EFFECTS OF DILUTE CALCIUM WASHING TREATMENTS ON PAPER
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ABSTRACT—Dilute aqueous solutions of three
different calcium salts have been compared for their
effectiveness as wash treatments for stabilizing the
cellulose of paper objects. Treated paper samples were
evaluated for chemical changes resulting from the
treatment and from subsequent accelerated thermal
aging. The extent of alkaline damage of the treated
sheets was found to be insignificant even for photo-
oxidized papers. The treatments slowed the deterio-
ration of the paper during thermal aging, but even-
tually the protective benefit weakened. Neutrali-
zation of acid in the sheets had a greater stabilizing
effect on the paper than did the presence of calcium.
Dilute alkaline calcium washes were less effective in
retarding degradation of photo-oxidized papers than
the same washes of unoxidized sheets. Chemical
reduction of the photo-oxidized paper followed by
washing with the dilute alkaline calcium solution was
very effective at slowing its deterioration during
thermal aging. Treatment with the dilute alkaline cal-
cium solution also slowed photo-oxidation of paper
during exposure to near-ultraviolet radiation.

TITRE—Les effets sur le papier du lavage en solu-
tion  faible concentration de calcium. RESUME—
Des solutions aqueuses i faible concentration de trois
diftérents sels de calcium ont été choisies pour com-
parer leur efficacité comme traitements de lavage et
de stabilisation de la cellulose des objets en papier.
Des échantillons de papier ainsi traités ont été éval-
ués pour déterminer les changements chimiques
résultant du traitement, ainsi que leur réaction lors de
tests de vieillissement thermique accéléré. L'ampleur
des dommages causés pas ces solutions alkalines sur
les feuilles traitées s’est avérée insignifiante, méme
pour les papiers déja oxydés par la lumiére. Les traite-
ments ont ralenti la détérioration du papier pendant
le vieillissement thermique, mais par la suite I'effet
protecteur a diminué. La neutralisation de l'acide dans
les feuilles a eu un plus grand effet stabilisateur sur le
papier que la présence du calcium. Les lavages en
solutions alkalines 4 faible concentration de calcium
furent moins efficaces pour retarder la dégradation

des papiers déji oxydés par la lumiére que les mémes
lavages sur des feuilles non oxydées. La réduction
chimique du papier oxydé par la lumiére, suivie du
lavage avec la solution alkaline 2 faible concentration
de calcium, fut trés effective pour ralentir la détério-
ration de ce papier pendant le vieillissement ther-
mique. Le traitement avec la solution alkaline a faible
concentration de calcium a également ralenti 1’oxy-
dation du papier lors d’exposition aux rayons ultravi-
olets voisins du spectre visible.

TITULO-—EI efecto sobre papel del tratamiento por
medio de bafios con solucién diluida de calcio.
RESUMEN--Las soluciones acuosas diluidas de tres
sales de calcio diferentes que fueron utilizadas en
tratamientos de bafios han sido comparadas por su
efectividad en la estabilizacién de la celulosa en obje-
tos de papel. Las muestras de papel tratadas fueron
evaluadas observando los cambios quimicos que
ocurrieron como resultados del tratamiento y de
haber sido sometidas a envejecimiento térmico acel-
erado. Se encontrd que el dafio por alcalinidad en las
muestras tratadas es insignificante, aun en los papeles
foto-oxidados. Los tratamientos demoraron el dete-
rioro del papel durante la prueba de envejecimiento
térmico, pero eventualmente el beneficio protector
disminuy6. La neutralizacién del icido en el papel
tuvo un efecto de estabilizacién mayor que la presen-
cia del calcio. Los bafios alcalinos de calcio diluido
fueron menos efectivos para retardar la degradacién
de los papeles foto-oxidados que los mismos bafios en
muestras no oxidadas. Le reduccién quimica de los
papeles foto-oxidados, seguida de un bafio con la
solucién alcalina de calcio diluido fue muy efectiva
para disminuir el deterioro durante el envejecimien-
to térmico. El tratamiento con una solucién alcalina
de calcio diluido, también disminuyé la foto-oxi-
dacién del papel durante la exposicién a radiacién
cercana al espectro ultravioleta.

1. INTRODUCTION

Conservation treatments of individual paper artifacts,
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such as works of art or archival materials, often
involve steps of washing, brightening, and deacidify-
ing with aqueous solutions. Deionized water has
been used in these steps, so that harmful iron and
copper salts are not introduced into the sheet, but it
has been found that washing with this ion-free water
may also remove beneficial components (Tang and
Jones 1979).To counter this effect, small amounts of
calcium salts are often added to the deionized water
used in the washing step.

Although this enrichment of the wash water
with calcium is generally accepted as beneficial, there
is still some uncertainty as to which calcium salt and
what strength of solution are appropriate in different
situations (Burgess 1986). Most papers requiring
treatment are acidic and thus subject to degradation
by hydrolysis reactions that can be prevented by an
alkaline wash treatment. However, papers that have
been oxidized by light exposure or bleaching treat-
ments may also be susceptible to alkaline damage
during such a treatment and in subsequent aging.
Assessing and minimizing these two risks are neces-
sary for the design of the most effective treatment for
each object.

The subject of washing or deacidifying using
aqueous solutions of calcium compounds has been
examined for many years beginning with work by
Barrow (Barrow and Sproull 1959), in which he sug-
gested using successive solutions of calcium hydrox-
ide and calcium bicarbonate. Subsequent work has
examined the effects of calcium treatments on differ-
1979; Burgess and
Boronyak-Szaplonczay 1992) or the use of different

ent types of paper (Hey

concentrations of calcium (Tang 1981).

Studies have also been made that compare cal-
cium and magnesium treatments (Calvini et al. 1988;
Kolar and Novak 1996; Bansa 1998). Schaeffer et al.
(1996) examined the use of calcium and magnesium
solutions in aqueous light bleaching. Lienardy and
Van Damme (1990) looked at the effects of various
deacidification agents on the inks and pigments
found on paper. In general, these studies evaluated
papers using measures such as pH, brightness, and
folding endurance, before and after a set period of
aging, but they did not examine the chemical details
of these treatments. They generally support the
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notion that alkaline calcium treatments are effective
at stabilizing cellulose in papers, but the choice of
calcium salt solution, concentration, and treatment
times are still left to the conservator.

The work described in this article explores the
relative stabilizing effects on paper of a number of
calcium salts applied as dilute aqueous solutions.
Chemical measurements were made in order to
examine the interactions of these solutions with cel-
lulose and to quantify small amounts of damage and
deterioration before they would be manifest as a loss
in physical properties. Accelerated aging of the sam-
ple sheets was performed so that long-term effects of
these treatments could be distinguished. Of special
interest was studying the extent of problems associ-
ated with the use of alkaline treatments on oxidized
papers.

The salt concentrations used are probably closer
to ones employed in a conservation washing step
than to those employed in a deacidification treat-
ment. Solutions of a variety of calcium salts were
used to separate the effects due to the calcium itself
from those due to the alkalinity. To examine the
interactions of the calcium solutions with cellulose
alone, tests were run on a pure cellulose filter
paper—Whatman no. 42, which is unsized and free
of the additives found in commercial papers. This
paper is made from cotton linters and is slightly
acidic due to its carboxylic acid content. The effects
of the treatment on both unaged and photo-oxidized
paper sheets were studied. For the photo-oxidized
sheets, treatment effects were examined both with
and without a prior chemical reduction. The chemi-
cal tests employed included determination of the
degree of polymerization (DP) as well as the car-
bonyl and carboxyl group contents. Accelerated
aging was carried out with multiple samplings, so
that both deterioration rates and mechanisms could
be determined. Treatments were assessed for their
effectiveness in slowing deterioration of paper and
for their possible risks of damaging it.

2. EXPERIMENTAL APPROACH

This study focused on the effects of three different

calcium solutions on a pure cellulose paper.The three
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compounds chosen were calcium hydroxide, bicar-
bonate, and chloride, each of which gave a different
alkalinity in the resultant solution. Obviously, the use
of calctum chloride is not usual in a paper conserva-
tion wash treatment, but it was included for compar-
ison as a solution less alkaline than the bicarbonate.
In this manner we hoped to separate the effects of
the calcium ion itself from the alkalinity of the
solution.

Five different sets of experiments were run on
Whatman no. 42 filter paper, and they will be briefly
listed here, followed by a more detailed description.
In the first, a thermal aging study, naturally aged but
otherwise untreated filter paper was immersed in
solutions of the three calcium salts. Treated and
untreated sample sheets were then aged at 90°C and
50% RH and evaluated to determine their deteriora-
tion rates. The second experiment examined the
effects of alkaline degradation on unaged and photo-
oxidized papers. Two sets of filter paper, one without
pretreatment and the other photo-oxidized by expo-
sure to daylight fluorescent lights, were immersed in
solutions of sodium hydroxide, and their chemical
products were analyzed.

The third and fourth experiments investigated
the effects of bath treatments on photo-oxidized
paper. Filter paper sheets were photo-oxidized by
exposure to ultraviolet-A radiation. In the third
experiment, half of these sheets had no further treat-
ment, while the others were treated by immersion in
a dilute solution of calcium hydroxide. All the sheets
were then thermally aged and evaluated. In the
fourth experiment, the exposed sheets were divided
into three sets: the first received no further treatment;
the second was treated with sodium borohydride; the
third was treated with both sodium borohydride and
calcium hydroxide. All three sets were then thermally
aged.

In the fifth experiment, filter paper sheets were
treated by immersion in calcium hydroxide or chlo-
ride. Then the treated and untreated sheets were
exposed to ultraviolet-A radiation and evaluated.

The treatment solutions were all prepared at the
same concentration (0.625 millimolar), which was
equivalent to a 40-fold dilution of a saturated calci-

um hydroxide solution. The literature, such as the

Paper Conservation Catalog (Couch 1985) and other
sources cited above, notes a range of calcium hydrox-
ide solution strengths that have been used by conser-
vators. The concentration of the treatment solution
in this study falls somewhere in the middle of this
range. The solution of calcium bicarbonate is some-
what weaker than the solution strengths used in the
same literature sources. However, for comparison to
other calcium salts, it was important that the same
concentrations be used in all parts of the experiment.

Sample sheets were treated by immersion in the
calcium solution for about 10 to 15 minutes, fol-
lowed by drying in the open air without restraint on
polyester film (Mylar). Since the sheets were not
sized, no pretreatment was necessary for their imme-
diate thorough wetting. Calcium contents were
determined by atomic absorption analysis and gener-
ally found to be around 200 ppm (by weight). Sample
sets that were consistent in their calcium loading
were assembled prior to accelerated aging.

The details of the experimental testing are
described in the appendix. Chemical tests were cho-
sen to evaluate the samples, rather than mechanical
tests, due to their higher precision and sensitivity; fur-
thermore, cellulose degradation as measured chemi-
cally is directly related to physical property changes
(Orr et al. 1954; Zou et al. 1994). The viscosity of a
cellulose solution was measured in order to calculate
the degree of polymerization (DP) of the cellulose
chain. Colorimetric methods were used to measure
both the carbonyl and carboxyl oxidation group con-
tents. The cold extract pH was followed, and in some
cases the brightness was also tracked.

Treatments were carried out on either untreated
filter paper or filter paper that was first photo-
oxidized by exposure to ultraviolet-A lamps or high-
output daylight fluorescent lights. The photo-
oxidized sheets were expected to simulate the aged
papers frequently encountered in conservation work.
Accelerated thermal aging of treated sheets was car-
ried out at 90°C and 50% RH, and accelerated light
aging was performed under the ultraviolet-A lamps.
Earlier work demonstrated that the ultraviolet-A
lamps cause damage to cellulose equivalent to dam-
age from unfiltered high-output daylight fluorescent
lights, but at a much faster rate (Whitmore and
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Table 1. Thermal Aging Following Calcium Treatments of Unoxidized Filter Paper

Hours DP Scissions Carbonyl ACarbonyl Carboxyl pH*
Aged mmol/100g mmol/100g mmol/100g meq/100g
A. Untreated (hydroxide set)
0 1,512 - 0.37 - 0.61 6.4
139 757 0.81 1.30 0.93 0.55 5.6
475 514 1.59 2.36 1.99 0.68 5.2
790 374 2.49 3.11 2.714 0.78 5.0
B. Calcium hydroxide
0 1,452 - 0.36 - 0.57 6.9
139 1,414 0.02 0.37 0.01 0.59 6.7
308 1,372 0.05 0.42 0.06 0.58 6.5
475 1,353 0.06 0.48 0.12 0.58 6.7
693 1,277 0.12 0.52 0.16 0.59 6.6
1,174 1,157 0.22 0.65 0.29 0.58 6.4
2,469 599 1.21 1.96 1.60 0.71 5.7
3,019 452 1.88 2.81 2.45 0.78 5.2
C. Untreated (bicarbonate set)
0 1,322 - 0.67 - 0.64 5.1
120 646 0.98 1.50 0.83 0.58 5.0
286 527 1.41 2.26 1.59 0.62 4.9
620 362 2.48 3.20 2.53 0.73 4.7
D. Calcium bicarbonate
0 1,330 - 0.58 - 0.55 5.8
286 1,176 0.12 0.59 0.01 0.58 5.8
620 792 0.63 1.10 0.52 0.58 5.4
959 668 0.92 1.35 0.77 0.68 5.3
1,295 563 1.26 1.87 1.29 0.63 5.2
1,848 331 2.80 3.86 3.28 0.76 5.0
2,132 260 3.82 4.03 3.45 4.8
E. Untreated (chloride set; none were aged)
0 1,429 - 0.40
F. Calcium chloride
0 1,383 - 0.40 - 0.53 5.2
617 725 0.81 1.34 0.94 0.55 5.1
1,121 452 1.84 2.74 2.34 0.64 4.8
1,601 302 3.20 4.04 3.64 0.76 4.6
1,937 299 3.24 3.92 3.52 0.80 4.6

*Sets A and B were measured in deionized water. Other sets were measured in 0.1 N NaClL

Bogaard 1994).

To assess the risks of these treatments, it was nec-
essary to examine alkaline deterioration of cellulose.
Alkalinity can degrade cellulose in a few different
ways; however, the only reactions that proceed at a
significant rate at room temperature are the elimina-
tion reactions (see, for instance, Richards 1971;
Nevell 1985). One type of elimination is the peeling
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reaction, in which the cellulose polymer’s terminal
glucose unit is successively stripped away. Although
peeling can continue for a large number of units
before stopping, it generally has no effect on the
strength of the sheet because it does not occur in the
load-bearing tie chains connecting crystalline
regions. The more damaging elimination reaction is
the so-called B-elimination, in which links are bro-
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ken adjacent to carbonyl sites produced by oxidation
of the cellulose chain. B-elimination occurs along
intact cellulose chains, and load-bearing chains can
be broken, leading to strength loss and brittleness in
a paper sheet. Both of these elimination reactions are
indicated chemically by a reduction in the DP of the
cellulose (small for peeling reactions, larger for B-
elimination), an increase in carboxyl group content,
and a decrease in carbonyl groups. In addition to
these elimination reactions, it is known that cellulose
in an alkaline medium can be easily oxidized, a prop-
erty used to produce viscose rayon (Treiber 1985).
There is also concern that oxidation will continue in
a dry alkaline sheet (Kolar 1997).

To determine the chemical product distribution
that characterizes alkaline degradation of photo-
oxidized and unoxidized papers, samples of each
were immersed in concentrated solutions of sodium
hydroxide for up to 50 hours. The results of these
experiments were compared with those obtained in
the calcium hydroxide treatments of photo-oxidized
sheets to see if the same degradation chemistries pre-
vailed.

Another approach to treating oxidized sheets is
to remove the carbonyl groups, the alkali-sensitive
sites on the cellulose, by chemically reducing them
prior to alkaline treatment. Many articles have been
published that describe different reducing agents for
treating paper (see, for instance, Tang 1986; Burgess
1988; Bicchieri et al. 1999). One such compound is
sodium borohydride, which is very effective at
reducing the carbonyls on the cellulose chain to less
reactive hydroxyls, without affecting the carboxyls.
The efficacy of this approach was tested in this study
by immersion of photo-oxidized papers in a solution
of sodium borohydride with or without subsequent
treatment of calcium hydroxide.

The long-term benefits of these treatments were
evaluated through accelerated thermal aging, which
primarily accelerates the acid hydrolysis of cellulose
(Whitmore and Bogaard 1994). Since oxidation may
also play a role in the subsequent aging of treated
sheets, samples in one study were exposed to ultra-
violet-A radiation, which accelerates photo-oxida-
tion. This study was limited to samples treated with
calcium hydroxide or chloride, in order to explore

the effects of alkaline and nonalkaline calcium treat-
ments, compared to the light aging of untreated
sheets.

To more fully understand the cellulose aging
chemistries, a method described in an earlier paper
(Whitmore and Bogaard 1994) was employed, in
which the chemical products of deterioration (chain
breaks, carbonyls, and carboxyls) are analyzed. In this
method, the values for the degree of polymerization
are used to calculate the number of chain links that
have been broken, also termed the scissions. In the
present study, the scissions are tracked in concentra-
tion units (mmol/100g) that allow easy comparison
with measurements of the concentrations of cellulose
oxidation products. The number of scissions is com-
pared to the measured changes in the number of car-
bonyl and carboxyl groups. If the numbers of scis-
sions and carbonyls are approximately equal, with lit-
tle growth in carboxyl content, then acid hydrolysis
is predominant, since one aldehyde chain end is cre-
ated for each hydrolytic chain break. Oxidative dam-
age is indicated by a much greater increase in the
numbers of carbonyl groups than in the number of
scissions; photo-oxidation, for instance, generally
produces about 2.7 carbonyl groups for every scis-
sion. Alkaline deterioration is generally indicated by
an increase in carboxyl groups. A more detailed
explanation of this method is contained in the
appendix. The analysis is presented here in graphical
plots of scissions versus carbonyls produced, since this
is the most characteristic product ratio of each degra-
dation reaction.

3. RESULTS
3.1 UNOXIDIZED SAMPLES

The data for the treatment and thermal aging of
unoxidized sheets treated with solutions of the three
calcium salts are summarized in table 1. The immedi-
ate result of each treatment can be seen in the sam-
ples of each set with zero hours of aging. All the
treatments caused a very slight reduction of DP (less
than 4% in the worst case) as well as in the carbonyl
and carboxyl contents, while the pH increased a small
amount from the treatment. The results of accelerated
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Fig. 1. Rate of scission production in calcium-treated filter
paper aged at 90°C, 50% RH.

thermal aging are illustrated in figure 1. The three
treatments are clearly ranked chloride < bicarbonate
< hydroxide in order of increasing stability of the
treated papers. The samples treated with calcium
chloride have a short period of slightly greater chem-
ical stability compared to the untreated set, after
which the rates of deterioration are virtually identi-
cal for both. For sheets treated with calcium hydrox-
ide or bicarbonate, there is an initial period of very
slow degradation. For the paper treated with bicar-
bonate, this initial period of stability is brief, and after
a few hundred hours of aging, the rate of deteriora-
tion also becomes virtually identical to the untreated
set. The sheet treated with hydroxide has a very long
period of stability, but eventually the degradation rate
gradually increases.

As described earlier, the chemical products of
aging can be analyzed to determine the dominant
degradation process. In figure 2 the scissions are
graphed versus the change in carbonyl content upon
aging. In accelerated thermal aging, it is normal for
acid hydrolysis to be the primary degradation path-
way (Whitmore and Bogaard 1994), and this behav-
ior is demonstrated here by the approximately equal
production of scissions and carbonyls in the aging of’
both untreated and treated sheets. So, while the treat-
ments slowed down the degradation, and in the case
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ACarbonyl content, mmol/100g
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Scissions, mmol/100g

Fig. 2. Carbonyl versus scission production for calcium-
treated filter paper aged at 90°C, 50% RH. The dashed line
represents one carbonyl produced per scission. Treatments
are denoted by the same symbols as in figure 1.

of the hydroxide treatment slowed it down greatly,
the dominant process is still hydrolysis. There is no
significant increase in oxidation of the cellulose,
which would be indicated by a greater production of
carbonyls relative to chain scissions.

For all these treatments, the calcium loading in
the sheet is approximately equal, ranging only from
190 ppm (by weight of calcium) in the hydroxide
treatment to 230 ppm in the chloride treatment.
Judging by the results of the set treated with calcium
chloride, the calcium itself has only a very modest
beneficial effect. The stronger effect seems to be due
to the greater neutralization of the sheet (measured
by the increase of the extract pH) from the more
alkaline bicarbonate and hydroxide solutions. Papers
treated with calcium hydroxide had a period of
chemical stability three or four times longer than

those given the mild bicarbonate treatment.

3.2 PHOTO-OXIDIZED SAMPLES

3.2.1 Characteristics of Alkaline
Degradation

For the samples immersed in sodium hydroxide,
the results are summarized in table 2. In figure 3 the
degree of polymerization of the samples is graphed
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Table 2. Alkaline Degradation of Filter Paper Immersed in 1 N NaOH

Hours of DP Carbonyl ACarbonyl Carboxyl ACarboxyl pH*
Immersion mmol/100g mmol/100g  meq/100g  meq/100g
A. Unoxidized
0 672 1.40 0.56 - 5.6
0.25 653 1.22 -0.18 0.48 -0.08 6.4
0.50 655 1.16 -0.24 0.46 -0.10 6.3
2 637 1.23 -0.17 6.2
4 646 1.24 -0.16 0.45 -0.11 6.3
50 641 1.08 -0.32 0.65 0.09 6.4
B. Photo-oxidized
0 637 2.70 0.55 - 5.5
0.25 568 2.29 -0.41 0.67 0.12 6.4
0.50 556 2.42 -0.28 0.64 0.09 6.4
2 575 2.24 -0.46 6.3
4 578 2.15 -0.55 0.68 0.13 6.3
24 518 1.67 -1.03 1.21 0.66 6.5
50 530 1.69 -1.01 2.07 1.52 6.4
* Measured in 0.1 N NaCl.
1.6
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Fig. 3. Degree of polymerization of filter paper versus hours
of immersion in 1 N NaOH.

versus the immersion time. Figure 4 graphs the
increase in carboxyl group content versus immersion
time for the photo-oxidized sample set, which shows
the progress of the alkaline degradation reactions.
The unoxidized sample set seems to have experi-
enced a small amount of peeling, indicated by a
reduction in DP of less than 5%, along with a slight
rise in carboxyl content by the end of the immersion
(the early slight loss of carboxyl content is probably
due to the formation of soluble fragments that are
not detected by this carboxyl group analysis). The

0 10 20 30 40 50 60
Hours of immersion

Fig. 4. Change in carboxyl content of photo-oxidized filter
paper during immersion in 1 N NaOH.

photo-oxidized set was more degraded in the alka-
line bath, probably by both peeling and B-elimina-
tion reactions, because of its higher content of car-
bonyl groups along the chains. In this case, the DP
was quickly reduced by more than 10%, while there
was also a lowering of carbonyl content and an
increase in carboxyl groups. Much of the damage
seems to occur shortly upon immersion in the alka-
line bath; after the first 15 minutes there is no further
damage detected until the sheet has been in the bath
more than four hours. However, even after prolonged

JAIC 40 (2001):105-123

111



112

JOHN BOGAARD AND PAUL M. WHITMORE

Table 3. Thermal Aging Following Calcium Hydroxide Treatment of Photo-oxidized Filter Paper

Hours DP Scissions* Carbonyl ACarbonyl* Carboxyl pH**
Aged mmol/100g mmol/100g  mmol/100g meq/100g
A. Unoxidized
0 1,078 - 0.63 - 0.52 5.7
B. Photo-oxidized, untreated
0 774 - 1.83 - 0.34 5.6
42 580 0.54 2.24 0.41 5.4
161 434 1.25 3.37 1.54 5.2
263 362 1.81 4.03 2.20 0.65 5.0
379 337 2.06 4.60 2.77 0.71 49
497 295 2.60 5.23 3.40 0.81 4.8
C. Photo-oxidized, treated
0 718 - 1.89 - 0.39 6.2
42 704 0.04 1.79 -0.10 6.0
161 637 0.22 2.32 0.43 6.0
379 465 0.94 3.13 1.24 0.63 5.3
497 347 1.85 4.40 2.51 0.68 5.0

*Calculated from the start of thermal aging. **Measured in 0.1 N NaCl.
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Fig. 5. Rate of scission production in untreated and
calcium-treated photo-oxidized filter paper aged at 90°C,
50% RH.

contact with a fairly strong alkali, there is still only a
modest amount of deterioration.

3.2.2 Treatment with Calcium Hydroxide
The results of the treatment of photo-oxidized
paper sheets with calcium hydroxide, and the subse-

quent thermal aging, are contained in table 3.
Although these sheets were strongly photo-oxidized,
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the short immersion in the mildly alkaline bath
caused only a modest amount of damage. There was
a small reduction in DP of about 7%, and the car-
boxyl groups increased slightly. The carbonyls were
virtually the same after the treatment, unlike the
immersion in sodium hydroxide, which decreased
their concentration.

The thermal aging results are graphed in figure
5. As with the unoxidized paper, the calcium hydrox-
ide treatment again provided an initial period of slow
degradation, but the stabilizing effect was not nearly
as long lasting as for the treated, unoxidized sheets in
figure 1. The degradation rate of the treated sheet was
much slower than the rate for the untreated, photo-
oxidized sheet for about 200 hours of accelerated
aging, after which the rates for both were about the
same. This finding is in contrast to the effect of the
calcium hydroxide treatment of the unoxidized
sheets, where there was very little degradation at all
for more than 1,000 hours of oven aging.

In figure 6 the new carbonyl groups produced
upon thermal aging are graphed versus the scissions,
and both treated and untreated samples demonstrate
degradation that is predominantly hydrolytic. The
alkaline treatment did not seem to cause more rapid
oxidation of these papers upon aging.
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Fig. 6. Carbonyl versus scission production in photo-
oxidized filter paper aged at 90°C, 50% RH.The dashed line
represents one carbonyl produced per scission. Treatments
are denoted by the same symbols as in figure 5.

From these investigations, it seems that most of
the alkaline damage to photo-oxidized cellulose
occurs during immersion in the treatment bath. Yet,
because of the increased oxidation, the sheet also
needs a stronger alkaline treatment to significantly
slow the subsequent acid hydrolysis.

3.2.3 Pretreatment with Sodium
Borohydride

The sodium borohydride treatment is designed
to protect alkali-sensitive linkages by converting the
vulnerable carbonyl groups to less reactive hydroxyls.
Yet, the borohydride solution is alkaline itself (pH =
9.5), 50 until the reduction is complete, some damage
may occur. The results of the treatment of photo-
oxidized papers, summarized in table 4, show a very
minor amount of alkaline degradation from the
borohydride immersion, as evidenced by the lower-
ing of DP by less than 5%. Along with this minor
degradation is the expected large reduction in car-

Untreated

N
T

Scissions, mmol/100g
"

SBH only

SBH + Calcium

4] 200 400 600 800
Hours at 90°C, 50% RH

Fig. 7. Rate of scission production in treated, photo-
oxidized filter paper aged at 90°C, 50% RH.

bonyl content and a very small increase in carboxyl
groups, as well as a significant degree of neutraliza-
tion. The subsequent calcium hydroxide treatment
did not cause any significant further lowering of DP
and neutralized the sample sheets a little more. None
of the treated samples were left with an alkaline
extract pH.

The thermal aging results are graphed in figure
7. The photo-oxidized but untreated sample set dete-
riorated very quickly, while the chemically reduced
papers had a relatively long period of chemical sta-
bility. Eventually, the stabilization imparted by the
reduction treatment alone seemed to run out, and
the scission rate increased as the pH fell. However,
the samples that had received the reduction treat-
ment followed by calcium hydroxide washing
demonstrated excellent chemical stability during the
entire period of accelerated aging. The stability was
far greater than the calcium hydroxide treatment
alone on the photo-oxidized sheets, shown in table 3
and figure 5. In fact, the result of the combined
borohydride-hydroxide treatment of photo-oxidized
paper was comparable to the stabilizing effect of the
calcium hydroxide treatment of unoxidized paper
shown in figure 1.

In addition to the slower reduction in DP, the
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Table 4. Thermal Aging Following One- or Two-step Treatment of Photo-oxidized Filter Paper

Hours DP Scissions* Carbonyl ACarbonyl* Carboxyl  pH** %R at
Aged mmol/100g  mmol/100g  mmol/100g meq/100g 460 nm
A. Unoxidized
0 1,138 - 0.77 - 0.52 5.8 88.0
B. Photo-oxidized, untreated
0 853 - 1.80 - 0.69 5.4 88.5
48 537 0.85 2.81 1.01 0.78 5.3 79.6
168 420 1.49 3.49 1.69 0.85 5.2 73.1
336 335 2.24 4.50 2.70 1.01 5.1 65.6
506 302 2.64 5.36 3.56 1.08 5.0 60.5
C. Photo-oxidized, borohydride treatment
0 814 - 0.65 - 0.72 6.5 89.9
48 808 0.01 0.69 0.04 0.62 6.3 85.8
168 804 0.02 0.96 0.31 0.65 6.1 84.9
336 704 0.24 1.20 0.55 0.78 59 79.6
788 444 1.26 2.79 2.14 1.32 5.4 60.8
D. Photo-oxidized, borohydride and calcium hydroxide treatments
0 799 - 0.65 - 0.61 6.8 89.7
48 838 -0.07 0.69 0.04 0.58 6.7 87.4
168 798 0 0.67 0.02 0.57 6.7 86.3
336 768 0.06 0.81 0.16 0.62 6.7 85.0
788 719 0.17 0.96 0.31 0.61 6.7 81.2

*Calculated from the start of thermal aging. **Measured in 0.1 N NaCl.

treated samples also retained their brightness upon
thermal aging for a much longer period than did the
untreated set. In figure 8, the reflectance at 460 nm is
graphed versus the hours of aging, and here the same
ranking of stability is seen: the untreated samples
quickly became tan, the reduction-only set remained
white for a brief period and then darkened at a rate
similar to that of the untreated set, and the
borohydride-hydroxide—treated samples remained
white.

After again examining the ratio of carbonyls and
scissions produced during aging (shown in figure 9),
acid hydrolysis seems to be the primary degradation
pathway here. However, for the reduction-only sam-
ples, there is a small amount of extra oxidation pro-
duced upon thermal aging, which is also indicated by
the increase in carboxyl content. The borohydride-
hydroxide—treated samples degraded so little during
the oven aging that it is difficult to determine
whether they, too, exhibit a small amount of oxida-

tive chemistry.
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3.3 EFFECT ON PHOTO-
OXIDATION

The results for unaged filter papers treated with
calcium hydroxide or chloride, then exposed to
ultraviolet-A light, are shown in table 5. The samples
treated with calcium hydroxide were somewhat neu-
tralized, whereas the chloride treatment caused only
slight neutralization. The treatments otherwise re-
sulted in only very minor changes in DP and car-
bonyl and carboxyl content.

As illustrated in figure 10, the rate of scissions
produced for the calcium hydroxide—treated samples
is about one-third that of both the untreated set and
the calcium chloride—treated set, which are virtually
identical. The other notable feature of this graph is
that the degradation rates are steady over the whole
period of exposure, unlike the thermal aging, in
which the alkali-treated sample had a period of sta-
bility followed by a gradual increasing of rate. For the
photo-oxidizing sheet, there is no evidence of a pro-
tective component being exhausted.
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SBH + Calcium
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SBH only

Untreated
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Reflectance at 460nm (%)
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Fig. 8. Darkening of treated, photo-oxidized filter paper
aged at 90°C, 50% RH.

ACarbonyl Content, mmoi/100g

0 1 1
0 1 2 3
Scissions, mmoi/100g

Fig. 9. Carbonyl versus scission production for treated,
photo-oxidized filter paper aged at 90°C, 50% RH.
Treatments are denoted by the same symbols as in figures 7
and 8.

The degradation products are graphed in figure
11, which shows a ratio of about 2.7 new carbonyl
groups produced for every scission, which has been
observed in a prior study of photo-oxidation of
untreated sheets (Whitmore and Bogaard 1994). This
product ratio is the same for both the untreated and

the treated samples, indicating that the treatments are

Ca Chloride

Untreated

Ca Hydroxide

Scissions, mmol/100g
-

0 200 400 600 800 1000 1200 1400
Hours of UV-A exposure

Fig. 10. Rate of scission production during exposure to

near-ultraviolet light of untreated filter paper and papers

treated with calcium chloride and calcium hydroxide.

ACarbonyl Content, mmol/100g

0 1 2 3
Scissions, mmol/100g

Fig. 11. Carbonyl versus scission production for treated fil-
ter paper exposed to near-ultraviolet light. The dashed line
represents one carbonyl produced per scission. Treatments
are denoted by the same symbols as in figure 10.
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Table 5. Exposure to Near-Ultraviolet Light Following Calcium Treatments of Filter Paper

Hours of DP  Scissions Carbonyl  ACarbonyl  Carboxyl pH*
Exposure mmol/100g  mmol/100g mmol/100g  meq/100g
A. Untreated (hydroxide set)
0 1,330 - 0.50 - 0.56 5.9
76 983 0.33 1.33 0.83 0.51 5.1
243 719 0.79 2.63 2.13 0.81 4.8
436 603 1.12 3.56 3.06 2.00 4.8
672 514 1.47 4.30 3.80 1.42 4.5
1,032 399 2.17 5.81 5.31 1.89 4.4
1,370 340 2.70 7.20 6.70 1.91 4.2
B. Calcium hydroxide
0 1,452 - 0.39 - 0.53 6.3
76 1,281 0.11 0.62 0.23 0.55 5.7
243 1,146 0.23 0.89 0.50 0.62 5.6
436 1,021 0.36 1.21 0.82 0.70 5.3
672 893 0.563 1.72 1.33 0.85 5.8
1,032 722 0.86 2.44 2.05 1.06 5.0
1,370 622 1.13 3.20 2.81 1.20 4.9
C. Untreated (chloride set)
0 1,288 - 0.47 - 0.54 6.1
166 867 0.47 1.80 1.33 0.35 6.0
332 692 0.82 2.26 1.79 5.5
500 611 1.06 2.98 2.561 0.46 5.4
668 541 1.32 3.31 2.84 53
1,027 440 1.85 4.17 3.70 0.64 5.1
D. Calcium chloride
0 1,273 - 0.42 - 0.51 6.2
166 906 0.39 1.68 1.26 0.42 6.1
332 706 0.78 2.36 1.94 5.8
500 616 1.03 3.15 2.73 0.53 5.6
668 503 1.48 4.10 3.68 5.5
1,027 426 1.93 4.51 4.09 0.72 5.2

*Qets A and B were measured in deionized water. Sets C and D were measured in 0.1 N NaCl.

not altering the course of the photo-oxidation of
cellulose but, in the case of the hydroxide treatment,
merely slowing it down.

4. DISCUSSION

It is evident from these results that brief contact with
very dilute calcium salt solutions is sufficient to
introduce small amounts of calcium into the paper
sheets, and in general these quantities have a benefi-
cial effect on the chemical stability of the cellulose in
the sheet. As we reported earlier (Whitmore and
Bogaard 1994), the product distribution in the ther-
mal aging of untreated filter paper is consistent with
hydrolysis being the major cellulose degradation
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chemistry, and the present study demonstrates that
the same holds true for the thermal aging of treated
sheets. The stabilizing effects of calcium washing
treatments must then derive from the effect of these
calcium salt additions on the cellulose hydrolysis
reaction.

It is well established (see, for example, Sharples
1971) that cellulose hydrolysis is an acid-catalyzed
reaction. As it is supplied, Whatman no. 42 filter paper
contains a small amount of cellulose carboxyl groups,
and the acid washing during manufacture that
removes the trace metals from the paper leaves these
carboxyl groups in their acid form (bearing an H*).
These are weak acids, so at equilibrium only a small
fraction of the carboxyls have dissociated, freeing a
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proton (H) that can act as a catalyst for the cellulose
hydrolysis. Slowing the hydrolysis reaction is most
likely achieved by reducing the amount of this free
acidity in the sheet, and this reduction is the objec-
tive of neutralizing and deacidifying treatments.

The reduction of the free acid content of the
sheet during the washing treatment involves a num-
ber of processes that can be collectively described as
ion exchange (Helfferich 1962). First, free protons
(liberated from their carboxyls) can be leached from
the paper fiber into the treatment bath. As this hap-
pens, previously undissociated carboxyl groups will
release their protons in an attempt to reestablish the
equilibrium concentration of free acid. This process
will continue until all of the bound acid has been
freed and removed into the bath. Simultaneously
with this process, cations from the treatment solution
will enter the fiber in order to maintain a charge bal-
ance with the negative charges on the dissociated
cellulose carboxyls. The rates of these ion transport
processes are increased by an increased difference
between ion concentrations in the fiber wall and the
treatment bath, and for very dilute solutions the rates
can be very slow. One can witness the slow with-
drawal of paper acidity when performing a conven-
tional cold extraction pH measurement of the paper
with deionized water: it often takes an exceedingly
long time to achieve a stable pH reading, for the
acidity is only slowly drawn out of the fibers. It is
clear that the use of very dilute conservation treat-
ment baths, while intended to avoid risks, will suffer
from the slow rates of the transport processes at these
low concentrations.

As just noted, the transport processes can be
accelerated by increasing the concentration differ-
ence between the fiber and the treatment solution.
More alkaline solutions will have much smaller H*
concentrations, and the driving force will be greater
for releasing free acids from the fiber. Of course, alka-
line solutions also may react with the paper acids
within the fibers, creating neutralization products
that may either diffuse out of the fiber or be retained
in the sheet.

Increasing the ionic strength of the solution will
also increase the rate of cation transport into the
fiber, which will displace the free acidity into the

solution more rapidly. This behavior is in fact the
rationale for the recently revised practice for measur-
ing cold extraction pH of a paper (Scallan 1990).
Instead of using deionized water for extracting the
paper acid, a relatively strong (0.1 N) solution of
sodium chloride is used. The sodium ions in this salt
bath displace the free and bound protons into the
solution, thus allowing for much faster establishment
of stable pH readings.

In the case of calcium salt treatment solutions,
one other chemical process will occur: the reaction
of calcium directly with the cellulose carboxyl
groups. Unlike ions such as sodium, calcium ions
bind relatively strongly to carboxyl anions. This char-
acteristic is the origin of the comparatively poor
water solubility of calcium salts of organic acids and
the principle underlying water-softening ion
exchange resins. In this case, the calcium cations that
are introduced into the fiber from the treatment bath
probably bind rapidly to dissociated carboxyl groups
and displace the proton from undissociated car-
boxyls, speeding the reduction of paper acidity.

Divalent cations such as calcium may also pro-
vide a secondary benefit beyond their function dur-
ing the acid transport processes. Calcium ions that
bind to carboxyl ions will have only one of their two
positive charges neutralized by the carboxyl group. In
carboxyl-rich ion exchange resins, each calcium
would bind two carboxyls, but in cellulose, even rel-
atively oxidized cellulose, it is unlikely that many car-
boxyls will be in close enough proximity to each
other for two carboxyls to bind a single calcium ion.
Consequently, it is likely that the charge balance of
the treated sheet is maintained by anions from the
treatment solution binding to the calcium-carboxyl
pairs. In this way, the treatment introduces a “reserve”
of anions—alkaline species if the treatment bath was
a solution of an alkaline calcium salt—that can act to
neutralize a small amount of additional acidity.

The experimental results presented in this study
are consistent with a description of the treatments
working in this way. Despite the low concentrations
of calcium salts and relatively brief contact times
used, the treatments seemed to deliver a measurable
small amount of calcium into the papers. However,
the presence of the calcium alone is insufficient to
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stabilize the cellulose, for the calcium chloride—treat-
ed sheet was stabilized only to a very small degree,
indicating only partial neutralization of the total
acidity in the sheet. This inference is also supported
by the pH data in table 1. The more alkaline bicar-
bonate and hydroxide treatments resulted in
increased stability of the cellulose, but the effect of
the bicarbonate treatment was not as long lasting as
the hydroxide treatment, suggesting that the neutral-
ization was more thorough in the latter. The long
period of very slow hydrolysis for the hydroxide-
treated papers is evidence of both its more efficient
neutralization and the residual alkalinity that presum-
ably accompanies calcium reaction with the car-
boxyls. Acid generation chemistries appear to be
unaffected by these treatments, since the rate of scis-
sion production in treated sheets eventually matches
that of the untreated papers. For the hydroxide-treat-
ed sheets, small “alkaline reserves,” which in this case
would be on the order of parts per million concen-
trations, are apparently sufficient to neutralize the
additional acids produced for a period of oven aging.
Hydroxide treatment of more acidic photo-oxidized
filter paper appears to demonstrate only incomplete
neutralization of paper acidity, probably due to the
treatment times being insufficient for transporting
such large amounts of material into and out of the
fibers.

The case of the borohydride-calcium hydroxide
two-step treatment is interesting because of the sig-
nificant stabilization of the treated sheet. The boro-
hydride reduction was intended primarily to reduce
carbonyl groups that could be prone to reacting with
the alkaline treatment bath, thus causing cellulose DP
lowering during the treatment. However, oxidation
on the cellulose chain is also known to increase the
rate of hydrolysis (Whitmore and Bogaard 1995),
which is why wood pulp hydrolyzes faster than cot-
ton, and chemical reduction can decrease the rate
back to that of an unoxidized cellulose (Rinby and
Marchessault 1959). The data indicate that chemical
reduction succeeded in reducing these risks of cellu-
lose damage, but the resulting very slow hydrolysis
rate is considerably lower than that of an unoxidized,
untreated paper sheet, such as was shown in figure 1.
It is possible that much of the observed effect is the
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result of contact with a high ionic strength alkaline
bath (the sodium borohydride) followed by the
exchange of residual sodium ions with calcium and
its attendant alkaline anions.

Finally, the calcium hydroxide treatment seems to
offer an unexpected additional benefit of slowing
down the photochemical deterioration of the cellu-
lose. The mechanism by which the alkaline calcium
addition interferes with this degradation is not clear.
Since calcium chloride treatments do not seem to
affect the photochemical reaction rate, it is not likely
that some purely physical effect, such as salt deposits
that might reduce oxygen availability or increase the
opacity, is at work. Some research (Arney and
Chapdelaine 1981) has shown that the rate of atmos-
pheric oxidation in a paper sheet can be slowed by
reducing its acidity, and this result may be a similar
effect. The product distributions of the untreated and
treated sheets clearly demonstrate that oxidation of
the cellulose is the dominant path for both. As was
discussed in prior work (Whitmore and Bogaard
1994), cellulose oxidation proceeds via hydrogen
atom abstraction from one of the carbon atoms on
the glucose ring, and the observed product ratios
probably reflect only the statistical nature of oxidant
attack at various ring positions. Consequently, the
observation of identical product ratios for untreated
and treated sheets indicates merely that whatever its
mode of action, the calcium addition is not affecting
the relative reactivity of any particular ring position.
Without a more detailed knowledge of the chemical
species involved in the photochemical degradation
reactions, the role of alkaline calcium salts in slowing
those reactions will remain speculative. Nevertheless,
the fact remains that the calcium hydroxide treat-
ment seems to slow the photodegradation of the cel-
lulose significantly.

5. CONCLUSIONS

The use of dilute calcium solutions in water-washing
treatments of paper sheets was examined through
both accelerated thermal aging and light exposure
and found to be generally beneficial. Risks of dam-
age to the cellulose chain caused by these treatments,
during both the immersion and the aging steps, were
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found to be small. Acid hydrolysis was determined to
be the dominant degradation process in the thermal
aging of treated sheets; therefore, the chemical stabil-
ity depended more on the alkalinity of the treatment
bath than on the presence of calcium. Eventually, the
alkaline reserve imparted by these dilute treatments
was exhausted, and the degradation rate increased.
Papers that had been photo-oxidized were harder to
stabilize than unoxidized sheets. For photo-oxidized
cellulose, use of a sodium borohydride reduction
treatment followed by an alkaline calcium wash gave
the best result, in terms of retaining both cellulose
DP and brightness. Papers treated with calcium
hydroxide showed a slower rate of photo-oxidation
when exposed to near-ultraviolet light than both un-
treated sheets and those treated with calcium
chloride.

It should be emphasized that this study examined
the chemical interactions of calcium solutions with
cellulose alone and did not look at interactions with
sizing, coatings, or fillers that are commonly found in
commercial papers. Nor were the effects on inks or
artistic media, or the physical or aesthetic changes
that can occur during treatment, examined. The
paper conservator’s experience still must be the guide
to the use of the solutions on artifacts.

APPENDIX:
EXPERIMENTAL DETAILS

The Whatman no. 42 filter paper used in most of
these tests was from two reams of large-size sheets
(58 x 68 cm) obtained in 1978, which were stored in
different environments. Consequently there is some
variation in the starting DP of the samples.
Monitoring of the changes in DP and carbonyl
groups over this storage period indicates that the
paper has deteriorated primarily by an acid hydroly-
sis mechanism; there does not appear to be oxidation
along the chain. The one exception to the use of
these two reams is in the alkaline degradation of an
unoxidized sheet, which was performed on a sheet
from a freshly obtained ream (46 x 57 cm) of
‘Whatman no. 42 that has a lower DP. Personal com-
munication with Whatman Inc. (Heilweil 2000) sug-
gests that the lower DP with this ream is a result of

natural variation in the starting materials and not any
change in the manufacturing process. Generally the
untreated and treated samples were cut from the
same sheet, with the exception of the exposure to
near-ultraviolet light. In this case the hydroxide-
treated samples came from one sheet, while the other
three sets came from another.

The treatment baths were made to 0.625 mil-
limolar in deionized water that was boiled to mini-
mize dissolved carbon dioxide. The calcium hydrox-
ide and calcium chloride solutions were prepared by
dissolution of the appropriate salt. For the calcium
bicarbonate solution, a solution of calcium hydroxide
was first prepared, and then carbon dioxide was bub-
bled through it from a reservoir of dry ice while the
pH was tracked. From published dissociation con-
stants (Butler 1964), bicarbonate formation occurs
when the pH reaches a plateau at 6.4. The bubbling
was immediately stopped at this plateau, which took
only a couple of minutes to reach. The pH of the cal-
cium hydroxide treatment solution was 10.4, and the
pH of the chloride treatment solution was 6.2. The
calcium hydroxide treatments of unoxidized samples
before accelerated thermal aging and near-ultraviolet
exposure were carried out under a nitrogen atmos-
phere in order to avoid interference from carbon
dioxide with the treatment solution. Treated sheets
were then dried in the open air. The other treatments
were handled completely in the open air. Treated
sheets were held at room temperature for at least five
days before analyses and aging.

Calcium content of the sheets was determined
by inductively coupled plasma atomic absorption
spectroscopy (ICP-AA) and is expressed in ppm by
weight, which is equivalent to mg/kg. ICP-AA is a
precise technique; when replicate measurements
were made, they varied by less than 10%. However,
the natural variation between sample sheets and in
their pickup of calcium during treatment was greater
than the precision of the technique. Untreated filter
paper varied in calcium content from 13 to 71 ppm.
The treated sheets that were used varied from 190 to
230 ppm.These results were used primarily to assem-
ble sample sets of equal calcium loading prior to
accelerated aging.

Alkaline degradation was carried out in 1 N
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sodium hydroxide having a pH of 12.9. Photo-
oxidized sheets used in alkaline degradation were
exposed for 1,536 hours to daylight fluorescent
lamps. Other photo-oxidation pretreatments were
carried out by exposure for 164 or 168 hours to
ultraviolet-A lamps. Lamps used for accelerated light
aging were either the Q-Panel UVA-351 for near-
ultraviolet exposure or the Sylvania F48T12/D/HO
for daylight fluorescent. During exposure, the sheets
were held 4 in. from the light source. At this distance,
radiometer measurements show that the daylight flu-
orescent lamps produced about 1,800 footcandles,
while the ultraviolet-A lamps produced approxi-
mately 6 milliwatts/cm? intensity in the 300—400 nm
wavelength range.

The procedure for reduction of photo-oxidized
samples was to immerse the sheets in 1% sodium
borohydride (pH 9.5) for 15 minutes, a period
expected to be sufficient to reduce carbonyl groups
on the chain but to have little effect on the more
slowly reacting reducing ends of the cellulose poly-
mer. The immersion was followed by thorough rins-
ing and overnight drying prior to the calcium
hydroxide treatment.

Viscometric degree of polymerization of the
samples was determined by the standard method
(ASTM 1962) in a solution of 0.5 M cupriethylene-
diamine, following overnight treatment in
unbuffered 0.01 M sodium borohydride to stabilize
the alkali-sensitive linkages. Scissions can be derived
from this DP by first converting it to the number-
average degree of polymerization and then calculat-
ing the concentration of chains. Expressing the num-
ber of chains in the same concentration units
(mmol/100g) as the carbonyl and carboxyl analyses,
and incorporating the ratio of DP,/DP, for this cel-
lulose-solvent system, the concentration of chains is
then equal to 1235/DP,. The difference in the con-
centrations of chains between unaged and aged sam-
ples gives the concentration of scissions that have
occurred. These calculations assume random chain
breaking is occurring and therefore are not valid for
endwise peeling reactions, and they also become less
accurate as the leveling-off DP is approached. For a
more detailed explanation of these calculations, see
Whitmore and Bogaard (1994). The precision of the
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viscosity measurements is such that changes in scis-
sions of more than 0.1 unit are considered significant.

Carbonyl contents were assayed using the
hydrazine method (Albertsson and Samuelson 1962);
reported values are the average of two duplicate
measurements. The duplicate measurements increase
the precision of this technique to approximately plus
or minus 10% of the value. Carboxyl contents were
determined using the standard methylene blue test
(ASTM 1963); even without duplicates this tech-
nique is precise to about plus or minus 10% of the
value. The methylene blue carboxyl test is, however,
unable to detect carboxyls that form on soluble frag-
degraded
Measurements of the cold extraction pH initially fol-
lowed the standard method (TAPPI 1988), using
degassed, deionized water; later, the modification

ments of the cellulose  polymer.

proposed by Scallan (1990), using a 0.1 N solution of
sodium chloride in degassed, deionized water, was
adopted.
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SOURCES OF MATERIALS

Cupriethylenediamine
GFS Chemicals Inc.
P.O. Box 245
Powell, Ohio 43065
(800) 858-9682

www.gfschemicals.com

Lab supplies; Whatman no. 42 filter paper (large
sheets)

Fisher Scientific Co.

585 Alpha Dr.

Pittsburgh, Pa. 15238

(800) 766-7000

www.fishersci.com

Other chemicals
Aldrich
P.O. Box 2060
Milwaukee, Wis. 53201
(800) 771-6737

www.sigma-aldrich.com

Spectrophotometer (Color-Eye Model 7000)
Macbeth Division
Kollmorgen Instruments Corp.
405 Little Britain Rd.
New Windsor, N.Y. 12553

Temperature and humidity chamber
Blue M Electric
2218 W. 138th St.
Blue Island, I1l. 60406
(708) 385-9000

Daylight fluorescent lamps (F48T12/D/HO)
Grainger Industrial Supply
Local branches nationwide
1-800-CALL-WWG
WWWw.grainger.com
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UV-A fluorescent lamps (UVA-351)
Q-Panel Corp.
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