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 ABSTRACT-The effects of aqueous light bleaching

 of a naturally aged, 100% cotton rag, gelatin-sized

 paper on the subsequent aging of that paper have

 been investigated. Effects of exposure to various con-

 trol conditions were compared with those due to

 aqueous light bleaching. Physical properties of all

 papers were monitored by measurement of surface

 pH, optical properties, stress-strain tensile behavior,

 and presence of sizing. Measurements were made

 before and after treatments and after artificial aging at

 90*C and 50% RH for 20 days. An unsized filter

 paper, made from 100% cotton fibers, was exposed to

 identical conditions, and the same properties were

 measured. For the gelatin-sized paper, aqueous light

 bleaching resulted in less color reversion after artificial

 aging than did exposure to any of the control condi-

 tions. However, the sized paper specimens exhibited

 significant change in tensile properties. Similar

 responses were also observed in controls that were

 immersed in the dark. The changes noted are likely

 to be attributable to immersion temperature. All

 paper specimens were significantly embrittled by ar-

 tificial aging. The changes in tensile properties of

 both types of papers upon aging did not appear to be

 influenced by exposure to light during the bleaching

 procedure.

 1. INTRODUCTION

 The technique of aqueous light bleaching to
 diminish stains in paper was first brought to the

 attention of paper conservators in 1980 by
 Keyes at the International Conference on Con-

 servation of Library and Archive Materials and

 the Graphic Arts in Cambridge, England.
 Simply stated, the technique utilizes exposure to

 light from the sun (e.g., van der Reyden 1981;

 Eldridge 1982) or an artificial light source such

 as fluorescent lamps (e.g., Branchick et al. 1982;

 Baker 1986), preferably with far ultraviolet
 radiation removed by filtration, to reduce dis-

 coloration in paper while the paper is sub-
 merged in a bath of purified and buffered water.

 Many variations in the procedure have been
 used, such as the "moisturizing sandwich"
 (Keyes 1980). However, specific requirements
 for successful application of aqueous light
 bleaching have been found to be: prebathing
 the object, using a buffered or slightly alkaline

 immersion solution, and restricting treatment to

 low lignin content paper. Because the proce-
 dure is straightforward and an effective tool,

 many paper conservators have incorporated it

 into their stain removal repertoire. Their
 reasons for using this bleaching method are
 many: (1) It is relatively easy to control; (2) the

 color of the paper is quite natural after treat-

 ment, as opposed to the sometimes overly
 bright white of chemical bleaching; (3) the
 paper feels stronger afterward; and (4) the pro-
 cedure avoids the introduction of another ex-

 traneous chemical into an already degraded
 paper.

 The chromophores in discolored paper may
 be degradation products of cellulose or sizing, or

 they may have been formed by interactions
 among these chemicals or between them and
 other inclusions or impurities in the paper, such
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 as metal ions or lignins (Feller et al. 1982).
 When an immersed paper object is bleached by

 light, the chromophores are altered to colorless

 products that may or may not be removed from

 the paper, depending on details of the treatment

 procedures and on whether the products are still

 covalently bound to polymeric material (Burgess

 1988). The bleaching reactions proceed via ab-

 sorption of light energy by a chromophore,
 which is then converted to a reactive peroxide

 or free radical (Phillips 1985). These substances

 in turn cause a chemical change, usually an
 oxidation process. In this respect aqueous light

 bleaching is hot fundamentally different from

 chemical bleaching. However, the former has
 the advantages that no extraneous chemical
 reagent is added to the paper and that excess
 reagent need not be removed to stop the
 bleaching reaction. It is thus more easily con-
 trolled.

 The possible disadvantages of aqueous light

 bleaching, which are similar to some of those
 incurred with other bleaching treatments, are

 that the absorbed light energy may: (1) cause

 formation of colored products in the com-
 ponents of the paper; (2) catalyze formation of
 colorless degradation products in the exposed
 paper, which may degrade further to colored
 compounds upon subsequent aging (Burgess
 1980); and (3) induce degradation of the paper

 compounds, which could result in changes in
 mechanical properties.

 Several investigators have addressed the
 above-mentioned possibilities, studying the im-

 mediate effects of aqueous light bleaching on

 the properties of various new and old papers.
 The surface strength of some papers appears to
 be increased (van der Reyden 1981), while the
 tensile strength appears to remain unchanged
 (van der Reyden et al. 1988); colored substances

 will appear in some types of papers (Savard
 1986); increased efficiency of the treatment may

 or may not be related to an increase of the pH
 of the solution (Eldridge 1982); and changes in

 degree of polymerization (DP) of cellulose after

 treatment appear to be indetectable (LePage and
 Perron 1986; Lee et al. n.d.).

 The effects of the aqueous light bleaching
 treatment on the subsequent aging of paper
 have received less attention (Savard 1986;
 Lienardy and van Damme 1989; Hofmann et al.
 1991; Flieder et al. 1991; Lee et al. n.d.). Color

 reversion will occur, but the extent of this
 reversion compared to that of aged, unbleached

 control papers has not always been quantified.

 The mechanical properties of treated, aged
 papers have received little unequivocal
 documentation. Few studies have included

 aged papers likely to have been used by artists,

 such as the 1956 protein-sized cotton paper
 used in this study.

 An earlier study performed at the Conserva-

 tion Analytical Laboratory, Smithsonian Institu-

 tion (CAL) was undertaken to determine to
 what extent various aspects of an aqueous light-

 bleaching treatment would affect the color and

 tensile properties of certain papers (van der
 Reyden et al. 1988). In these experiments a
 naturally aged, mixed pulp, alum rosin-sized
 paper and unsized mixed pulp and cotton linter

 papers were aqueously light bleached or sub-
 jected to various control conditions (e.g., dark
 immersed or exposed to light while dry) for up
 to 96 hours in a Weather-ometer. Measure-

 ments of paper color before and after treatments

 showed that the aqueous light bleaching condi-
 tions were by far the most effective in removing

 discoloration from the mixed pulp papers and

 that the greatest decrease in discoloration oc-
 curred in the first 2 hours under these ex-

 perimental conditions. Interestingly, neither
 aqueous light bleaching nor dark immersion,
 even at the elevated temperatures reached in the

 Weather-ometer, had a significant effect on
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 Fig. 1. Flow
 chart showing
 different

 experimental
 conditions to

 which papers
 were exposed
 during the
 course of the

 experiment

 Sample as received .
 wash (3 hr. dil. Ca(OH)2, pH 9.5)

 (washed control)
 Weather-ometer weather-om etr

 A 0 A A@ AO A 0 * 0 A A* 0

 age ae age age ageage ageage age ageage age ageage ageage

 analyze analyze analyze analyze analyze
 - Untreated control A Dark, dry control 0 Light, wet sample

 (dark, dry) 0 Dark, wet control (aqueously light
 A Light, dry control bleached)

 either the ultimate strengths or the strain to

 break of the mixed pulp test papers when com-

 pared to washed controls that were not exposed

 to any of the Weather-ometer conditions. A
 recent investigation of the properties of these

 papers upon subsequent aging has been reported

 separately (Schaeffer et al. 1991).

 The aqueous light bleaching research project
 at CAL has now been extended to include a

 study of the effects of accelerated aging on color

 and tensile properties of two papers that repre-

 sent a modem control paper and a naturally
 aged artists' paper. As in the previous study, the

 papers were aqueously light bleached, or sub-
 jected to various control conditions, in the
 Weather-ometer (fig. 1). Physical and chemical
 properties were monitored before and after the

 exposures and after artificial, humid oven, aging.

 The results of this study, indicate that
 aqueous light bleaching is an effective method
 for decreasing discoloration in the papers used

 and also that less color reversion occurs upon
 artificial aging of samples which received the

 aqueous light-bleaching treatment as compared
 to papers subjected to various control condi-

 tions. However, potentially disadvantageous al-
 terations in other properties of the papers did

 occur. These changes did not appear to be
 directly attributable to light exposure, although

 they suggest that further detailed study of the
 conditions for treatment should be undertaken

 before aqueous light bleaching can be employed

 without reservation as a conservation technique.

 2. MATERIALS AND METHODS

 2.1 PAPERS

 The papers used in this study were:

 1. Whatman 1 (hereafter W1) filter paper,
 manufactured from 100% cotton seed hairs

 without sizing, used as an appropriate unsized

 control. An analysis of this paper was
 reported previously (van der Reyden et al.
 1988).

 2. English artists' rag paper bearing the water-
 mark "J. Whatman 1956" (hereafter W56),
 made of 100% cotton rag sized with alum and
 gelatin.1

 Analytical procedures, including spot tests,
 optical and scanning electron microscopy
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 (SEM), energy-dispersive x-ray analysis (EDX),
 and Fourier transform infrared spectrometry
 (FTIR), were used to assess the overall chemical

 composition and condition of the paper
 specimens and to monitor changes in these
 properties. Not all the tests were applied to all
 paper specimens at each stage of the experi-
 ment, especially in the case of the W1 unsized

 control paper. Details of these procedures are

 given in the appendix.

 The information obtained from analyses of

 W1 and W56 papers "as received" (untreated)
 and after washing confirmed the manufacturer's

 specifications.

 Elemental analysis of the untreated W56
 paper by EDX documented the presence of
 aluminum and sulfur. After washing, the
 presence of these elements was barely detec-
 table. The observations are consistent with

 removal of a major portion of the alum and
 other aluminum salts during the washing step.

 Scanning electron micrographs of washed
 papers showed a significant increase in the cross-
 sectional area of most fiber lumens. Greater

 variation in interfiber spaces was also evident.
 Both these observations may be related to the
 ca. 15% increase observed in nominal thickness

 of the washed W56 paper, from 0.0165 +
 0.0007 cm before to 0.0196 ? 0.0005 cm after

 washing (n = 5).

 2.2 EXPERIMENTAL DESIGN

 All the W1 and W56 papers were handled as

 works of art on paper would be, with the addi-

 tional precaution that plastic gloves were always
 worn when the papers had to be manipulated by

 hand. The overall experimental protocol is
 diagrammed in figure 1. Details of the proce-
 dures are given in the appendix.

 2.2.1 Washing and paper preparation

 A piece of each paper was reserved as an
 untreated control. Other sheets of the W56 and

 W1 papers were washed by soaking them in-
 dividually in a Ca(OH)2 solution, initial pH 9.5,

 and then drying them between blotters, felts,
 and Plexiglas under weight. This preliminary
 step was undertaken to simulate the usual con-

 servation procedure of washing a discolored
 paper object in an alkaline bath before bleaching

 as well as to provide washed controls to isolate
 the effects of alkaline water alone. The un-

 treated papers and the washed papers were cut

 into specimens of appropriate size for exposure

 to aqueous light bleaching or the other, control,
 conditions described below.

 2.2.2 Aqueous light bleaching and control ex-
 posure conditions

 Aqueous light bleaching was carried out in an
 Atlas Ci35 Weather-ometer, with each in-
 dividual paper specimen suspended in a 600 ml

 flat-sided polystyrene culture bottle as described

 previously (van der Reyden et al. 1988). Thirty
 such bottles could be placed in the Weather-
 ometer chamber at one time, permitting 15
 specimens of W1 paper and 15 specimens of
 W56 paper to be exposed simultaneously. In
 practice, 3 specimens of each paper were ex-
 posed to the same conditions, but for three dif-

 ferent time periods: 2, 6, or 24 hours. Thus,
 five different experimental conditions were used

 for each of the two papers (see fig. 1). These
 were: (1) unwashed control paper, kept dry in
 the dark; (2) washed control paper kept dry in

 the dark; (3) washed control paper immersed in

 Ca(OH)2, initial pH 9.5, in the dark; (4) washed

 control paper kept dry and exposed to light; and

 (5) washed sample paper immersed in Ca(OH)2,
 initial pH 9.5, and exposed to light, which is
 equivalent to aqueous light bleaching. All dark
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 controls were in bottles that had been wrapped

 securely in heavy-duty aluminum foil.

 One specimen of each paper subjected to
 each experimental condition was removed from
 the Weather-ometer in its bottle after each of

 the specified exposure times. The immersed
 papers were blotted and dried in a felt and
 Plexiglas press under weight. After the incuba-

 tions the pH of all-and the temperatures and
 protein content of some-immersion solutions

 was measured. Details of these procedures are
 included in the appendix.

 The entire experiment was performed twice.

 2.2.3 Artificial aging

 All papers that had been in the Weather-
 ometer were cut in half One set of these halves

 was reserved for analysis. The other set was
 sewn into Plexiglas frames for humid oven
 aging. They were artificially aged for 20 days
 in the dark at 90'C and 50% RH in an As-

 sociated Environmental Systems HK-4116
 temperature-humidity chamber. These condi-

 tions have been used previously for artificial
 aging studies (Lee et al. 1989b; Erhardt et al.
 1987). Washed papers that had not been in the

 Weather-ometer were aged at the same time.

 Aged papers were subsequently analyzed using
 the same procedures as those applied to the un-

 aged portions of each specimen.

 2.3 EVALUATION OF EFFECTS OF
 TREATMENTS AND AGING ON PAPER
 PROPERTIES

 In addition to the qualitative chemical
 analyses described in section 2.1, each paper
 specimen was characterized physically by surface

 pH, colorimetry, and relaxation tensometry.
 Experimental details of these analytical proce-
 dures are provided in the appendix.

 In this study, changes in surface pH have
 been regarded as a qualitative indicator of chan-

 ges in the acidity of the paper. Because of the

 recognized inaccuracy of the measurement, only

 changes of at least one-half pH unit are con-
 sidered significant.

 Colorimetry was used as a quantitative, ob-

 jective measure of paper appearance. Reflec-
 tances throughout the visible range were
 recorded, and CIE L*a*b* values were

 generated from these. Comparisons of these
 values for different specimens will indicate not

 only changes in lightness-darkness, but also
 shifts in red-green and yellow-blue color coor-

 dinates.2 The CIE L*a*b* data for all papers
 are given in tables 1 and 3.

 Tensile data obtained with sensitive relaxa-

 tion tensometers were used to monitor

 mechanical properties of the papers before and
 after treatments and artificial aging. To use
 these data, nominal stress (force on the paper

 strip divided by cross-sectional area of the strip)

 was plotted as a function of strain (percent
 change in length). In these graphs, the relative

 strength of the paper is indicated by the stress

 withstood at a given strain; the slope of the
 curve is an indication of the stiffness; and

 decreased strain at failure implies increased brit-

 tleness of the paper. A summary of tensile data
 for all papers (ultimate stresses and strains to

 break) is presented in tables 2 and 4.

 3. RESULTS

 3.1 WHATMAN 1 (UNSIZED CONTROL
 PAPER)

 3.1.1 Morphological and chemical charac-
 terization

 The thickness of W1 paper was not significantly
 changed by washing, by aqueous light bleach-
 ing, or by incubation under any of the other
 conditions to which it was subjected.

 Some treated papers that had been used for

 measurement of tensile properties were also ex-
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 TABLE 1

 COLORIMETRIC DATA FOR WHATMAN 1 PAPER

 CIE L*a*b* values for samples before and after treatments. Each entry is the average
 ? SD for triplicate measurements (on three different areas) of recto and verso sides,

 for duplicate paper samples.

 BEFORE WEATHER-OMETER INCUBATIONS

 SAMPLE L* a* b*

 As received 95.77 ? 0.04 -0.28 ? 0.01 1.43 ? 0.01

 Washed 95.75 ? 0.02 -0.26 ? 0.00 1.25 ? 0.00

 WASHED SAMPLES, AFTER, WEATHER-OMETER

 TIME L* a* b* L* a* b*

 DARK, IMMERSED LIGHT, IMMERSED1
 2 h 95.72 ? 0.03 -0.28 ? 0.01 1.17 ? 0.00 95.80 ? 0.02 -0.27 ? 0.01 1.04 ? 0.01

 6 h 95.67 ? 0.05 -0.28 ? 0.01 1.16 ? 0.02 95.82 ? 0.05 -0.26 ? 0.01 0.97 ? 0.01
 24 h 95.74 ? 0.02 -0.28 ? 0.00 1.16 + 0.01 95.89 ? 0.04 -0.25 ? 0.01 0.89 ? 0.02

 DARK, DRY LIGHT, DRY

 2 h 95.74 ? 0.03 -0.28 ? 0.00 1.23 ? 0.02 95.77 ? 0.01 -0.27 ? 0.00 1.15 ? 0.00
 6 h 95.73 ? 0.05 -0.28 ? 0.01 1.21 ? 0.01 95.81 ? 0.06 -0.27 ? 0.00 1.12 ? 0.01
 24 h 95.71 ? 0.03 -0.28 ? 0.00 1.20 ? 0.01 95.77 ? 0.02 -0.29 ? 0.00 1.12 ? 0.02

 WASHED SAMPLES, AFTER WEATHER-OMETER AND ARTIFICIAL AGING2
 DARK, IMMERSED LIGHT, IMMERSED'

 2 h 95.14 ? 0.01 -0.25 ? 0.00 2.68 ? 0.03 95.24 ? 0.03 -0.28 ? 0.02 2.58 ? 0.05

 6 h 95.14 ? 0.03 -0.25 ? 0.00 2.76 ? 0.04 95.11 ? 0.12 -0.27 ? 0.02 2.61 ? 0.16
 24 h 95.12 ? 0.01 -0.25 ? 0.01 2.76 ? 0.04 95.21 ? 0.05 -0.24 ? 0.03 2.63 ? 0.13

 DARK, DRY LIGHT, DRY
 2 h 95.25 ? 0.05 -0.28 ? 0.01 2.72 ? 0.03 95.02 ? 0.12 -0.24 ? 0.01 2.88 ? 0.06

 6_ h 95.22 ? 0.01 -0.29 ? 0.00 2.74 ? 0.01 94.43 ? 0.01 -0.21 ? 0.01 3.18 ? 0.04
 24 h 95.23 ? 0.02 -0.28 ? 0.00 2.69 ? 0.02 94.38 ? 0.10 -0.07 ? 0.04 4.12 ? 0.20

 AS RECEIVED SAMPLES, AFTER WEATHER-OMETER (DARK, DRY)
 BEFORE AGING AFTER AGING

 2 h 95.69 ? 0.02 -0.30 ? 0.01 1.36 ? 0.01 94.97 ? 0.02 -0.22 ? 0.00 3.15 ? 0.01
 6 h 95.72 0.02 -0.30? 0.01 1.37 ? 0.01 94.93 ? 0.06 -0.22? 0.01 3.16 0.02

 24 h 95.69 ? 0.02 -0.30 ? 0.01 1.36 ? 0.03 94.97 ? 0.01 -0.22 ? 0.00 3.18 ? 0.07

 1. Conditions equivalent to aqueous light bleaching; immersion in Ca(OH)2, initial pH 9.5
 2. 20 days at 90?C and 50% relative humidity in the dark
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 TABLE 2

 ULTIMATE STRESS AND MAXIMUM STRAIN SUSTAINED BY
 WHATMAN 1 SAMPLES

 Data are averages ? SD of triplicate measurements for each sample.

 BEFORE WEATHER-OMETER TREATMENTS

 SAMPLE ULTIMATE STRESS, LBS/IN2 MAXIMUM STRAIN,%
 As received 1580 ? 70 1.90 ? 0.20

 Washed 1500 ? 90 2.50 ? 0.20
 WASHED SAMPLES, AFTER WEATHER-OMETER TREATMENTS

 BEFORE ARTIFICAL AGING AFTER ARTIFICIAL AGING
 CONDITIONS TIME ULT. STRESS MAX. STRAIN ULT. STRESS MAX. STRAIN
 Dark, Dry 2 h 1470? 50 2.53 ? 0.27 1340? 30 1.80? 0.13

 6 h 1410?50 2.26 ? 0.05 1260? 10 1.85 ? 0.04
 24 h 1440? 30 2.58 ? 0.09 1310? 40 1.94 ? 0.06

 Dark, Immersed 2 h 1290? 20 2.55 ? 0.14 1200? 40 1.73 ? 0.21

 6 h 1330? 30 2.66 + 0.19 1230? 30 1.89? 0.05
 24 h 1250? 30 2.16 ? 0.19 1181? 60 1.80? 0.19

 Light, Immersed 2 h 1330? 50 2.54 ? 0.24 1270? 50 1.95 ? 0.10

 6 h 1230 ? 50 2.18 ? 0.03 1220? 30 1.66 ? 0.04
 24 h 1280? 20 2.07 ? 0.11 1220 ? 20 1.63 ? 0.23

 Light, Dry 2 h 1350? 20 2.10 ? 0.14 1410? 50 1.82 ? 0.04
 6 h 1280 ? 60 2.35 + 0.17 1250? 20 1.68? 0.10
 24 h 1360 ? 10 2.41 ? 0.10 1300? 70 1.81 ? 0.13

 SAMPLES AS RECEIVED, AFTER WEATHER-OMETER TREATMENTS

 Dark, Dry 2 h 1410? 10 1.53 ? 0.06 1370 ? 20 1.41 ? 0.21
 6 h 1460 ? 30 1.50 ? 0.05 1380 ? 40 1.57 ? 0.20
 24 h 1550? 20 1.59 ? 0.05 1490? 50 1.60? 0.12
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 TABLE 3

 COLORIMETRIC DATA FOR WHATMAN 1956 PAPER

 CIE L*a*b* values for samples before and after treatments. Each entry is the average ? SD for
 triplicate measurements (on three different areas) of recto and verso sides,

 for duplicate paper samples.

 BEFORE WEATHER-OMETER INCUBATIONS

 SAMPLE L* a* b*

 As received 94.09 ? 0.02 -0.68 ? 0.02 7.49 ? 0.17
 Washed 94.46 ? 0.08 -0.55 ? 0.02 6.52 ? 0.17

 Washed and aged 92.30 0.03 0.20 0.03 12.51 ? 0.24
 WASHED SAMPLES, AFTER WEATHER-OMETER INCUBATIONS

 TIME L* a* b* L* a* b*

 DARK, IMMERSED LIGHT, IMMERSED1
 2 h 94.94 ? 0.16 -0.48 ? 0.02 5.43 ? 0.38 95.65 ? 0.04 -0.53 ? 0.03 3.75 ? 0.17

 6 h 95.42 ? 0.01 -0.44 ? 0.01 4.51 ? 0.08 95.97 ? 0.07 -0.42 ? 0.01 2.65 ? 0.06
 24 h 95.48 ? 0.01 -0.44 ? 0.01 4.31 ? 0.08 96.20 ? 0.10 -0.33 ? 0.01 1.78 + 0.08

 DARK, DRY LIGHT, DRY

 2 h 94.58 ? 0.05 -0.53 ? 0.03 6.20? 0.17 94.73 ? 0.04 -0.47 ? 0.01 5.51 ? 0.05
 6 h 94.47 ? 0.04 -0.54 ? 0.03 6.34 ? 0.16 94.92 ? 0.05 -0.48 ? 0.01 5.02 ? 0.05

 24 h 94.57 ? 0.03 -0.53 ? 0.02 6.28 ? 0.14 95.04 ? 0.07 -0.54 ? 0.03 4.66 ? 0.18

 WASHED SAMPLES, AFTER WEATHER-OMETER INCUBATIONS AND ARTIFICIAL AGING
 DARK, IMMERSED LIGHT, IMMERSED1

 2 h 93.27 ? 0.03 -0.03 ? 0.02 10.80 ? 0.19 93.89 ? 0.05 -0.15 ? 0.02 9.59 ? 0.18
 6 h 93.65?0.12 -0.04 ? 0.02 9.52 ? 0.12 94.06? 0.06 -0.11? 0.04 9.13 0.12
 24 h 93.80 0.15 -0.09? 0.01 9.07 ? 0.08 94.60 ? 0.02 -0.27 ? 0.02 7.90 0.12

 DARK, DRY LIGHT, DRY2
 2 h 92.59 ? 0.08 0.18 ? 0.02 12.16 ? 0.19 92.26 ? 0.07 0.32 ? 0.03 12.73 ? 0.01r

 12.24 ? 0.06v

 6 h 92.60 ? 0.03 0.13 ? 0.04 12.09 ? 0.16 92.07 ? 0.14 0.36 ? 0.05 13.05 ? 0.14r
 12.44 ? 0.23v

 24 h 92.56 ? 0.03 0.21 ? 0.03 12.11 ? 0.05 91.95 ? 0.11 0.49 ? 0.06 13.53 ? 0.18r
 13.12 ? 0.21v

 AS RECEIVED SAMPLES, AFTER WEATHER-OMETER (DARK, DRY)
 BEFORE AGING AFTER AGING

 2 h 94.37 ? 0.08 -0.60 ? 0.02 6.77 ? 0.11 90.94 ? 0.23 0.97 ? 0.07 14.11 ? 0.22
 6 h 94.37 ? 0.08 -0.61 ? 0.02 6.83 ? 0.21 90.73 ? 0.10 1.01 ? 0.05 14.63 ? 0.26

 24 h 94.44 ? 0.05 -0.61 ? 0.01 6.83? 0.19 91.06 ? 0.05 0.94 ? 0.03 14.10 ? 0.11

 1. Conditions equivalent to aqueous light bleaching; immersion in Ca(OH)2, inital pH 9.5
 2. Only case in which a significant difference between recto and verso was observed
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 TABLE 4

 ULTIMATE STRESS AND MAXIMUM STRAIN SUSTAINED BY
 WHATMAN 1956 SAMPLES

 Data are averages ? SD of triplicate measurements for each sample.
 The two sets of data for each condition of treatment were obtained in two separate experiments.

 BEFORE WEATHER-OMETER TREATMENTS

 BEFORE ARTIFICIAL AGING AFTER ARTIFICIAL AGING
 SAMPLE ULT. STRESS, MAX. STRAIN, % ULT. STRESS MAX. STRAIN

 LBS/IN2

 As Received 6660 ? 110 4.46 0.31

 Washed 5910 ? 160 4.74 0.16 5590 ? 140 3.04 ? 0.27

 WASHED SAMPLES, AFTER WEATHER-OMETER TREATMENTS

 BEFORE ARTIFICIAL AGING AFTER ARTIFICIAL AGING
 CONDITIONS TIME ULT. STRESS MAX. STRAIN ULT. STRESS MAX. STRAIN
 Dark, Dry 2 h 5500 ? 300 4.95 0.23 5600 ? 60 3.47 ? 0.12

 6000 ? 190 4.54 0.42 5350 ? 200 3.37 0.47

 6 h 5690?:70 4.85 ? 0.14 4360? 140 4.38 0.02
 5560 ? 150 4.63 ? 0.27 5520 ? 200 3.64 ? 0.15

 24 h 5770?+250 4.63 ? 0.34 5410? 170 3.33 ? 0.27
 5780 270 4.87 ? 0.12 5250 ? 230 3.59 ? 0.50

 Dark, Immersed 2 h 3590 ? 170 4.50 ? 0.12 3490 ? 50 3.24 ? 0.12
 6 h 2960 ? 200 3.27 ? 0.16 3060 ? 80 2.68 0.08

 3040 ? 140 3.42 ? 0.54 3090 ? 110 2.88 ? 0.24
 24 h 2700? 60 3.56 ? 0.37 2660? 70 2.64 0.21

 2820? 190 3.31 ? 0.27 2640? ?70 2.69? 0.18
 Light, 2 h 3360 ? 270 3.40 ? 0.50 3380 ? 70 2.98 ? 0.14
 Immersed 3270 ? 80 3.71 ? 0.33 3360 ? 170 2.91 ? 0.29

 6 h 2930? ?80 3.40 ? 0.20 2950? 50 2.53 ? 0.12
 3170? 80 3.26 ? 0.11 2810? 60 2.86 ? 0.08

 24 h 2790? 80 2.96 ? 0.19 2700? 90 2.35 ? 0.14
 2780 ? 100 3.00 ? 0.26 2650 ? 90 2.50 ? 0.33

 Light, Dry 2 h 5840 ? 180 4.50 ? 0.16 5400 ? 180 3.12 ? 0.07
 5790 ?260 4.51 ? 0.24 5410? 280 3.10? 0.22

 6 h 5940?-250 4.70? ?0.17 5450? 170 3.32? ?0.16
 6210 ? 270 4.66 ? 0.29 5540 ? 120 3.39 ? 0.28

 24 h 5920 ? 200 4.64 ? 0.08 5150 ? 10 3.24 ? 0.26
 _ 5560 ? 170 4.45? 0.06 5160? 140 3.21? 0.28

 SAMPLE AS RECEIVED, AFTER WEATHER-OMETER TREATMENTS

 Dark, Dry 2h 6220?220 4.61?0.19 5900? 110 3.40?-0.08
 7200 ? 40 4.46 ? 0.16 6540 ? 340 3.51 ? 0.18

 6 h 6450:? 170 4.62 ? 0.19 6030? 120 3.72? 0.18
 6750 ? 340 4.69 ? 0.39 6250 ? 60 3.49 ? 0.11

 24 h 6680 ? 430 4.55 ? 0.36 6180 ? 190 3.73? 0.07
 6800 ? 260 4.48?-0.29 6120? 310 3.34 ? 0.17
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 amined by SEM. Micrographs of the fracture
 regions of papers which had been in the
 Weather-ometer for 24 hours indicated that in-

 dividual fibers did not become brittle and shat-

 ter, even after humid oven aging at 90?C and
 50% RH for 20 days. Very few short, stubby,

 broken fiber ends were observed along the en-

 tire break in these papers, with no more appear-

 ing in the aged than in the unaged papers.

 3.1.2 Surface pH

 The pH of the untreated W1 control paper
 was 6.9 ? 0.1, and that of the washed control

 paper was pH 6.5 ? 0.1. The surface pH of the

 W1 papers was significantly decreased by
 Weather-ometer treatment, typically by 0.3 to
 0.7 units. The specimens most severely affected

 were those exposed to light while dry. The pH

 of the immersion solutions fell, as expected. All

 those that had remained in the dark fell to 6.7 +
 0.1; the immersion solutions that had been ex-

 posed to light had a pH of 6.3 ? 0.2.

 Humid oven aging lowered the surface pH of

 all specimens significantly. Least affected were

 the papers that had not been washed before
 Weather-ometer treatments. Their surface pH

 following aging was in the range 5.5-5.7. In
 contrast, the surface pH's of the washed W1
 papers were all in the range 4.7-5.1 after ex-
 posures in the Weather-ometer and artificial
 aging, regardless of the particular conditions to

 which they were exposed. The papers exposed
 to light appeared systematically to have pH's at

 the low end of this range.

 3.1.3 Colorimetry

 The colorimetry data for all W1 papers are

 presented in table 1. The untreated W1 filter
 paper did not appear discolored to the eye.
 Washing this paper did not have a significant
 effect on its appearance. Brightness and green-

 red color values were unchanged, and only a

 slight decrease in b* occurred (decrease in yel-
 low chromophores) (fig. 2). Weather-ometer
 exposures of washed specimens caused further

 slight decrease in b*, with the largest changes

 occurring in the aqueously light-bleached
 samples. The extent of this change appears to

 have been correlated to time of aqueous light
 bleaching.

 Humid oven aging caused a slight darkening

 of all the W1 papers (lower L*). Changes in the

 aqueously light bleached samples are not distin-
 guishable from those in washed controls that
 were immersed in the dark in the Weather-

 ometer (table 1). However, exposure of the
 W1 paper to light while dry resulted in sig-
 nificantly more discoloration upon subsequent

 humid oven aging (fig. 2). Increases in both red

 and yellow absorption (increases in a* and b*)
 were directly related to time of dry light ex-

 posure in the Weather-ometer (table 1).

 3.1.4 Tensile Measurements

 Washing the unsized W1 paper caused a sig-
 nificant increase in maximum strain (1.9 ? 0.2%

 vs. 2.5 ? 0.2%) but no statistically significant
 change in stiffness or ultimate stress to break.

 Immersion and/or exposure of W1 paper to
 light in the Weather-ometer caused no statisti-

 cally significant changes in stress to break (table

 2). There were no obvious systematic changes
 in brittleness due to Weather-ometer exposures.

 The averaged data (n = 3) for each of the papers

 exposed for 2 hours to each of the different
 incubation conditions are shown in figure 3.
 Aside from the obvious increase in maximum

 strain of all the washed papers, the tensile char-

 acteristics of the specimens can be seen to be
 very similar despite the disparate exposure con-

 ditions they endured.

 Artificial aging caused marked embrittlement

 but no significant changes in stress to break of

 the washed paper specimens (fig. 4). In addi-
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 Fig. 2. CIE b* values for W1
 papers treated in the Weather-
 ometer for 2, 6, and 24 hours
 under the conditions indicated,
 before and after humid oven

 aging at 90*C and 50% RH for
 20 days

 5

 4.5 -Before Aging EMAfter Aging
 0 4

 I 3-

 22.5 -
 2

 S1.5

 >1

 S0.5 -

 0 0 2 6 24 0 2 6 24 0 2 6 24 0 2 6 24
 Hours in Weather-ometer

 Experimental
 Controls: Sample:

 Untreated Washed Washed Washed

 Dark, Dry Dark, Wet Light, Dry Light, Wet

 Fig. 3. Nominal stress as a
 function of strain for W1

 papers (in the machine
 direction - MD) before
 artificial aging. The papers
 were in the Weather-ometer 2

 hours under the conditions

 indicated. The curves shown

 are averages of data from

 triplicate measurements.

 2.0

 Controls:

 * Untreated

 dry, in dark

 --" - Washed CaOH

 0 1.50 1dry, in dark
 yal@ A Washed CaOH 0 dry, in light 0

 -c
 * Washed CaOH

 .0 - --- ----- Immersed
 CaOH, in dark

 Experimental

 .) Sample:
 O0 Washed CaOH

 Immersed

 CaOH, in light

 0 0.004 0.008 0.012 0.016 0.02 0.024 0.028

 STRAIN, (IN/IN)

 Fig. 4. Nominal stress as a
 function of strain for W1

 papers (MD), treated as in
 figure 3, after artificial aging
 at 90*C and 50% relative

 humidity for 20 days. The
 papers were in the Weather-
 ometer for 2 hours. The

 curves are averages of
 triplicate measurements.

 2.0
 Controls:

 * Untreated
 dry, in dark

 A Washed CaOH

 -"1.5 -- -dry, in dark ?

 SA Washed CaOH

 0  r dry, in light
 -c

 0 Washed CaOH
 1.0 -----------Immersed
 0- CaOH, in dark

 _ Experimental
 0.5
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 0 Washed CaOH
 Immersed

 CaOH, in light

 T 0.004 0.008 0.012 0.016 0.02 0.024 0.028
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 tion, papers exposed to light did not display
 significant differences from the corresponding
 controls kept in the dark in the Weather-ometer

 (table 2, fig. 4). Thus none of the changes in
 tensile properties of W1 paper can be attributed

 unequivocally to light exposure.

 3.2 WHATMAN 1956 (ALUM- AND
 GELATIN-SIZED ARTISTS' PAPER)

 3.2.1 Morphological and chemical charac-
 terization

 All papers on which spot tests were per-
 formed gave positive results for both the alum

 and the ninhydrin protein test. However, W56
 paper that had been immersed in the Weather-

 ometer for 24 hours responded to the ninhydrin

 test with blurred spots and slower color
 development, which might be indicative of
 lesser amounts of protein present. The charac-
 teristic protein bands were still present in an

 FTIR reflectance spectrum of a paper that had
 been immersed while in the Weather-ometer.

 Loss of some protein from the W56 paper into

 the immersion solution was confirmed by
 Lowry assays of two W56 immersion solutions

 for protein, using a gelatin protein standard.

 Both a light and a dark immersion solution had

 ca 0.25-0.3 mg protein per ml of solution. This

 result corresponds to a loss of 15-18 mg of
 gelatin from the paper specimen, or about 6-8%

 of the weight of the paper before incubation in
 the Weather-ometer.

 Very low levels of aluminum were also
 detectable by EDX in the papers after they had
 been in the Weather-ometer, whether or not

 they had been immersed. This result is consis-

 tent with the positive alum spot tests obtained
 on all the differently treated papers that were
 tested.

 The thickness of the W56 paper increased by

 approximately 15% after washing, a result that

 may be due to swelling of the paper as a conse-

 quence of removal of size. Immersion during
 incubation in the Weather-ometer did not cause

 any additional change in the thickness of W56

 papers beyond that observed after the washing

 step. Artificial aging also had a negligible effect

 on paper thickness.

 3.2.2 Surface pH

 Surface pH of the untreated W56 paper was

 4.7 ? 0.1. The washing procedure raised the
 surface pH to 5.3 ? 0.1. The surface pH of the
 papers after Weather-ometer treatments did not

 significantly change. The pH of the immersion
 solutions fell about 1 unit further than the cor-

 responding W1 immersion solutions did. The
 extent of decrease was somewhat greater for the

 aqueous light-bleached samples than for those

 kept in the dark. It appeared to depend slightly

 on the length of time in the Weather-ometer.

 The surface pH of all washed, aged W56
 papers was in the range 4.5-4.7. The value ap-

 peared to be independent of type or length of

 Weather-ometer exposure. The surface pH of
 all the W56 controls aged without washing or

 without Weather-ometer exposure was
 decreased to 4.5 by humid oven aging.

 3.2.3 Colorimetry

 The CIE L*a*b* values for all the W56
 papers are summarized in table 3. The W56
 paper appeared cream colored when received.
 It was lightened slightly by washing in dilute
 Ca(OH)2, losing some red- and to a lesser ex-
 tent, yellow-absorbing material. Immersion and

 light exposure in the Weather-ometer both
 caused additional color loss and lightening of the

 papers. Aqueous light bleaching resulted in a
 synergistic effect, seen most markedly in the
 time-dependent decrease in b*. For example,
 immersion in the dark or dry light exposure for
 2 hours each caused about a 15% decrease in b*,
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 but aqueous light bleaching resulted in a lower-

 ing of b* by more than 40% (fig. 5). Thus
 aqueous light bleaching caused a reduction of
 yellow chromophores that was greater than the

 sum of those due to immersion alone or light

 exposure alone.
 Marked color reversion occurred in all W56

 papers upon humid oven aging (table 3). The
 extent of darkening and discoloration depended

 strongly on the conditions of Weather-ometer
 incubation. After artificial aging, only the
 papers that had been immersed remained sig-
 nificantly lighter than the washed control. The

 samples that were aqueously light bleached for

 24 hours were the least discolored by aging.
 Again, the changes in the amount ofyellow-ab-

 sorbing material were the most dramatic (fig. 5).
 Of all the washed, Weather-ometer-incubated

 W56 papers, those that were exposed to the
 light while dry showed the greatest color rever-

 sion. In addition, these were the only papers in
 which a statistically significant difference be-

 tween recto and verso color was observed for

 b*, and they also had markedly more red-ab-

 sorbing material. They did not, however, reach
 the extent of discoloration that the unwashed,

 untreated W56 paper did upon humid oven
 aging (table 3).

 3.2.4 Tensile measurements

 The tensile behavior of the W56 paper as
 received (untreated) and after washing is shown

 in figure 6. The washed paper appears to dis-
 play a slight decrease in stress to break, com-

 pared to the unwashed controls. However, the

 ca. 15% increase in thickness of the W56 paper

 after the washing step (see above) would con-

 tribute substantially to the apparent decrease in

 nominal stress, which is inversely proportional
 to the cross-sectional area (= width x thickness)

 of the paper strip.

 The W56 controls that were exposed to dry

 Weather-ometer conditions did not display sig-

 nificant changes in their tensile properties,

 Fig. 5. CIE b* values
 for W56 papers after 2
 hours in the Weather-

 ometer under various

 conditions, before and

 after aging

 16

 16 5 Before Aging After Aging
 14 k

 = 12 o

 >~11

 I 10

 0 9

 e6-

 5

 > 4

 2

 0

 Controls: Experimental
 Sample:

 Untreated Washed CaOH Washed CaOH Washed CaOH Washed CaOH
 dry, In dark dry, In dark dry, In light Immersed Immersed

 CaOH, in dark CaOH, In light
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 whether or not they were exposed to light
 (table 4; see also fig. 7 for 2 hour Weather-
 ometer exposures). However, those W56
 papers that were immersed while in the
 Weather-ometer registered a large decrease in
 stress to break and, in almost all cases, a con-
 comitant decrease in strain to break. The

 decrease in stress to break was independent of

 any effect due to light exposure (fig. 7). A dif-

 ference in strain to break between aqueous
 light-bleached and dark-immersed papers was

 detectable in specimens exposed for only 2
 hours; longer incubations in the Weather-
 ometer eliminated this light/dark difference.

 The role of sizing and temperature in these
 changes in tensile properties of the paper are

 considered in section 4. Humid oven aging had

 only a slight effect on the stress to break of the

 W56 papers, as indicated by there being only
 very minor changes in the shapes or initial
 slopes of the stress-strain curves. However, ar-

 tificial aging did embrittle the paper (fig. 8; see

 also fig. 7). Maximum strain at breakage was
 reduced to 70-85% of that before aging. Again,

 aqueous light bleaching did not appear to have
 any worse effect on the embrittlement due to

 artificial aging than any of the control Weather-

 ometer conditions (e.g., fig. 8).

 4. DISCUSSION

 The results of this investigation demonstrate that

 aqueous light bleaching decreases discoloration
 immediately after treatment of both the sized

 and unsized papers. In addition, the extent of
 color reversion caused by humid oven aging of

 these papers is significantly less than that caused

 by aging controls that had been exposed to light

 while dry. After aging, the aqueously light-
 bleached W56 paper remained less discolored
 than the controls that were immersed and kept

 in the dark during Weather-ometer incubation.

 The W56 cotton rag paper used in this study

 is a very strong paper that is also very defor-
 mable. Its strength is undoubtedly due in part
 to the presence of gelatin sizing.3 The disad-
 vantageous effect of the aqueous light-bleaching

 treatment for the W56 paper was the marked
 decrease in its stress to break; however, similar
 decreases occurred in controls that were im-

 mersed in the dark during Weather-ometer in-

 cubation. This result suggests that the reduction

 in stress to break was caused by immersion of

 the paper for a second time and it was not
 directly owing to a photochemical reaction.
 The removal of some of the gelatin sizing could

 have contributed to this result; the paper lost
 some of its reinforcement with the size and also

 may have swelled as a result, causing an increase

 in cross-sectional area and a subsequent apparent

 decrease in stress to break. Two factors might

 have enhanced protein solubilization during
 Weather-ometer incubation. Concomitant loss

 of alum during the washing step may have sof-

 tened the originally hardened gelatin, so that it

 was more easily dissolved out of the paper
 during the next immersion. Second, the un-
 avoidably elevated temperatures in the
 Weather-ometer chamber (see appendix) would

 have increased protein solubility. Additional
 experiments to determine the effect of tempera-

 ture on this process are under consideration. It
 should be noted that in an early study of
 aqueous light bleaching (Branchick et al. 1982),

 the samples that suffered the greatest loss of
 strength were 18th-century rag papers incubated

 at the highest temperature used in the investiga-

 tion (40.5?C).
 The reduced strain to break of the W56

 papers that were immersed during Weather-
 ometer incubation may also be due in part to

 loss of gelatin size. The difference between the
 strain to break of the 2 hour light- and dark-im-

 mersed papers could be attributable to a
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 Fig. 6. Nominal stress
 as a function of strain

 for W56 paper
 untreated (MD), and
 after preliminary

 washing in aqueous
 Ca(OH)2 solution as
 described in the text.

 Middle curves of each

 set represent averages
 of measurements on

 five and three

 specimens,
 respectively. The data
 ranges are represented

 by the outer curves.
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 Fig. 7. Nominal stress as a
 function of strain for W56

 papers (MD) after 2 hours
 in the Weather-ometer

 under the conditions

 indicated. Curves are

 averages of two sets of
 triplicate measurements.
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 Fig. 8. Nominal stress as a
 function of strain for W56

 papers (MD) after the 2 hour
 Weather-ometer

 treatments indicated and

 humid oven aging as
 described in the text. Curves

 are averages of two sets of
 triplicate measurements.
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 temperature discrepancy, since the solution ex-

 posed to light may have heated up more rapidly

 than the solution kept dark. This difference be-

 comes statistically insignificant with increase in

 immersion time (and increased solution
 temperature) and upon aging. It appears, how-

 ever, that the initial effect of exposure to light

 during immersion and the effects of prolonged

 immersion may be comparable to the effect of

 artificial aging, exhibited by reduced strain to

 break. Because this similarity is not exhibited in

 the unsized paper, the possibility of interaction

 between light and size components (such as
 alum) must also be considered. Additional in-

 vestigation of this effect is required before the

 phenomenon can be adequately explained.

 The surface pH of the W56 paper was in-
 creased slightly by washing, but it fell back ap-

 proximately to its original value upon artificial

 aging. The surface pH of the W1 paper was
 lowered slightly by the initial wash, and lowered

 much further by artificial aging. These observa-

 tions suggest that the dilute Ca(OH)2 bath did

 not adequately neutralize acidic moieties in the

 paper and did not provide a buffer reserve that

 could successfully counteract acid groups
 formed during aging.4

 The conditions to which the papers were ex-

 posed in the Weather-ometer were rather ex-

 treme. The W56 papers survived exposure to
 these conditions in surprisingly good shape.
 That the strong light itself-as distinct from im-

 mersion-was not responsible for significant
 deleterious changes in W56 papers that had
 been immersed is encouraging. Furthermore,
 no significant detrimental effect of light was dis-

 covered upon humid oven aging of the W56
 papers immersed during Weather-ometer in-
 cubation. All papers suffered color reversion
 and embrittlement, but in no case was an

 aqueously light-bleached sample significantly
 more damaged by the artificial aging process

 than the corresponding control paper that was
 kept in the dark under otherwise identical con-
 ditions.

 The results of this study indicate that aqueous

 light bleaching decreases the extent of discolora-

 tion on subsequent aging of the W56 paper,
 even for the shortest time of exposure under the

 present experimental conditions. The reduced
 color reversion in aqueously light bleached W56

 samples might be partly attributed to removal of

 gelatin size, which could discolor upon artificial

 aging. However, this loss is unlikely to account
 for all of the decreased color reversion since the

 controls immersed in the dark lost about the

 same amount of gelatin as those that were
 aqueously light bleached, yet the former
 developed significantly more yellow
 chromophores during humid oven aging than
 did the latter samples.

 It is interesting to note that the aqueously

 light-bleached W1 samples discolored the least
 after aging, discoloring less even than untreated

 papers. These results, for a paper composed
 solely of cellulose fibers, combined with the
 above results for sized W56, suggest not only

 that aqueous light bleaching removes
 chromophores from the paper directly but also

 that immersion during light exposure prevents

 colorless but potentially deleterious moieties
 from being present in the paper following that

 exposure. Whether this result is achieved by
 prevention of formation of the precursors that

 discolor upon aging or by removal of them into
 the immersion solution must be determined by
 more detailed chemical studies.

 That sizing, and the chemical composition of

 the paper fibers themselves, will have a major
 effect on the response of any paper to every step

 of the aqueous light-bleaching process cannot
 be overemphasized. For example, the above
 results demonstrate that the effects of immersion

 on naturally aged, protein-sized papers must be
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 carefully considered before the paper is washed,

 as well as reimmersed in preparation for the
 aqueous light-bleaching step (e.g. Burgess
 1985). In general, a more complete basis for
 making the decision to use aqueous light-
 bleaching is required. More research must be
 performed with careful control of as many vari-

 ables as possible. Not only must the effects of

 solution temperature, pH, and buffering agent
 be studied, but the composition of the paper
 and the nature of the chromophores responsible
 for the discoloration should also be considered

 (Lee et al. 1989a). These factors can be ex-
 pected to have a major influence on the effec-
 tiveness of the treatment.

 If loss of sizing is experimentally controlled,

 more subtle effects of light upon the mechanical

 properties of the paper may become evident.

 For documentation of these types of changes,

 chemical analyses and measurement of degree of

 polymerization are expected to be appropriate
 (Burgess 1985). It will also be desirable to use as

 a starting material a paper that is well defined

 chemically-that is, a new paper-and to dis-
 color it by preaging it artificially under control-

 led conditions before subjecting it to further
 experimentation (Hofinann et al. 1991). Once
 the effects of the aqueous light-bleaching proce-

 dure in the long as well as the short term have

 been thoroughly documented, those papers for
 which it would be an efficacious conservation

 treatment can be identified, and appropriate
 treatment conditions can be determined.
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 APPENDIX

 A. PAPER PREPARATION

 A 141? x 21 in sheet of paper was misted with

 deionized water and submerged in a bath of 21

 liters of Ca(OH)2 solution, initial pH 9.5,
 prepared by dropwise addition of a filtered,
 saturated Ca(OH)2 solution to deionized water
 until the desired pH was reached. The reverse

 osmosis water purification system at CAL con-

 sistently provides water of resistivity > 18
 Mohm-cm. After 4 hours, the paper was
 removed from the bath on polyester webbing,
 blotted between blotters, and then placed be-

 tween blotters in a felt and Plexiglas press under

 ca. 1 psi weight. The blotters were changed
 after 5, 20, 40, and 60 minutes. A final blotter

 change was made the next day. Two sheets of

 each paper were so washed. The pH of the
 bath at the end of the washing procedure was
 6.5 for the W56 paper and 7.3 for the W1.
 Each sheet of paper remained in the press 2
 weeks, when it was removed, covered with
 polyester webbing, and allowed to equilibrate in

 the laboratory atmosphere for 1 day before
 being cut into 4 x 4 V2 in specimens with the
 machine direction in the short dimension. Cot-

 ton threads were sewn into two corners about

 ?4 in from the edges, so that each paper could
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 be suspended vertically, with the machine direc-
 tion horizontal.

 Papers were suspended vertically in 600 ml

 polystyrene flat-sided culture bottles as
 described previously (van der Reyden et al.
 1988), oriented so that the felt side of the paper

 would face the light source in the Weather-
 ometer. To each flask that contained a paper to

 be immersed during Weather-ometer incuba-

 tion was added 580ml of a stock pH 9.5
 Ca(OH)2 solution prepared as above. Enough
 stock solution was prepared immediately prior

 to loading the papers to be adequate for all im-

 mersed papers in an experiment.

 B. AQUEOUS LIGHT-BLEACHING AND
 CONTROL TREATMENTS

 Irradiance in the Weather-ometer chamber

 was maintained constant at 0.35 w/m2. Quartz

 tubes were used for the water jacket, which
 serves as a cooling filter for the xenon arc lamp.

 The walls of the polystyrene culture bottles fil-
 tered out most of the ultraviolet radiation (van

 der Reyden et al. 1988). The lamp power and
 the temperature in the Weather-ometer cham-
 ber were monitored throughout the experi-
 ment. The lamp power fluctuated between 7.1

 and 7.4 kW during operation.

 To prevent fogging by water condensation
 on the bottle surfaces, the Weather-ometer was

 operated without humidity in the chamber.
 Because the instrument has no refrigeration

 unit, it was not possible to keep the chamber
 temperature at room temperature while the
 xenon arc lamp was on. Dry bulb temperature
 in the chamber rose to 39 ? 1*C within a few

 minutes of starting the lamp and stayed in that

 range throughout the experiment. Immediately

 upon removal from the chamber, the tempera-
 ture of the solutions in the bottles wrapped in

 foil were about 1"C above the temperature of
 the chamber. The temperature of the solutions

 in bottles exposed to light was 47-480C. The
 temperature inside the "dry" control bottles
 could not be measured accurately. It is assumed

 to have been approximately the same as the
 chamber temperature.

 The pH of the immersion solutions was
 measured when the solutions had cooled to ap-

 proximately room temperature. As expected,
 the pH of all immersion solutions fell during
 incubations in the Weather-ometer. One W1

 immersion solution and two W56 immersion

 solutions were assayed by a modified Lowry
 procedure to determine if protein had been
 solubilized from the W56 paper.

 The dry condition controls were placed in
 archival polyester sleeves immediately upon
 removal from the Weather-ometer and stored in

 a binder. As each immersed paper was removed

 from its bottle, it was placed on a thick blotter
 and turned over after about 1 minute. These

 papers were then placed individually between 7
 x 9 in blotters in a Plexiglas press and weighted

 under less than 1 psi. The blotters were
 changed twice at 10 minute intervals. The wet

 papers were then placed between blotters and
 felts in a larger Plexiglas sandwich and more
 heavily weighted overnight (less than 1 psi).
 The blotters were changed once the next day,

 and these papers remained in the press for 2
 weeks, after which the dry papers were trans-

 ferred to polyester webbing, covered with a
 fresh blotter, and allowed to equilibrate with the

 laboratory atmosphere for 1 day.

 C. ARTIFICIAL AGING

 All papers that had been in the Weather-
 ometer were cut in half along the machine
 direction, with a fresh scalpel blade, to give two

 pieces 4 x 2 V4 in. The half of each paper that
 was to be artificially aged was sewn with cotton

 thread into a Plexiglas frame. The halves were

 positioned with the machine direction vertical
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 and all four corners anchored, so that no papers

 were touching. The papers could not rotate or
 swing in the frames to come into contact with

 each other; however, they did vibrate in the
 oven draft.

 At the end of the aging period, the papers
 were equilibrated overnight, still in the Plexiglas

 frame, in the dark at room temperature. After

 being cut out of the frames, they were stored in

 polyester film enclosures.

 D. ANALYTICAL PROCEDURES.

 The following tests were applied:

 1. Spot tests. The spot test for aluminum and

 the ninhydrin spot test for protein size were

 performed according to Browning (1977) on

 small pieces of selected specimens of W56
 paper. Papers known to contain these sizes

 and W1 filter paper were used as positive and

 negative controls, respectively.

 2. SEM/EDX. Thin strips of papers to be ex-
 amined by SEM/EDX were mounted on
 aluminum stubs and coated with carbon.

 The JEOL JXA-840A scanning electron
 microscope with a Tracor Northern TN5502

 energy-dispersive x-ray analysis accessory was

 used to obtain representative micrographs of

 fibers and for elemental analysis. Dot map
 representations of Al distributions were
 recorded where appropriate.

 3. FTIR. Both reflectance and transmittance

 infrared spectra of some papers were
 recorded using a Mattson Cygnus 100
 Fourier Transform Infrared Spectrometer
 with a Spectratech IR-Plan microscope ac-
 cessory. These spectra were compared with
 those of hide glue and of cellulose standards.

 4. Protein measurement. Protein content of
 some 24 hour immersion solutions was

 measured using the procedure of Lowry et al.
 (1951), slightly modified. Gelatin (Knox),

 rather than the usual bovine serum albumin,

 was used as a standard. To 0.1 ml of immer-

 sion solution, or solution of gelatin standard,
 in a test tube, was added 0.25 ml of 1N

 NaOH. After incubation in hot tap water for

 30 minutes, 2.5 ml of a freshly prepared mix-

 ture of [100 ml 2% (w/v) NaCO3, 2 ml 1%
 Na(or K)tartrate, and 2 ml 0.5% anhydrous
 CuSO4] was added. The mixture was stirred

 vigorously. Ten minutes later, 0.1 ml of
 Folin reagent (Sigma Chemical Co.) was
 added, and the reaction mixture was immedi-

 ately stirred vigorously. After 45 minutes,
 the extent of blue color development was
 determined by measuring the absorbance at
 740 nm on a Beckman DU-64

 spectrophotometer. A series of gelatin stand-
 ard solutions of different concentrations were

 assayed with each set of samples.

 5. Surface pH was measured with an Orion
 #81-35 flat surface Ross-style combination

 electrode and Corning model 12 pH meter.

 The well-rinsed electrode, with a pendent
 drop of laboratory deionized water, was
 lowered onto a ? inch square paper
 specimen resting on a polyethylene bag
 padded with blotters. The pH was recorded
 after 5 minutes. The electrode was calibrated

 with pH 7 and pH 4 buffers before each
 measurement session, and calibration was
 checked at the end of the session. As ex-

 pected for this very stable electrode, calibra-

 tion did not change detectably during any of
 the 2-3 hour periods over which measure-
 ments were made.

 6. Colorimetry. Paper color was quantitated
 with a HunterLab Ultrascan Spectro-
 colorimeter. Reflectance spectra were
 recorded at 10 nm intervals from 375 to 750

 nm, using the visible light source, at three

 different locations on each side of each paper

 specimen. The instrument was set for a 10

 degree observer, the small (?4 in diameter)
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 area of view was used, and specular reflec-

 tance was included. The triplicate readings
 were averaged. CIE L*a*b* values and delta
 E* were computed automatically from these
 data.5 In most cases, values for recto and

 verso sides of each specimen, and of the
 papers treated identically in the two experi-
 ments, did not differ significantly from each

 other. Thus, the values were averaged, and

 standard deviations are reported above.

 7. Tensile measurements. Tensile properties of

 all papers were investigated using Mecklen-
 burg relaxation tensometers (Mecklenburg
 1984), with a horizontal load applied in the

 machine direction to the paper strips. Nar-

 row strips of uniform width were cut with a
 Dahle mat cutter. After measurement of

 paper thickness in five places with a
 micrometer, the paper strips were mounted

 horizontally in the apparatus exposed to
 laboratory atmosphere. Care was taken not

 to subject the papers to excess moisture as
 they were being mounted in the apparatus.
 Over the several months that tensile meas-

 urements were performed, the laboratory
 temperature fluctuated no more than 1.7TC
 and the relative humidity no more than 2%.

 After an initial equilibration period of 5-15

 minutes at a gauge length of 2.5 in, the strip
 was stretched 2.5 x 10-3 in, and 1 minute

 later the stress sustained by the paper strip was

 recorded. This process was repeated once
 per minute until the paper strip broke.
 Measurements were made on three strips of

 each paper. From these data, nominal stress
 (force applied per nominal cross-sectional
 area of the strip) and strain (change in length

 divided by gauge length) were computed and
 corrected for bending of the strain gauge.
 Nominal stress was plotted as a function of
 strain for each paper strip. In the figures

 presented above, averages of the curves ob-

 tained from the measurements on the tripli-
 cate papers are shown. Where error bars do

 not appear, they would be no larger than the

 symbols used on the graphs. In almost all
 cases reproducibility was very good both
 among the triplicates for each paper in an
 experiment and between the two different

 experiments performed (tables 2 and 4).

 NOTES

 1. Dr. David Martin of Whatman Paper, Ltd., Lon-
 don, advised us that Whatman records showed that

 the paper was made of 100% cotton rag with alum,

 gelatin, and soap flakes added. Further details of the

 manufacture of this paper are no longer available.

 2. A major advantage of collecting spectral data is
 that any of the color measurement scales can be used
 to describe the results. CIE L*a*b* is considered to

 be one of the more useful and sensitive scales; how-

 ever, many researchers use % reflectance or K/S
 values at certain wavelengths. These data can be
 taken from the tabulated spectral data recorded on the

 HunterLab instrument. For example, for measure-
 ments of some color standards, the following results
 were obtained:

 Orange Yellow- % Change
 Tile Green Tile

 CIE b* 32.53 51.26 57.6

 % Reflectance 8.98 10.06 12.0
 K/S 4.61 4.02 14.8

 The wavelength used for % reflectance and K/S was

 457 (TAPPI Standard 452 os-77). In addition to its
 sensitivity in making color changes more evident, the

 spectral data give a complete picture of what is hap-

 pening to the specimen. For example, the curves for
 the standard tiles are very similar at the 457 nm area,

 but the orange tile spectrum shows peaks at 510 and

 620 nm, while the yellow-green tile spectrum shows

 peaks at 525, 600, and 675 nm.

 3. Application of animal glue has also been shown to
 increase the strength of Japanese papers; for some of

 these papers this strength advantage is maintained

 upon artificial aging (Inaba and Sugisita 1986).
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 4. Although it provides a solution with greater
 neutralizing capacity, the common procedure of
 diluting a saturated Ca(OH)2 solution 1:1 with water

 was avoided because it can yield a solution of pH 12

 initially and because it does not provide a reproducib-

 ly reliable buffer reserve. It is also likely to result in

 precipitation of CaCO3 during the 24 hour incuba-

 tion, as far more CO2 is absorbed from~the air.

 5. Readers interested in more complete reflectance

 data or in brightness values can obtain these by con-

 tacting the authors at the Conservation Analytical

 Laboratory.

 6. Details of the construction and use of these instru-

 ments may be obtained from the Conservation
 Analytical Laboratory.

 REFERENCES

 Baker, C. 1986. The doublesided light bleaching
 bank. American Institute for Conservation Book and

 Paper Group Annual 4:88-91.

 Branchick, T. J., K. M. Keyes, and F. C. Tahk. 1982.

 A study of the bleaching of naturally aged paper by

 artificial and natural light. AIC preprints, 10th Annual

 Meeting, American Institute for Conservation,
 Washington, D.C. 29-39.

 Browning, B. L. 1977. Analysis ofpaper, 2d ed. New

 York: Marcel Dekker. Chaps. 8-10.

 Burgess, H.D. 1980. The colour reversion of paper
 after bleaching. In: Conservation of Library and Archive

 Materials and the Graphic Arts, ed. G. Petherbridge.
 London: Butterworths. 57-70.

 Burgess, H. D. 1985. Gel permeation chromatog-
 raphy: Use in estimating the effect of water washing

 on the long-term stability of cellulosic fibers. In His-

 toric textile and paper materials: Conservation and charac-

 terization, ed. H. L. Needles and S. H. Zeronian.

 Advances in Chemistry series 212, Washington,
 D.C.: American Chemical Society. 363-76.

 Burgess, H. D. 1988. Practical considerations for con-

 servation bleaching. Journal of the International Institute

 for Consewrvation-Canadian Group 13:11-26.

 Eldridge, B. P. 1982. A sun bleaching project.
 American Institute for Conservation Book and Paper Group

 postprints. 1:52-55.

 Erhardt, D., D. von Endt, and W. Hopwood. 1987.
 The comparison of accelerated aging conditions
 through the analysis of extracts of artificially aged

 paper. AIC preprints, 15th Annual Meeting, American

 Institute for Conservation, Washington, D.C. 43-55.

 Feller, R.L., S. B. Lee, and J. Bogaard. 1982. The
 darkening and bleaching of paper by various
 wavelengths in the visible and ultraviolet. American

 Institute for Conservation Book and Paper Group
 postprints. 1:65-83.

 Flieder, F., M. Leroy, J. C. Andreoli, and F. Leclerc.

 1991. Comparative study of four paper bleaching
 methods. Presented at the International Federation of

 Library Associations International Preservation and
 Conservation Research Seminar, New York.

 Hofmnann, C., D. van der Reyden, and M. Baker.
 1991. Comparison and evaluation of bleaching pro-

 cedures: The effect of five bleaching methods on the

 optical and mechanical properties of new and aged

 cotton linter paper before and after accelerated aging.

 American Institute for Conservation Book and Paper Group
 Annual 10: 109-27.

 Inaba, M., and R. Sugisita. 1986. Effect of Doza on

 the deterioration of Washi (Japanese paper). Scientific

 Papers on Japanese Antiquities and Art Crafts 31:32-40.

 Keyes, K. M. 1980. Alternatives to conventional
 methods of reducing discoloration in works of art on

 paper. In Conservation of Library and Archive Materials

 and the Graphic Arts, ed. G. Petherbridge. London:
 Butterworths. 49-55.

 Lee, S. B., J. Bogaard, and R. L. Feller. 1989a.
 Darkening of paper following exposure to visible and

 near-ultraviolet radiation. Journal of the American In-

 stitutefor Conservation 28:1-18.

 Lee, S. B., J. Bogaard, and R. L. Feller. 1989b.
 Damaging effects of visible and near-ultraviolet radia-

 tion on paper. In Historic textile and paper materials II:
 Conservation and characterization, ed. S. H. Zeronian

 and H. L. Needles. Advances in Chemistry series 410.

 JAIC 31(1992):289-311

This content downloaded from 160.111.254.17 on Mon, 24 Sep 2018 15:50:23 UTC
All use subject to https://about.jstor.org/terms



 310 TERRY TROSPER SCHAEFFER, MARY T. BAKER,
 VICTORIA BLYTH-HILL, AND DIANNE VAN DER REYDEN

 Washington, D.C.: American Chemical Society. 54-
 62.

 Lee, S. B., J. Bogaard, and R. L. Feller. n.d. Bleach-

 ing by light, I: Effect of pH on the bleaching or
 darkening of papers in the dry and in the immersed
 condition under visible and near-ultraviolet radiation.

 In Symposium 88: The conservation of historic and artistic

 works on paper. Ottawa: Canadian Conservation In-

 stitute. Forthcoming.

 LePage, M., and J. Perron. 1986. Investigation of
 some aspects of the light bleaching of paper. Conser-

 vation Training Programs, 11th Annual Conference,

 University of Delaware, Winterthur, Del., 54-68.

 Lienardy, A., and P. van Damme. 1989. R.sultats de
 recherches experimentales sur le blanchiment du
 papier. Studies in Conservation 34:123-36.

 Lowry, O. H., N.J. Rosebrough, A. L. Farr, and R.
 J. Randall. 1951. Protein measurement with the
 Folin phenol reagent. Journal of Biological Chemistry
 193:265-75.

 Mecklenburg, M. F. 1984. The role of water on the

 strength of polymers and adhesives. Ph.D. diss.,
 University of Maryland, College Park, Md.

 Phillips, G. O. 1985. The effects of light on cel-
 lulosic systems. In Cellulose and its derivatives, ed. J. F.

 Kennedy et al. Chichester, England: Ellis Horwood.
 119-34.

 Savard, G. 1986. An investigation of whitening and

 colour reversion effects on light bleached, artificially

 aged paper. Conservation Training Programs, 12th
 Annual Conference, New York University and
 Columbia University, New York. 57-83.

 Schaeffer, T. T., M. T. Baker, and D. van der

 Reyden. 1991. Effect of aging on an aqueously light-

 bleached, mixed pulp paper. American Institute for

 Conservation Book and Paper Group Annual 10:205-15.

 van der Reyden, D. 1981. Wax pick testing: A
 preliminary study. Art Conservation Training
 Programs, 8th Annual Conference, New York
 University, New York. 62-73.

 van der Reyden, D., M. Mecklenburg, M. Baker,
 and M. Hamill. 1988. Update on current research

 into aqueous light bleaching at the Conservation
 Analytical Laboratory. American Institute for Conserva-

 tion Book and Paper Group annual 7:73-106.

 TERRY TROSPER SCHAEFFER received a B.A.

 in physics and biophysics (1961) and a Ph.D. in
 biophysics (1967) at University of California,
 Berkeley. Most of her research has been in the areas

 of interaction of photosynthetic pigments with other

 plant and bacterial membrane components, and ion

 transport across mammalian cell membranes. In
 1989-90, she entered the field of conservation re-

 search when she was a Fellow-by-Courtesy, G.W.C.

 Whiting School of Engineering, Johns Hopkins
 University, and a Visiting Research Collaborator,
 Conservation Analytical Laboratory. She is a fellow in

 Paper Conservation Reseach at the Conservation
 Center of the Los Angeles County Museum of Art.

 Address: Conservation Center, Los Angeles County
 Museum of Art, 5905 Wilshire Blvd., Los Angeles,
 Calif. 90036.

 MARY T. BAKER received her B.S. in chemistry in
 1980 and her Ph.D. in 1986 in materials science with

 a specialty in polymer science from the Institute of
 Materials Science at the University of Connecticut.

 She has worked at the Conservation Analytical
 Laboratory, Smithsonian Institution, as a research
 chemist since 1987, collaborating with conservators

 on projects such as the effects of fumigation on
 materials; treatment and characterization of coated

 papers; light bleaching of paper; and methods
 development for analysis of microsamples of paints,
 varnishes, and other materials. Her current research is

 on the modem polymeric materials in air and space

 artifacts, their aging mechanisms, storage, treatment,

 and display. Address: Conservation Analytical
 Laboratory, Museum Support Center, Smithsonian
 Institution, Washington, D.C. 20560.

 VICTORIA BLYTH-HILL is the senior paper con-
 servator in the Conservation Center of the Los An-

 geles County Museum of Art. She is past chair of the

 Book and Paper Group of the AIC and has been a
 Fellow of that organization since 1988. She has
 presented lectures at AIC and other professional or-

 ganizations and at universities on subjects ranging

 JAIC 31(1992):289-311

This content downloaded from 160.111.254.17 on Mon, 24 Sep 2018 15:50:23 UTC
All use subject to https://about.jstor.org/terms



 EFFECTS OF AQUEOUS LIGHT BLEACHING ON 311
 THE SUBSEQUENT AGING OF PAPER

 from general conservation awareness to the treatment

 of the Leonardo da Vinci "Codex Hammer." Blyth-

 Hill has supervised many interns over the years at
 LACMA and has sponsored such research projects as

 accelerated aging of adhesives and pigment analyses
 on Persian miniatures. Address: Conservation Cen-

 ter, Los Angeles County Museum of Art, 5905 Wil-
 shire Blvd., Los Angeles, Calif. 90036.

 DIANNE VAN DER REYDEN received certifi-

 cates in conservation from Harvard University Art
 Museums (1981) and the Conservation Center, In-

 stitute of Fine Arts, New York University (1980),

 along with an M.A. in art history (1979), serving
 internships at the Fogg Art Museum, the Library of

 Congress, and the Museum of Modem Art. She is

 senior paper conservator and co-head of the Paper
 Conservation Laboratory at the Conservation
 Analytical Laboratory, Smithsonian Institution,
 engaged in research in aqueous light bleaching and
 the effects of solvents on specialty papers and in the

 training of interns and professionals. She recently
 served as secretary of AIC and has been a Fellow for

 several years. Address: Conservation Analytical
 Laboratory, Museum Support Center, Smithsonian

 Institution, Washington, D.C. 20560.

 Received for review February 1, 1991. Revised
 manuscript received August 19, 1991. Accepted for
 publication October 24, 1991.

 JAIC 31(1992):289-311

This content downloaded from 160.111.254.17 on Mon, 24 Sep 2018 15:50:23 UTC
All use subject to https://about.jstor.org/terms


	Contents
	[289]
	290
	291
	292
	293
	294
	295
	296
	297
	298
	299
	300
	301
	302
	303
	304
	305
	306
	307
	308
	309
	310
	311

	Issue Table of Contents
	Journal of the American Institute for Conservation, Vol. 31, No. 3 (Autumn - Winter, 1992), pp. 267-378
	Volume Information [pp. 367-376]
	Front Matter [pp. 312-312]
	Ultraviolet-Fluorescence Microscopy of Paint Cross Sections: Cycloheptaamylose-Dansyl Chloride Complex as a Protein-Selective Stain [pp. 267-274]
	Binding Media Identification in Painted Ethnographic Objects [pp. 275-288]
	Effects of Aqueous Light Bleaching on the Subsequent Aging of Paper [pp. 289-311]
	An Investigation into the Removal of Enzymes from Paper Following Conservation Treatment [pp. 313-323]
	The Effects of Relative Humidity on Some Physical Properties of Modern Vellum: Implications for the Optimum Relative Humidity for the Display and Storage of Parchment [pp. 325-342]
	The Recovery and Drying of Textiles from a Deep Ocean Historic Shipwreck [pp. 343-353]
	Corrosion Mechanisms for Copper and Silver Objects in Near-Surface Environments [pp. 355-366]
	Back Matter [pp. 324-378]



