conditions. In this case, a better agreement is
obtained because of the well-controlled storage conditions for these samples.

It should be noted that the predicted degradation rates are consistently lower than the
measured ones at relatively high hydrogen ion concentration (in both Figs 1 and 2 when
pH < 4.0). This is due to the fact that in a general (multiple) reaction system, the
activation energy and frequency factor are not completely independent of each other, as
seen in the previous analysis (Zou et al.,, 1996); the activation energy determined for
more acidic sheets tends to be slightly higher than the one for less acidic sheets. In the
first part of this kinetic analysis, the activation energy was obtained from the average of
the samples with pH between 4.0 and 5.7. Therefore, the prediction gives lower
degradation rate when paper is extremely acidic (pH < 4).
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FIGURE I. Comparison of the predictions with natural aging results (18 bieached
kraft pulp samples naturally aged under ambient conditions).
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FIGURE 2. Comparison of the predictions with natural aging results (five
handsheet samples naturally aged at 23 °C and 50% RH).

Relationship between degradation rate constant and hydrogen ion concentration

The effect of hydrogen ion concentration on the degradation rate constants under natural
aging conditions is shown in Fig. 3. Since these samples have different moisture contents,
for comparison purposes, the rate constants in the figure were corrected using a constant
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FIGURE 3. Relationship between degradation rate constant and hydrogen ion
concentration (natural aging).

moisture content of 6.2% (an average from the samples used in the study) for all the
samples. As shown in Fig. 3, a good linear relationship is obtained between k; (natural
aging) and hydrogen ion concentration. This shows that a linear relationship previously
found in the accelerated aging is equally valid for natural aging.

CONCLUSIONS

The accelerated aging test can predict very well the natural aging behaviour of lignin-free
sheets. This is the first time that a quantitative comparison of the accelerated aging with
natural aging was made. These results should give papermakers and end-users more
confidence in using accelerated aging tests to predict paper permanence.

ACKNOWLEDGEMENTS

We would like to thank Dr D. H. Page (now with IPST) for providing the naturally aged
samples with the data at zero time. Without these rare samples, this work would not have
been possible. We also thank Dr J. Bouchard of Paprican for reviewing this manuscript.

REFERENCES

Amey, J. S. and Jacobs, A. J. (1979) Accelerated aging of paper: the relative importance of
atmospheric oxidation. Tappi J. 62(7), 98-91.
Amey, J. S. and Jacobs, A. J. (1982) Accelerated aging of paper: the influence of acidity on the



PREDICTION OF PAPER PERMANENCE BY ACCELERATED AGING Il. COMPARISON 277

relative contribution of oxygen-independent and oxygen-dependent processes. Tappi J. 65(3),
113-115.

Bansa, H. (1992) Accelerated aging tests in conservation research: some ideas for future method.
Restaurator 13, 114-137.

Barrow, W. J. (1959-1967) Series of Reports from the Virginia State Library, Richmond, Virginia.

Bevington, P. R. (1969) Propagation of errors. in Data Reduction and Error Analysis for the Physical
Sciences, Chap. 4, New York: McGraw-Hill, p. S6.

Browning, B. L. and Wink, W. A. (1969) Studies on permanence and durability of paper: 1. prediction
of paper permanence. Tappi J. 51(4), 156—163.

de Grace, J. H. and Page, D. H. (1976) The extensional behaviour of commercial softwood bleached
kraft pulps, Tappi J 59(7), 98—101.

Draper, N. R. and Smith, H. (1966) Fitting a straight line by least squares. in Applied Regression
Analysis, Chap. 1, New York: John Wiley & Sons.

Ekamstam, A. (1936) The behaviour of cellulose in mineral acid solutions: kinetic study of the
decomposition of cellulose in acid solution. Ber. Deutschen Chem. Geseuschaft 69, 553.

Erhard, D., von Endt, D. and Hopwood, W. (1988) Paper degradation: a comparison of industrial and
archival concerns. in Paper Preservation: Current Issues and Recent Developments, (P. Luner,
ed.) Technology Park, Atlanta: TAPPI Press, pp. 63—68.

Graminski, E. L. (1976) The stress-strain behaviour of accelerated and naturally aged papers. Tappi J.
53(3), 406-410.

Graminski, E. L., Parks, E. J. and Toth, E. E. (1979) The effect of temperature and moisture on the
accelerated aging of paper. in Durability of Macromolecular Materials (R. K. Eby, ed.) ACS
Symp. Ser. 95, Chap. 24, pp. 342-355.

Gray, G. G. (1969) Accelerated aging study comparing kinetic rate vs. Tappi standard 453. Tappi J.
52(2), 325-334.

Hanson, F. S. (1939) The resistance of paper to natural aging. The Paper Industry and Paper World
20, 1157-1163.

Lewis, H. F. (1932) The relative stabilities of rag and purified sulfite pulps. Paper Trade J. 95(21), 29.

Luner, P. (1969) Paper permanence. Tappi J. 52(5), 796-805.

Luner, P. (1988) Evaluation of paper permanence. Wood Sci. Technol. 22, 81-97.

Major, W. D. (1958) The degradation of cellulose in oxygen and nitrogen at high temperature. Tappi J.
41(9), 530.

Millet, M. A., Wester, L. J. and Booth, J. J. (1967) Accelerated aging of cellulosic materials: design
and application of a heating chamber. Tappi J 50(11), 74A.

Parks, E. J. and Hebert, R. L. (1972) Accelerated aging of laboratory handsheets: reflectance, moisture
regain, sonic modulus and differential thermal analysis. NBS Report 10-687, NTIS COM 75
10602.

Priest, D. J. (1994) Artificial aging of paper: correlation with natural aging, Proc. ASTM Workshop on
the Effects of Aging on Printing and Writing Papers, Philadelphia, PA, pp. 50-60.

Rasch, R. H. and Scribner, B. W. (1933) Comparison of natural aging of paper with accelerated aging
by heating. Natl. Bur. Stand. J. Res. 11(6), 727-732.

Richter, G. A. (1934) Accelerated aging tests for determining permanence of papers. Ind. Eng. Chem.
26(11), 1154.

Roberson, D. (1976) The evaluation of paper permanence and durability. Tappi J 59(12), 63-69.

Shahani, C. J. (1994) Accelerated aging of paper: can it really foretell the permanence of paper? Proc.
ASTM Workshop on the Effects of Aging on Printing and Writing Papers, Philadelphia, PA,
pp- 120-139.

Shaw, M. B. and O’Leary, M. J. (1938) Effect of filling and sizing materials on stability of book
papers. Natl. Bur. Stand. J. Res. 21(5), 671.

Strofer-Hua, E. (1990) Experimental measurement: interpreting extrapolation and prediction by
accelerating aging. Restaurator 11, 254-266.



278 ZOU, UESAKA AND GURNAGUL

van Royen, A. H. (1957) Thermal degradation of wood and cellulose. Ind. Eng. Chem. 6(6), 223.

Wilson, W. K., Harvey, J. L., Mandel, J. M. and Worksman, T. (1955) Accelerating aging of records
papers compared with natural aging. Tappi J. 38(9), 543-547.

Wilson, W. K. and Parks, E. J. (1980) Comparison of accelerated aging of book papers in 1937 with
36 years of natural aging. Restaurator 4, 1.

Zou, X., Gurnagul, N. and Uesaka, T. (1993) The role of lignin in the mechanical permanence of
paper 1. Effect of lignin content. J Pulp Paper Sci. 19(6), J235-239.

Zou, X., Uesaka, T. and Gurnagul, N. (1996) Prediction of paper permanence by accelerated aging I.
Kinetic analysis of the aging process. Cellulose 3, 243-267.

APPENDIX
Estimation of statistical errors

For a quantity X which is a function of at least two variables « and v (i.e., X = f(u, v,
....)), the propagation of errors (variance) during the calculations of X can be estimated:

ax\? ax\? ax\ [0X
2N _— e— 2 0 — — o
7= (%) +ai(%) w200 () (Z) + @

where o? is the variance (or covariance) of the corresponding quantity (X, u, or v) and
only the first-order terms of ¢? are shown. Based on this equation, the following
procedures were used to estimate the error in the measured and predicted values of 4;:

(1) &k, measurement errors (in natural aging): Since DPy and DP measurements
are not correlated, the measurement error of %k can be estimated from the
following equation:

a*(DPy) a*(DP)
DP} DpP*

1
o?(ki) = p (A2)

As can be seen, they are determined by the measurement errors of DP.
(2) k, prediction errors from the kinetic model: Equation (4) can be written in an
alternative form:

ky(prediction) = (kao + ka2[H20] + kas[H][H20])

E, /1 1
X exp [_f (—f - F)] (A3)

where T, is the temperature used for the accelerated aging test, ky = A0 exp (—E./RTL),
ka = Awp exp (—E./RT,), and k,s = A,s exp (—E,/RT,). In the actual prediction, equation
(A3) was used instead of (4): £, was determined by a series of accelerated aging tests at
different temperatures at constant hydrogen ion concentrations and moisture contents.
The constants kag, k,» and k5 were directly determined by the accelerated aging test at a
temperature of 90 °C. Therefore, £, and the k,s are not correlated statistically and the
error in the prediction of & can be estimated from the following equation by taking into
account of the second-order term of ¢? in equation (Al):
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O’k _0*ka) | 0(E) (1 1\? oYE) (1 1Y)*

A R () (A9
where .

0%(ka) = 02 (kao) + 02(ky2)[H20T + 02 (kos)[H O [H* 2 (AS)

As can be seen, the error in the predicted value of k; depends on the natural aging
temperature (T) and also the temperature (7;) used for obtaining the kinetic parameters.
The variances in equations (A4) and (AS) were estimated from the regression analysis
used in the first part of this study. It should be noted that the term o?(E,)/R*(1/T — V/T,)?
is significantly larger than the term o?(k,)/A2.



