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Abstract
Quantification of the degradation behaviour of heritage objects is essential to manage the rate of degradation and
hence optimise their lifetime. In this research, a 23 full factorial experiment was carried out to deepen the understanding of the photodegradation of historical rag paper induced by continuous polychromatic visible radiation. Oxygen
concentration, relative humidity and illuminance were investigated as the three environmental factors of primary
concern. The effects of these factors on the rate constant of change in diffuse reflectance and tristimulus discolouration were investigated by analysis of variance and multiple linear regression. The three main effects were found to
contribute the most to the rate of photodegradation of historical paper, among which relative humidity played the
most important role whereas illuminance played the least. This observation is likely to hold when extrapolating the
experimental conditions to real conditions in collection storage and display.
Keywords: Factorial experimentation, UV/VIS/NIR spectroscopy, Photo-oxidation, Discolouration, Historical paper
Introduction
The degradation of paper received major attention in
photochemistry in the mid twentieth century. Kinetics
of the photochemical reactions were mainly investigated
using laboratory cellulose exposed to ultraviolet (UV)
radiation. It was found that UV wavelengths play a decisive role in determining the reaction kinetics [1–4]. Far
and middle monochromatic UV (λ < 300 nm) initiates
direct photolysis whereas near UV (λ = 388 nm) mainly
leads to photo-oxidation, which can be explained by the
fact that the photons in far and middle UV carry sufficient energy (95 kcal∙mol−1 at 300 nm) for the scission
of C–C and C–O bonds (80–90 kcal∙mol−1) [5]. For both
mechanisms, the effects of various external and internal
factors, such as temperature, oxygen, moisture, the presence of photosensitisers and material composition were
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investigated [2, 6–12]. It was observed that under far UV,
oxygen played little role whereas moisture strongly inhibited the degradation of cellulose, indicated by reflectance,
viscometric degree of polymerization (DP) and alpha cellulose content [13]. However, when exposed to near or
polychromatic UV, both oxygen and moisture promoted
the rate of degradation as indicated by a decrease in DP
and an increase in gaseous degradation products [3, 4].
Since UV is excluded from storage and display spaces
and polychromatic visible radiation is commonly used for
exhibitions in museums and galleries [14, 15], the results
of UV-induced degradation of paper is not readily applicable to the preservation of historical paper. Although the
significance of the photodegradation of paper induced by
visible radiation has been acknowledged [16], the results
are still very limited in photochemistry. Given that photons in the visible range carry less energy than is required
for the photolysis of most chemical bonds in cellulose
[5], it is reasonable to assume that photo-oxidation is
the main mechanism of the reactions taking place in historical rag paper under exposure to visible radiation. In
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this case, as suggested by research using near UV [3, 4],
environmental factors, such as oxygen and moisture are
expected to play important roles in the photodegradation
processes.
Quantifying the effects of the environmental factors on
the photodegradation processes of historical paper can
provide essential evidence for collection management.
But the experimental design and data interpretation can
be challenging when multiple factors are involved. Factorial experimentation provides an efficient way to examine not only the main effects—the effects of each single
independent factor, but also the interactions between the
factors, on measurable responses of the materials with an
optimised number of experimental runs [17]. A full factorial experimental design is the method of choice when
the number of factors is small. In such a design, multiple
factors are involved, each taking possible values at different levels and the experimental runs taking on all possible combinations of these levels across all the factors
[18]. As a result, the main effects and interaction effects
are quantified and a model that describes the effects of
statistical significance can be established.
In this paper, we discuss the use of a 2
 3 full factorial
experiment to investigate the effects of atmospheric oxygen concentration ([O2]), relative humidity (RH) and illuminance (Ev) of visible radiation on the photodegradation
of historical rag paper. We deliberately used sacrificial
historical rag papers of various material compositions as
samples, to represent the complex material systems as
a result of natural ageing [19]. Diffuse reflectance in the
visible and near-infrared range was monitored through
the experimental runs as a primary indicator of the
photodegradation. Given that discolouration is a major
concern for paper preservation, tristimulus total colour
change expressed as CIE ΔE00 was calculated as a secondary response variable to construct a model that provides direct evidence for collection management [20–22].

Experimental
Samples and experimental setup

Twenty-three sacrificial historical samples of rag paper
(eighteenth–twentieth century) were collected for the
experiment, covering a wide range of variations in composition which was assessed visually. The average thickness of samples ranged from 0.101 to 0.190 mm with
the average being 0.136 mm. Each sample was divided
into eight 1.0 × 1.5 cm rectangles, each of them for
one factorial experiment. It was ensured that stains and
exceptionally degraded areas were avoided for minimal
variations between the subsamples in their initial state.
The experimental setup is illustrated in Fig. 1. For
each experiment, 23 subsamples were attached to a
ring of Whatman filter paper No. 1 and held by sample
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Fig. 1 Diagram showing the setup of the reaction chamber for the
accelerated photodegradation experimental runs

holders in the ageing chamber. An LED light bulb (240 V,
13 W, 1521 lm, Philips, Netherlands) was used for each
experiment. [O2] (v/v%) was regulated by Aalborg GFC
aluminum body mass flow controller (Caché Instrumentation, UK). V-GenTM Dew Point/RH Generator
(InstruQuest Inc., US) was used to regulate the RH in the
chamber. The desired atmospheres were continuously
circulated at 200 ml∙min−1 through the systems 24 h
before and during the irradiation. The temperature was
kept at 21 °C to limit as much as possible the interference
of thermal degradation during the experiment. The environmental conditions inside the chamber were monitored using HOBO Data Loggers (U12-012, Tempcon
Instrumentation, UK). The spectral power distribution
(SPD) of the light source at the positions of the samples
during the degradation experiment was measured using
GL SPECTIS 1.0 spectrometer (GL Optic, Poland).
Factorial experimentation

A 23 full factorial experiment was carried out to investigate the effect of [ O2] (v/v%), RH (p/p%) and illuminance
(Ev, lx) on the photodegradation kinetics of historical
paper samples. Table 1 summarises the settings of the two
levels for each factor (Table 1a) and the combination of
the three factors for each experimental run (Table 1b). To
achieve the time and resource efficiency, complete randomization of the experimental runs was compromised by
carrying out two runs required for the same [ O2] and RH
levels but different Ev levels at the same time. This was
carried out by positioning two sets of samples at different
levels where the desired E
 v was obtained in the reaction
chamber. Due to time and resource constraints, not all
experimental runs were carried out for the same length
of time. The duration of degradation ranges from 12 to
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Table 1 Specifications of the experiment
(a) The two levels of the three factors: [O2], RH, and illuminance used in the 23 factorial design of experimentsa
Low (− 1)

High (1)

[O2] (%)

0

21

RH (%)

20 (0.49)

70 (1.71)

Ev

5000 lx

20,000 lx

(b) The combinations of conditions used for each experiment in the factorial e
 xperimentsb
Experimental run number
2

[O2]

RH

−1

1

−1

+1

3

−1

−1

4

+1

+1

2

+1

−1

1

−1

+1

3

−1

−1

4

+1

+1

+1

a

The volumetric water vapor concentration for each condition set is presented in parentheses in the 3rd row

b

− 1 and + 1 refer to the low and high conditions respectively specified in Table 2(a)

31 days and at least 9 measurements were carried out for
each experimental run.
Reflectance spectroscopy

Diffuse reflectance (R) was measured using a custom
hyperspectral imaging system manufactured by Camlin
(Lisburn, UK). The system was equipped with individual
components, including a VNIR camera (spectral range:
400–1000 nm, spectral resolution: 2 nm) coupled with
XENOPLAN 2.8/500902 lens (Schneider-KREVZNACH,
Germany) and halogen light sources (manufacturer
unknown). Dark calibration was carried out with the
lens capped and white calibration was carried out using
a Florilon™ Standard (EFWS-99-02c, Avian Technologies
LLC, US). Scanning speed (0.8 mm∙s−1) was determined
in relation to the exposure time (50 ms) and the aperture
size (f/5.6) of the camera to obtain square pixels. During one scan, the samples were exposed to 254.4 lx∙h at
25 ± 2 °C and 23 ± 2% RH, which is less than 0.3% of
light exposure they received during each interval of the
experimental runs. Therefore, the degradation caused
by data collection was considered insignificant. For each
experimental run, measurements were taken at intervals
of 0.09–5 days to ensure a balance between minimal disturbance to the reactions, measurable change of the samples, and resource constraints. The spatial resolution of
the images was 625 ppi.
Calibration

The wavelength calibration of the hyperspectral VNIR
camera was carried out using 
Spectralon® Calibrated

Ev
−1

−1

−1

−1

+1

+1

+1

+1

Multi-Component Wavelength Calibration Standard
(WCS-MC-010, Labsphere, US). Given that the repeatability of the hyperspectral imaging measurements can
be affected by the instability of the hyperspectral imaging
system as well as the samples, 14 measurements of one
piece of reference sample were taken over 32 days. Average diffuse reflectance was calculated for each image and
relative standard deviation was calculated as the standard
deviation divided by the mean of diffuse reflectance for
the 14 images (Additional file 1: Figure S1). Good consistency for pixels of paper was observed, where the RSD of
variation is generally below 1%. This assessment provides
important information for the evaluation of the statistical
significance of the measured change in diffuse reflectance
for the accelerated degradation experiment.
Data processing

The diffuse reflectance was averaged over all the pixels
of each hyperspectral image of the historical paper samples. A data cube of change in diffuse reflectance was
constructed for each experimental condition where the
horizontal axis represents the wavelength (λ) of interest (424–853 nm), the vertical axis represents the sample numbers, and the depth axis represents the time
(day) that was taken in the degradation experiment. ΔR
across the full range of wavelength was calculated for
each sample by subtracting the reflectance spectrum
before degradation from the reflectance spectrum at
each time interval. The spectra of ΔR were then treated
using Savitzky–Golay filtering (2nd order polynomial,
frame length 19) [23]. Subsequently, by averaging the
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reflectance across all the samples for each experimental
condition, data cubes of mean reflectance (ΔR) were constructed, where the first dimension represents the experimental conditions, the second dimension represents λ,
and the third dimension represents the degradation time.
The visible range of the spectra (424–780 nm) was used
to calculate tristimulus colourimetric values. CIE L*a*b*
values were calculated based on CIE Standard Illuminant D50 and CIE 1964 colour matching function for
10° observers [24, 25]. Calibration was established using
an X-Rite colourchecker (X-Rite, US) and applied to the
calculated CIE L*a*b* of each paper sample of historical
paper. Subsequently, ΔE00 was calculated for each sample at each time interval [20, 21, 26]. A data cube of ΔE00
was constructed where the horizontal axis represents the
time of exposure, the vertical axis represents the samples, and the depth axis represents different experimental
runs. All the data processing and analyses were carried
out in Matlab R2017a.

Results and discussion
Nine slices were selected at λ of ~ 50 nm intervals from
the data cube of ΔR. The progress of ΔR over time under
different experimental conditions is presented in Fig. 2.
No induction time was observed for the photodegradation of the samples. Most change took place in the first
10 days upon exposure to the environments and the total
change did not exceed 10% of the reflectance at the corresponding λ. ΔR decreased as λ increased. The change led
to shifts of the reflectance spectra to the blue end, leading
to visual bleaching. This blueshift has been observed by
other researchers [27] and it corresponds to the photooxidation behaviour of cellulose under exposure to near
UV radiation, where decreasing ΔR was observed as λ
increased from 350 to 500 nm [3]. This suggests that the
photo-oxidation is likely to be the main mechanism of
the degradation of historical rag paper upon exposure
to visible radiation, where chromophores formed during
ageing are broken by radicals such as superoxide and peroxide [28–30].
According to the Hurter-Driffield curve of sensitometry, density—the number of reactive particles multiplied by the coefficient of absorption, is logarithmically
dependent on time of exposure [31]. This logarithmic
dependence of change on time of exposure has been
observed in the photochemical reactions of a number
of materials, including photographic plates [31], polyester resins [32] and organic coatings [33]. Based on these
studies, it is plausible to approximate the dependence
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of ΔR on time, as shown in Fig. 2, using a logarithmic
function1:

� = A0 + k� · ln(t), t ≥ 0.09

(1)

where Δ represents ΔR, A
 0 and kΔ are the regression
coefficients, and t is the time of degradation in day. This
logarithmic relationship between Δ and t implies a fast
initial change in discolouration of historical paper. A
0
represents the ΔR that takes place in the space of one day.
Based on Eq. 1, the rate of the progress of ΔR (KΔR) was
obtained as a function of t:

K� = d�/dt = k� · t−1 , t ≥ 0.09

(2)

where KΔ represents KΔR, t is the time of degradation in
day, and kΔ represents the rate constant.
Based on Eqs. 1, 2, kΔR was estimated across the
selected λs for all the experimental runs (Additional
file 1: Table S1). The relationship between k ΔR and λ for
different environmental conditions is presented in Fig. 3.
Similar to the observations made on ΔR, kΔR decreased
as λ increases for each experimental condition. This
trend of kΔR can be described as a function of λ across
424–853 nm using 2nd order polynomial approximations
(R2 ≥ 0.99) (Additional file 1: Table S2a) or a function
of λ < 601 nm using a linear approximation (R2 ≥ 0.96)
(Additional file 1: Table S2b). Furthermore, Fig. 3 shows
that the samples degraded by all factors at high levels
showed the largest kΔR, whereas the samples degraded
by all factors at low levels showed the smallest kΔR. This
implies that kΔR is likely to be positively correlated with
either [O2], RH, Ev, or their combinations. These observations are in strong contrast with the results obtained
for cellulose using far UV, but are in agreement with the
results obtained at 388 nm and heterogeneous UV [3]. It
again provides evidence to support the similarity in degradation mechanism between irradiation with near/heterogeneous UV radiation and visible radiation.
Prior to carrying out analysis of variance (ANOVA)
to analyse the significance of the effects of of [O2], RH,
Ev, and their interactions on k ΔR, the significance of the
two-factor and three-factor interactions was examined
using a half-normal probability plot. This type of plot is
often used to assess the statistical significance of effects
in a factorial experiment without replications [34]. In
the half-normal plot for k ΔR-444 (Fig. 4a), a clear break
between main effects and interactions can be observed.
1

It should be noted that the logarithmic approximation only provides one
possible interpretation of the data. The upper end of the data can also be
approximated using a linear function. Since there is insufficient information
in the available data to decide explicitly between the interpretations, the question remains open until further research is carried out and more insights into
the discolouration processes are gained.

Liu et al. Herit Sci

(2021) 9:130

Page 5 of 14

Fig. 2 Scatter plots showing the progression of ΔR over time during the accelerated degradation under eight experimental conditions: a 0% [ O2],
70% RH and 20,000 lx; b 0% [O2], 70% RH, 5000 lx; c 21% [O2], 70% RH, 20,000 lx; d 21% [ O2], 70% RH, 5000 lx; e 0% [ O2], 20% RH, 20,000 lx; f 0% [ O2],
20% RH, 5000 lx; g 21% [O2], 20% RH, 20,000 lx; and h 21% [O2], 20% RH, 5000 lx. The trends over the entire time span are approximated using a
logarithmic relationship
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Fig. 2 continued

The data points representing three-factor and two-factor
interactions align on a straight line through the origin
which defines null effects, whereas the data points representing main effects clearly deviate from this line, indicating that the main effects of [O2], RH and Ev are much
stronger than the interaction effects. This plot provides a
reasonable justification to include the two-factor and the
three-factor interactions in the error for ANOVA.
Based on the results of the half-normal plot, ANOVA
was carried out for kΔR at the nine selected values of λ
based on this model:

yijk = µ + αi + βj + γk + εijk

(3)

where yijkr represents an observation of k ΔR, i, j, and k
represent the levels i (i = 1, 2), j (j = 1, 2) and k (k = 1,

2) of factors [O2], RH, and Ev, respectively (Table 1). μ is
the overall mean, αi, βj and γk are the deviations of groups
of factors [O2], RH and Ev, respectively, from the overall
mean μ due to each corresponding factor. εijk is the random error.
For kΔR at λ < 549 nm, consistent results of ANOVA
were obtained. As an example, Table 2a summarises
the results of ANOVA for k ΔR at 444 nm (kΔR-444). As
expected from the half-normal plot (Fig. 4a), all three
main effects were found significant. Among the three, RH
had the strongest effect while Ev had the weakest, given
the range of each factor investigated in the experiment.
Since that the experimental ranges of RH and [O2] are
realistic and the range of E
 v is largely exaggerated from
the real range recommended for the display in museums
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Fig. 3 Plot showing the relationship between kΔR and λ for historical paper samples under different experimental conditions

(50–200 lx) [35], the effect of Ev is likely to be even
smaller in a real scenario.
Based on the results of ANOVA and under the assumption that the main effects were linear, regression of k ΔR-444
on [O2], RH and Ev was carried out (Table 3). Since the
intercept is likely to be insignificant (p > 0.05), k ΔR-444
can be expressed as kΔR-444 = 0.0178·[O2] + 0.0099·RH
+ 1.83 ×  10–7·Ev, where [ O2] and RH are in ratio and E
v
is in lx. This function can be used to estimate the contributions of main effects to kΔR across 424–601 nm based
on the relationship between kΔR and λ (Fig. 3, Additional
file 1: Table S2).
The results of ANOVA deviated from the results presented in Table 2a when λ > 601 nm. At 549 nm, although
the main effects on k ΔR were still found stronger than the
effects of the interactions, as suggested by the half-normal plot (Fig. 4b), the strength of the effects started to
look ambiguous as the data points representing the main
effects align on the null-effect line in the half-normal
probability plot (Fig. 4b) and the p-values of the effects of
RH and E
 v were found above 0.05 (Table 2b). Completely
random results were obtained beyond 601 nm, indicating that the signal to noise ratio of the measurement
increased while the effect size reduced for almost all
the experimental conditions at λ > 549 nm. In fact, ΔR
dropped to below 1% of the reflectance measurements
beyond 601 nm, which is the same level as the uncertainty of the measurements. This indicates that beyond

601 nm, kΔR was likely to be unmeasurable by the instruments used in this research. Therefore, in this research,
it is plausible to conclude that O
 2, RH, and continuous
polychromatic visible radiation only induced observable
change in diffuse reflectance of historical paper below
601 nm.
In collection management, direct assessment of tristimulus total colour change is essential to support decision making. This is because it is used for the condition
assessment of objects in practice and it is used to define
the damage threshold of objects due to discolouration by
professionals [36]. Therefore, in this research, the reflectance was interpreted in CIELAB colour space by calculating tristimulus colourimetric values using the visible
range of the reflectance spectra (424–780 nm). Average
total colour change (ΔE00) [20, 21] was calculated over
the 23 samples for each experimental run and its progress over time is plotted in Fig. 5. Similar to the observations made for kΔR, the samples degraded at high [ O2],
RH, and Ev underwent the greatest discolouration (ΔE00
> 3.0), whereas samples degraded at low [O2], RH, and
Ev showed the least (ΔE00 < 1.0). This suggests that O2,
moisture, and visible radiation are all likely to promote
the discolouration of historical rag paper. It also suggests
that in most cases, the discolouration can be detected by
unaided human vision [25, 37–40].
Similar to ΔR, ΔE00 showed logarithmic dependence on time under each experimental condition. Based
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a.

b.
Fig. 4 Half normal probability plots for the effects of [O2], RH, Ev and their interactions on a kΔR-444 and b kΔR-549

on Eqs. 1, 2, the rate constant of the progress of ΔE00
(kΔE00) was obtained (Additional file 1: Table S3) and the
relationship between kΔE00 and kΔR is explored in Fig. 6.
Strong linear correlations were observed across the range
of investigated λ. This linearity suggests that despite the
effect of the sensitivity of human vision in tristimulus

colourimetry [24], ΔE00 can be used as an analytical
method to provide comparable results to reflectance
spectroscopy for the visible radiation induced photodegradation of historical rag paper. It also suggests that the
results of ANOVA for k ΔR can be carried over to k ΔE00,
i.e., the main effects of [O2], RH and Ev drove the rate of
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Table 2 Summary of ANOVA for the effects of [O2], RH, and Ev on k ΔR-444 and k ΔR-549
(a) kΔR-444

[O2]
RH

Sum of squares

DF

Mean square

2.52 ×  10–5

1

–5

1

2.52 ×  10–5

1.51 ×  10–5

1

1.80 ×  10

4

Sum of squares

DF

7.41 ×  10–6

1

–6

1

2.53 ×  10–6

1

4.90 ×  10

Ev

–6

Error
(b) kΔR-549

[O2]
RH

2.10 ×  10

Ev
Error
DF degree of freedom

1.40 × 10–6

55.86

0.0017
0.0005

33.52

0.0044

Mean square

F value

p value

7.41 ×  10–6

21.25

0.0010

6.03

0.0701

2.53 ×  10–6

7.26

0.0544

1.51 ×  10–5
4.50 ×  10–7

2.10 ×  10–6
3.49 ×  10–7

Table 3 Summary of the estimated coefficients for the
regression analysis of kΔR-444
t-stat

p value

108.60

4.90 ×  10–5

4

Variables Estimated coefficients SE

F value

p value

Intercept

0.0014

0.0007

2.1239 0.1009

[O2]

0.0178

0.0024

7.4737 0.0017

RH

0.0099

0.0010

10.4210 0.0005

Ev

1.8300 × 10–7

3.1700 × 10−8

5.7895 0.0044

SE represents the standard error of the estimated coefficients, t-stat and p value
indicate the significance of the estimated coefficients, RMSE represents the root
mean square error of the fitted models, and R2 indicates the goodness-of-fit of
the fitted models
Number of observations: 8, error degrees of freedom: 4, RMSE: 0.0007, R
2=
0.98, p value = 0.0007

discolouration of historical rag paper. Therefore, under
the assumption that the main effects are linear through
the ranges of the factors, kΔE00 can be described as a
function of [O2], RH and Ev by regression analysis (kΔE00
= 0.69∙[O2] + 0.41∙RH + 8.38 ×  10–6∙Ev, R2 = 0.97)
(Additional file 1: Table S4). High R
 2 values indicate sufficient fit of the model to describe kΔE00. Positive coefficients indicate that the effects of [O2], RH, and E
 v are all
positive on k ΔE00.
To obtain the model for ΔE00, further ANOVA and
regression analysis were carried out to determine the
explanatory variables and their regression coefficients
for A0 (Eq. 1) (Additional file 1: Table S5a). Similar to
kΔE00, A0 was found to be a function of [O2], RH and E
v
(A0 = 1.34∙[O2] + 0.48∙RH + 2.39 × 10–5∙Ev,
R2 = 0.95)
(Additional file 1: Table S5b). Therefore, ΔE00 was
obtained by substituting A
 0 and kΔE00 in Eq. 1:

where [O2] is the concentration of O
 2 in the environment
expressed in ratio, RH is the relative humidity of the environment expressed in ratio, Ev is the illuminance in lx, t is
the time of degradation in day.
Equation 4 shows that there may not be linearity
between ΔE00 and Ev∙t. Since lux-hours (Ev∙t) is a commonly used measure to assess and control the total
light exposure of objects for storage and display in
museums and archives [14, 41], for the environmental
management of historical paper, the strategy of controlling the arbitrary lux-hours may not be the most effective way to control the discolouration of the objects.
Therefore, the use of lux-hours in practice needs to be
re-examined. Equation 4 also suggests that emphasis on
illuminance alone is unlikely to sufficiently contribute
to a desired outcome, especially given that the illuminance level is usually low in real situations. Strategies
for environmental management need to be established
by taking additional environmental factors, at least [O2]
and RH, into account.
In reality, [O2], RH, and E
v have specific ranges,
which contributes to the complexity to directly assess
their effects from the coefficients in addition to the
non-linearity in the function. One of the best ways
to reveal their effects on ΔE00 is to visualise the pairwise effects through contour plots [42–44]. Figure 7a,
b shows examples of how ΔE00 changes at different
combinations of [O2] and t and combinations of E
v
and t, respectively. In these plots, contour lines represent the same level of ΔE00 at an interval of 0.1 unit. In
Fig. 7a, RH and Ev are fixed at 0.5 and 50 lx respectively,



�E00 = 1.34·[O2 ]+0.48·RH+2.39×10−5 ·Ev + 0.69 · [O2 ] + 0.41 · RH + 8.38 × 10−6 · Ev ·ln (t), t ≥ 0.09

(4)
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Fig. 5 Scatter plots showing the change of average ΔE00 over time for eight experimental conditions. Trend lines indicate the logarithmic
relationships, for which the coefficients and the goodness-of-fit are presented in the legend. Error bars are shown for one sample set. They
represent the coefficients of variation in ΔE00 across all the samples, which is typically 25% for all the data points

Fig. 6 The relationship between kΔR and k ΔE00, which is fitted using linear models
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Fig. 7 a Contour plot of ΔE00 of historical paper exploring the effects of [O2] and t at 50% RH and 50 lx. b Contour plot of ΔE00 of historical paper
exploring the effects of Ev (lx) and t at 50% RH and 21% [ O2]. Each contour line represents a step of 0.1 ΔE00

representing the typical condition at exhibitions in
museums. The promotion effect of O
 2 is clearly demonstrated in this contour plot. An anoxic environment
is beneficial in slowing down the discolouration of historical paper by extending the lifetime by more than
ten times. However, ΔE00 of historical paper is likely to
remain below 3 units for 3000 days of display at 50 lx
even in an oxic environment.

Conclusions and future research
This paper discusses modelling the photodegradation of historical rag paper under polychromatic visible
radiation. A 23 full factorial experiment was designed to
investigate the effects of [O2], RH and E
 v on the rate of
degradation in spectroscopic and tristimulus colourimetric responses. Within the range of λ investigated in
the experiment (424–853 nm), measurable ΔR mainly
took place at λ < 600 nm. Blue shifts were observed in
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ΔR as degradation progressed, which provided evidence
for photo-oxidation of the chromophores by oxygen radicals. Despite the complexity and uncertainties within the
samples, both ΔR and ΔE00 showed strong logarithmic
dependence on time. ANOVA suggested that both k ΔR
and kΔE00 were driven by the main effects of [O2], RH and
Ev, and all three factors promoted the reactions. Within
the ranges investigated, RH showed the strongest effect,
whereas Ev showed the weakest. Given the exaggerated
experimental range of E
 v, its effect in a real scenario is
likely to be even smaller. Therefore, more relaxing and
flexible strategies for lighting management may be adequate for the storage and display of historical rag paper.
Based on the ANOVA and regression analyses, a dose–
response model for ΔE00 was established using [O2],
RH, Ev and t as explanatory variables. In this model, the
nonlinearity between ΔE00 and Ev·t suggested the use of
lux-hour as a measure to control light exposure, thus the
discolouration of historical rag paper, should be re-evaluated for effective collection management.
Within the time frame of this research, only a 2 3 full
factorial experiment without replications could be carried out. Although the models obtained are plausible
and adequate for use in practice, performing replications in the future would lead to more accurate estimation of the errors, which would subsequently improve
the estimation of the effects and their significance. In
addition, the models were obtained under the assumption that the effects of factors on the response variables are linear through low to high levels. To validate
the assumption and to improve the results, the current
experiment can be extended to a face centred central
composite design by adding two extra sets of experimental runs: a set of centre points, whose values are
the medians of the values of each factor in the factorial experiment to estimate of the variance of the samples, and a set of six star points, allowing the estimation
of the curvature in the correlation. Furthermore, this
research mainly focused on the external causes of the
spectroscopic and colour change of paper. Such an
approach is of more practical value especially in supporting decision making in environmental management
for collections. Although remarkably strong effects
were observed without significant effects of confounding internal factors, internal causes may explain some
of the observed trends and variability in the sample
behaviours and provide fundamental insights into the
chemical reactions in the paper-ink materials system.
Therefore, with adequate time and resources in the
future, monitoring the change in certain chemical and
physical properties of paper would be an essential step
to gain insights into the internal causes.
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Additional file 1: Figure S1. Plot of the relative standard deviation (RSD)
of pixels of the same paper sample over the λ range of 424–853 nm.
Table S1. The rate constant of change in diffuse reflectance of historical
paper (kΔR) at different wavelength during accelerated degradation at
eight experimental conditions. kΔR is unitless. R
 2 represents the goodnessof-fit of the models based on eqs. 1, 2. Table S2. (a) Summary of the coefficients for the correlation of kΔR and λ modelled by 2nd order polynomial
curves as k ΔR = a0 + a1 λ + a2 λ2 and the coefficient of determination (R2).
(b) Summary of the regression coefficients for the correlation of kΔR and
λ modelled by kΔR = b0 + b1 λ and the coefficient of determination (R2).
Table S3. Summary of A
 0 and kΔE00 for the eight experimental conditions
obtained based on eqs. 1, 2. Goodness-of-fit of the models are indicated
by R2. Table S4. Summary of the estimated coefficients for the regression
analysis of kΔE00. SE represents the standard error of the estimated coefficients, t-stat and p value indicate the significance of the estimated coefficients, RMSE represents the root mean square error of the fitted models,
and R2 indicates the goodness-of-fit of the fitted models. Table S5. (a)
Analysis of variance (ANOVA) for the effects of [O2], RH, and E v on A0. (b)
Summary of the estimated coefficients of the regression of [O2], RH, Ev on
A0 based on ANOVA. SE represents the standard error of the estimated
coefficients, t-stat and p value indicate the significance of the estimated
coefficients, RMSE represents the root mean square error of the fitted
models, and R2 indicates the goodness-of-fit of the fitted models.
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