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INTRODUCTION

Low-oxygen or ‘anoxic’ atmospheres are increasingly
widely used in conservation. They have recently been
developed as a safer alternative to traditional chemical
fumigants for eradicating pests in organic museum
objects [1]. They can also be used for long-term storage
and display of organic materials which are vulnerable to
oxidation [2–6].

Low-oxygen atmospheres are created by replacing air
in a sealed space with an inert gas, usually nitrogen.
Alternatively, all the oxygen in a sealed space may be
removed by an oxygen scavenger such as Ageless®;
sometimes a combination of these methods is used.
Using anoxic atmospheres in museums is no longer
prohibitively expensive, since nitrogen is cheap, while
Ageless allows low-oxygen environments to be
maintained passively for months or years at relatively
low cost [6]. Anoxia is considered particularly safe for
use with museum objects, because it poses almost no
health hazards, leaves no residues, and employs inert

gases which supposedly do not react with artifacts.
Indeed, since most organic objects deteriorate through
oxidation reactions, the lack of oxygen in anoxic
environments means that degradation is slowed. For this
reason anoxia is used for long-term storage of very
vulnerable materials, such as early synthetic polymers
[5, 6].

However, there is a very small number of materials
which do not deteriorate through oxidation but through
reduction, and that may therefore respond differently to
anoxic environments. These materials include some
textile dyes, which may be exposed to anoxia if their
substrate textiles are infested by pests, or are rapidly
degrading. Although most of these textile dyes are quite
modern, there is one which may occur in historic textile
collections, namely Prussian blue. This pigment was
widely used as a dye in Europe between 1811 and the
late nineteenth century, as a cheap commercial alterna-
tive to indigo [7–10].

The colour of Prussian blue is known to intensify in
slightly oxidizing conditions, and to fade in reducing
conditions [11, 12]. When used as a textile dye, Prussian
blue seems to undergo extreme colour change in
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An experiment was conducted to determine the effects of fumigation by anoxia on textiles dyed with Prussian blue. The
experiment reproduced methods used in real fumigation treatments in museums. The chemistry of Prussian blue dye suggested
that it might fade by reduction in anoxic conditions, but that this fading might spontaneously reverse on re-exposure to air.
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oxygen-free conditions. This was first observed in 1837
by the French chemist Chevreul, who found that
textiles dyed with Prussian blue faded dramatically
within days if stored in a vacuum and exposed to light
[13]. However, the same textiles survived virtually
unfaded for a year when left in air on a sunny Parisian
windowsill. This behaviour of Prussian blue dye was
apparently exactly the opposite of traditional organic
dyes, which rapidly faded in light, but whose colours
were preserved better if they were stored in a vacuum
whilst exposed to the sun. Chevreul’s findings raise the
question whether anoxia is safe for textiles dyed with
Prussian blue. If the dye fades in a few days in a vacuum,
which is a form of low-oxygen environment, perhaps it
will also fade during the three-week period required for
insect fumigation by anoxia. This paper describes an
experiment to determine how anoxic fumigation affects
Prussian blue-dyed textiles and, therefore, whether
anoxia is safe to use on them.

FADING BEHAVIOUR OF PRUSSIAN BLUE ON
TEXTILES

The behaviour of Prussian blue in low-oxygen envi-
ronments has rarely been studied. Apart from Chevreul’s
experiment, there are only two published studies,
reporting contradictory results. One found Prussian blue
in oil paint faded more quickly in inert gases than in air
[14]. The other found that fumigation by anoxia caused
no colour change in Prussian blue in oil paint [15].
These studies cannot necessarily predict how Prussian
blue would behave as a dye, since the fading behaviour
of colourants depends greatly on the other materials

present, and the same compound may behave differently
according to whether it is used as a bound pigment or a
dye [16].

There are accounts of Prussian blue pigment spon-
taneously regaining its colour after fading [12, 13]. This
phenomenon is called ‘phototropy’ [17], and can occur
when dyes or pigments exist in two or more isostruc-
tural forms with different light absorption spectra.
Prussian blue is a ‘mixed valence’ compound, Fe

4
[Fe

(CN)
6
]

3
.xH

2
O, or iron(III)hexacyanoferrate(II),

containing iron (Fe) ions in two different oxidation
states, namely Fe(II) and Fe(III). The Fe ions are linked
by C≡N ‘ligands’ or connecting groups, forming a basic
structural unit: Fe(III)–N≡C–Fe(II) [18]. These units are
arranged in a face-centred structure, and group to form
a giant molecule. Prussian blue is approximately iso-
structural with a number of other compounds with
different proportions of Fe(II) and Fe(III) ions in the
molecule. For example, the variously named Prussian/
Berlin yellow/brown, Fe(III)[Fe(III)(CN)

6
], has broadly

the same structure as Prussian blue, but is oxidized, so
that all the Fe sites are occupied by Fe(III) ions. Berlin
white (also known as Everitt’s salt), K

2
Fe[Fe(CN)

6
], also

has effectively the same structure as Prussian blue, but is
reduced, so that the Fe sites are all occupied by Fe(II)
ions [19]. Berlin green is an intermediate compound
between Prussian blue and Prussian yellow, where a
greater proportion of the Fe sites are oxidized to Fe(III),
and its anion has the formula {[Fe(III)(CN)

6
]
0.67

[Fe(II)
(CN)

6
]

0.33
}3.33–. The relationship between Prussian

yellow, Prussian blue and Berlin white is shown in
Figure 1. In practice these compounds are more com-
plex, as the giant lattice can both incorporate substitute

FigureFigureFigureFigureFigure 11111 The relationship between the oxidation and reduction products of Prussian blue (after Sharpe [19, p. 124]).
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ions and also acts as a zeolite, absorbing other molecules
and ions into its interstitial voids [20, 21].

The colour of Prussian blue is due to energy absorbed
by charge transfer between Fe(II) and Fe(III) sites, and
this is why the colour of the compound changes if the
balance of Fe(II) and Fe(III) ions is altered. If Prussian
blue dye fades by reduction it may spontaneously re-
oxidize to achieve the most stable balance of Fe ions.
This means that the colour of textiles dyed with Prussian
blue could recover even if exposure to anoxia caused
fading. The fading of Prussian blue-dyed textiles when
exposed to anoxia may be influenced by factors other
than the chemistry of the dye itself. For example,
different textile substrates promote fading by different
mechanisms. Fading occurs mainly through oxidation
on cellulosic fibres such as cotton or linen. On proteina-
ceous fibres like silk or wool the mechanism is more
complex, but tends to be dominated by reduction [22–
24]. Since Prussian blue fades by reduction, the role of
textile type may explain why Chevreul found the dye
faded so much faster on silk than cotton when exposed
to a vacuum.

Mordants can have a marked effect on colour fastness,
so that tin-mordanted natural dyes can fade around three
times faster in light than the same dyes mordanted with
iron salts [25]. Historically, cloth dyed with Prussian
blue was impregnated with iron salts to bind the dye to
the textile, and these were the same salts also used as
mordants for natural dyes. However, many Prussian blue
dye recipes also include tin salts mixed with iron salts in
the mordanting stage, to redden the final colour [26–
29]. This suggests there could also be a difference in
fading behaviour between Prussian blue dyes made with
or without tin. Manufacturing conditions of the dye and
textile could also affect fading, especially as the raw
materials for producing Prussian blue were often home-
made and could, therefore, contain impurities which
would readily be adsorbed into the zeolitic dye [26–29].
Two or more dyes could interact, where Prussian blue
was mixed with other dyes to produce greens or purples.
Dye concentration and particle size would also affect the
individual fading characteristics of a textile [30, 31].

EXPERIMENTAL METHOD

Aims

The main aim of the experiment was to determine
whether insect fumigation by anoxia caused colour or
chemical change in textiles dyed with Prussian blue, and

thus show whether this treatment is safe for such textiles.
The secondary aim was to determine whether changes
caused by anoxia were affected by textile type (cellulosic
or proteinaceous) or dye type (Prussian blue or Prussian
blue with tin). The samples were analysed using
tristimulus colour measurements from a chromameter to
determine whether anoxic fumigation caused significant
colour change, and Fourier transform infrared (FTIR)
spectroscopy was used to identify chemical changes in
the dye.

Dyeing the cloth

Unfortunately no samples of historic material were
available. The experiment was therefore carried out on
modern textile samples prepared in the laboratory.
Cotton and silk were tested, because Chevreul found
they faded most quickly in low-oxygen atmospheres,
and would probably be most susceptible to effects of
anoxia. Samples were dyed using Victorian recipes, to
make the dye as similar as possible to that found on
nineteenth-century textiles. The dye is made when
Prussian blue is precipitated onto the textile from a
solution containing Fe2+ combined with a solution
containing Fe(CN)

6
3–. Alternatively a solution contain-

ing Fe3+ can be combined with a solution containing
Fe(CN)

6
2–. The same compound is formed in either case

[19, 20]. The dye baths are acidified to encourage
precipitation, and the cloth is given a final acidic rinse to
neutralize residual alkali in the cloth from bleaching,
which would otherwise cause rapid fading [26].

When selecting recipes for adaptation to modern
small-scale use, only tub dyeing methods requiring no
complex machinery were considered. The recipes had
to be broadly representative, and usable on cotton and
silk. The recipes had to be simple to avoid unnecessary
effects of extra ingredients, while providing enough
information to be followed accurately. From these
criteria, two recipes for Prussian blue (PB) and Prussian
blue with tin (PB+Sn) were selected from J. Napier’s
1875 edition of A Manual of Dyeing and Dyeing Receipts
[29]. The recipes were intended to dye cotton, but were
very similar to silk dyeing recipes in the same manual.
Therefore silk and cotton were dyed using the same
recipes, so they could be fairly compared in the
experiment. The recipes were adapted from industrial
quantities to dye small samples in one-litre tubs [32].
Where necessary, standard Victorian concentrations for
acids were assumed when calculating the modern
equivalent [27]. The final recipes were as follows:
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1. Prussian blue without tin (PB)

To three tubs containing one litre of cold tap water
each, add the following:

Tub 1: 7.65 g iron(III) nitrate nonahydrate
Tub 2: 7.56 g potassium ferrocyanide [potassium

hexacyanoferrate(II)]
1.9 ml sulphuric acid (0.4 M)

Tub 3: 0.95 g alum [aluminium sulphate]

Napier’s method was followed. Soak cloth for 30
minutes in Tub 1, stirring intermittently. Wring out
cloth thoroughly. Soak cloth in Tub 2 for 15 minutes,
stirring intermittently. Wring cloth out and repeat the
cycle through Tubs 1 and 2. Finally soak cloth in Tub 3
for two to three minutes. Rinse the dyed cloth in tap
water and dry in air at room temperature.

2. Prussian blue with tin (PB+Sn)

To three tubs containing one litre of cold tap water
each, add the following:

Tub 1: 7.65 g iron(III) nitrate nonahydrate
1.89 g tin(II)chloride
4.74 ml hydrochloric acid (1.0 M)

Tub 2: 7.56 g potassium ferrocyanide
0.95 ml hydrochloric acid (1.0 M)
0.95 ml sulphuric acid (0.4 M)

Tub 3: 0.95 g alum

Dyeing procedure as for method 1 above. Both dye
recipes give a good rich colour with similar depth of
shade, and an even result.

Sample preparation

The samples were made from plain woven commercial
white habutai silk and 100% cotton lawn. These fabrics
were physically similar to allow comparisons to be made
between them. They had a fine, uniform texture to
allow even precipitation of dye, and ensure consistent
chromameter and FTIR readings. Before dyeing, the
fabrics were scoured to remove any optical brighteners
or dressings that might affect the dye. Cotton was boiled
for 10 minutes in plenty of tap water with a few drops of
Synperonic N non-ionic detergent, and rinsed tho-
roughly in tap water. Silk was gently agitated in seven
changes of hand-hot tap water. Both cloths were dried
in air at room temperature. The textiles were then dyed
according to the methods described above.

The textile samples were mounted on 12 mm
diameter pure aluminium scanning electon microscopy
(SEM) sample stubs, to keep them flat throughout the
experiment. The stubs were relatively inert, to avoid
interactions with the textile or dye. The stalks were
ground away to allow the samples to fit into the FTIR
spectrometer. The textiles were stretched taut and tied
over the stubs, like old-fashioned jam-pot covers.
Cotton samples were attached with 100% cotton thread,
and silk with 100% silk thread. The textiles were
doubled over to prevent background features showing
through the sample.

Anoxic fumigation

The anoxic treatment used in the experiment was typical
of small-scale techniques used in museums [5]. Samples
were treated with Ageless oxygen scavenger in heat-
sealed bags made from Cryovac BDF200 co-extruded
vapour barrier film. The bags were purged with nitrogen
before sealing to minimize the amount of oxygen for
Ageless to scavenge, thus reducing the heat given off by
the sachets, which could affect the results. The bags
were then double sealed and enclosed in a second
polyethene heat-sealed bag for added security. The
relative humidity (RH) in the bags was kept constant
by Art-Sorb granules conditioned to 50% RH. The
oxygen concentration was monitored with Ageless Eye
indicator tablets, and the RH was monitored with
humidity indicator strips. The samples were treated
for three weeks, which was representative of treatment
times used in genuine fumigation [1]. Most of the
treatment pouches were stored in a dark cupboard
for the whole treatment period, to avoid effects from
light.

Experimental design

The design of the experiment is shown schematically in
Figure 2. For cotton and silk, groups of samples were
dyed with Prussian blue (PB) or Prussian blue with tin
(PB+Sn). For each fabric type a group of scoured but
undyed samples was also analysed as a control. For each
fabric and dye combination, the sample groups were
divided. One group was treated in bags containing
Ageless for three weeks. The other group was placed in
identical bags, but without Ageless, so they would not
be exposed to anoxia but otherwise would experience
the same conditions as the treated samples. Differences
found between treated and untreated samples would
therefore be due to anoxia.
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As well as the main experiment outlined above, a
subsidiary study was undertaken. Two groups of dyed
silk samples were placed in bags with Ageless and left by
a south-facing window with no ultraviolet filter for the
treatment period. This experiment imitated Chevreul’s
study, and was conducted partly to determine to what
extent the fading observed by Chevreul was caused by
combined effects of light and anoxia. It would also sub-
stantiate Chevreul’s findings, and improve confidence in
the modern study. Silk was used for this experiment
because Chevreul found it faded most rapidly of all
textiles, and therefore would be most likely to show an
effect.

Anomalous results could be caused by contamination
during sample preparation, or failure in the anoxic
treatment because of a punctured treatment bag or faulty
Ageless sachets. To guard against this, each stage in the
experiment was carried out twice on separate groups of
samples. Two batches of samples were prepared for each
textile type using fresh dye solutions, and were named
Batch 1 and Batch 2. Two treatment pouches were
made for each treatment group, and the samples were
divided equally between them, mixing samples from the
two dye batches. Thus any anomalous results could be
traced to either sample preparation or the treatment
stage. For each textile/dye type/treatment combination,
10 samples were tested. Of these, five were Batch 1

samples and five were Batch 2. The total number of
samples including undyed controls was 140. This was a
large enough sample number to allow statistical analysis
of the results.

Colour measurements

Tristimulus colour measurements of the samples were
taken before and after treatment using a Minolta CR-
221 chromameter with light source C, a 3 mm diameter
measuring area, and a 45° illumination angle. The meter
was calibrated before each measuring session using a
standard white plate, CR-A45. Colours were measured
in L*a*b* colour space and colour difference (∆E) was
calculated using: ∆E = [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2,
where ∆L* is the lightness–darkness difference, ∆a* is the
redness–greenness difference, and ∆b* is the yellowness–
blueness difference. The meter was set so each reading
was the mean of three consecutive readings. To com-
pensate for drift in the readings, each sample was meas-
ured three times on the same spot, and the mean result
taken. Thus the overall colour measurement for one spot
was the mean of nine readings.

Chemical change measurement

Chemical changes in the dyes were analysed with a
Perkin-Elmer FTIR spectrometer with an external
potassium bromide beamsplitter and mid-infrared
triglycine sulphate (TGS) detector. Prussian blue gives
strong absorption bands in the infrared [33], with a very
strong characteristic peak due to C≡N bond stretching
around 2083 cm–1 [34]. This peak is so intense that it is
easily distinguishable from the spectral features of cotton
or silk (Figure 3). Electrochemical studies of Prussian
blue films show that on initial reduction to Berlin white,
this ν(CN) peak shifts slightly to around 2080 cm–1,
corresponding to Fe(II)–C≡N–Fe(II) [35].1 If Prussian
blue was reduced in anoxic conditions, one might
expect a small but significant change in ν(CN). Other
peaks due to the Fe–N bond, and Fe–C, C–Fe–C or
Fe–C≡N bending, were not considered, as they were
not readily distinguishable from the background spectra
of cotton and silk.

 
      Air 
   Undyed 

Ageless® 

Air 
Cotton   PB    

Ageless® 

Air 
   PB+Sn 

Ageless® 

Air 
   Undyed 

Ageless® 

Air 
Silk   PB   Ageless® + light 

Ageless® 

Air 
PB+Sn  Ageless® + light 

Ageless® 

FigureFigureFigureFigureFigure 22222 Diagram to show the experimental design.

1This is the case during the initial reduction of fresh Prussian blue
films, which are comparable with the textile dye in this study. After
repeated redox cycling of such films Christensen et al. observed that a
different spectroscopic pattern emerged [35].
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The dye was analysed in situ on the textiles in reflect-
ance mode. Even with the reduced reflected energy, the
C≡N peak was still very strong and able to yield
meaningful results. During measurement 50 scans in the
range 4000–370 cm–1 were made, with a resolution of
4 cm–1, which was sufficient to allow characterization of
the strong C≡N peak. During scanning the spectrometer
was continually purged with nitrogen to prevent spectral
interference from water and carbon dioxide, and to
prevent spontaneous re-oxidation of the samples by
atmospheric oxygen. To reduce this risk further, samples

0

10

20

30

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

Wavenumber (cm-1)

T
ra

ns
m

itt
an

ce
 (

%
)

(a) undyed cotton

FigureFigureFigureFigureFigure 33333 FTIR spectrum of (a) undyed cotton compared with (b) cotton dyed with Prussian blue, illustrating the very intense band associated
with the C≡N bond in the dye.

0

10

20

30

4000 3500 3000 2500 2000 1750 1500 1250 1000 750 500

Wavenumber (cm-1)

T
ra

ns
m

itt
an

ce
 (

%
)

(b) cotton dyed with Prussian blue

2085.68 cm-1

were placed in the spectrometer directly from the anoxic
treatment bags.

Statistical analysis

All statistical analyses were made with JMP version 2.0.4
software [36]. Analysis of variance (ANOVA) was
performed on the ∆E and C≡N band shift measurements
of all dyed samples, to determine whether there was
significant colour or chemical change, and whether this
was due to anoxic treatment [36, 37]. ANOVA also
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determined whether there were any significant effects of
dye or cloth, or any interactions between dye, cloth and
treatment. The undyed samples were not included in
these analyses.

Since only silk samples were treated with Ageless in
the presence of light, the data-set for cotton in this treat-
ment category was incomplete. Therefore two separate
ANOVA analyses were made. The first looked at the
effects of treatment in air versus treatment with Ageless
for all combinations of cloth and dye type. This was a
three-way ANOVA, in which the factors were treat-
ment (air, Ageless), cloth (cotton, silk) and dye (PB,
PB+Sn). The second ANOVA analysed only silk
samples, and compared the effects of Ageless alone
versus Ageless+light, in all dye/silk combinations. This
was a two-way ANOVA, in which the factors were
treatment (Ageless, Ageless+light) and dye (PB,
PB+Sn). A third ANOVA was performed to determine
whether the colour change (∆E) of the undyed samples
was affected by Ageless. This was a two-way ANOVA,
in which the factors were treatment (air, Ageless), and
cloth (cotton, silk). Results of the ANOVA are pre-
sented with the appropriate F statistic (F), the degrees of
freedom (df) and the probability (p) that given this
degree of freedom the F statistic occurred by chance.
Where p ≤ 0.05, it is considered not significant (n.s.).

RESULTS

A full table of the results is available on request, or can
be found in [32].

Colour change

At the end of treatment some samples showed visible
colour change. Samples treated with Ageless appeared
dull and slightly faded, while samples treated with
Ageless+light had faded dramatically to pale blue.
Results for all the treatment groups are summarized in
Table 1.

The first ANOVA of ∆E for groups treated with
Ageless or in air showed that colour change was
significantly affected by treatment (F = 72.42; df = 1; p
= n.s.), clearly seen from the ∆E data for the two
treatment groups in Table 1. There were no significant
effects of cloth (F = 0.89; df = 1; p = n.s.) or dye type
(F = 0.28; df = 1; p = n.s.), and no significant
interactions occurred. However, there was a trend that
suggests an interaction between dye type and treatment
(F = 3.39; df = 1; p < 0.07), indicating PB+Sn may be
slightly more stable to anoxia than PB.

The second ANOVA of ∆E for silk treated with
Ageless and Ageless+light showed a highly significant
effect of light, greater than that for anoxia (F = 135.77;
df = 1; p = n.s.). Dye type was not a significant effect (F
= 2.67; df = 1; p = n.s.), and there was no evidence of
interaction between dye and treatment (F = 0.57; df =
1; p = n.s.). Comparing the mean ∆E for silk in all the
treatment conditions shows that anoxic fumigation in
the dark causes approximately twice as much colour
change as would normally be experienced in air (Table
1). A combination of light and anoxia roughly quad-
ruples the ∆E measured for anoxia alone.

The contribution of individual ∆L*, ∆a* and ∆b* val-
ues to overall ∆E for Ageless treatment groups showed
that the greatest changes were in L*, followed by
changes in b*. These values correspond to an increase in
lightness and a loss of blueness. The a* value changed
least, but where it changed there was an increase in
greenness.

The stability of dyed samples treated in air was
assessed. A barely perceptible, but statistically significant,
colour change was found. The overall mean ∆E for all
cloth/dye combinations in air was 1.51 ± 0.11. Paired
t-tests for individual ∆L*, ∆a* and ∆b* values showed
most colour change was due to increase in b* (mean ∆b*

= 0.84 ± 0.13; t = 6.48; p = n.s.), some was due to
increase in L* (mean ∆L* = 0.59 ± 0.15; t = 3.96; p =
n.s.), and very little change occurred in a* (mean ∆a* =
0.08 ± 0.06; t = 1.24; p = n.s.). This means dyed samples
tend to become slightly less blue and paler when in air.

Colour change in the samples could partly be due to
the effect of Ageless on the textile substrate. ANOVA of
colour change for undyed samples in air and Ageless
showed no significant effect of treatment (F = 0.68;
df = 1; p = n.s.) and no interaction with cloth type

TTTTTableableableableable 11111 Mean colour change (∆E) immediately after treatment and
two weeks after re-exposure to air for all cloth, dye and treatment
groups

Cloth: Dye: Treatment Mean colour change Mean colour change
∆E after treatment ∆E two weeks after

re-exposure to air

Cotton: PB: air 1.28 1.28
Cotton: PB: Ageless 4.09 2.18
Cotton: PB+Sn: air 1.8 1.8
Cotton: PB+Sn: Ageless 4.25 2.4
Silk: PB: air 1.05 1.05
Silk: PB: Ageless 4.15 3.04
Silk: PB: Ageless+light 16.88 4.33
Silk: PB+Sn: air 1.89 1.89
Silk: PB+Sn: Ageless 3.25 2.18
Silk: PB+Sn: Ageless+light 14.43 3.47
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(F = 0.03; df = 1; p = n.s.). Mean ∆E for undyed
Ageless-treated samples was 0.29 ± 0.04, compared to
0.34 ± 0.04 for air-treated samples. Such small colour
changes are imperceptible [38].

Phototropic behaviour of the dye

When faded samples were re-exposed to air after
treatment, they spontaneously regained much of their
original colour. The colour of these samples was meas-
ured again two weeks after re-exposure to air, to see if it
had fully recovered. Post hoc ANOVA was performed for
results from silk, for which a complete data-set was
available. The two-way ANOVA had factors of treat-
ment (air, Ageless, Ageless+light) and dye (PB, PB+Sn).
The ∆E values for recovered samples were compared
with ∆E values for dyed samples treated for three weeks
in air.

The results showed that treatment had a highly
significant effect in the Ageless and Ageless+light
groups, even two weeks after re-exposure to air (F =
59.29; df = 2; p = n.s.). Neither dye (F = 0.69; df = 1;
p = n.s.) nor interaction of dye and treatment (F = 9.62;
df = 2; p = n.s.) showed any effect. To determine
whether samples treated with Ageless had recovered
their colour fully or not, pairwise comparisons between
Ageless- and air-treated groups were made, using
unpaired t-tests for each dye type on silk. The results
showed that PB samples treated with Ageless still had a
significant degree of colour change, over and above the
colour change measured for dyed samples in air (mean =
1.99 ± 0.62; t = 3.22; p = n.s.). However, PB+Sn
samples did not have significantly different ∆E values
from their air-treated counterparts (mean = 0.29 ± 0.62;
t = 0.47; p = n.s.).

FTIR results

The C≡N peak shifted towards 2080 cm–1 in groups of
samples exposed to anoxia (Table 2). However, for
samples treated in air the C≡N peak stayed virtually the

same. As one would expect from the colour difference
results, the greatest shifts were seen for samples exposed
to Ageless and light, with smaller shifts for samples
treated only with Ageless.

ANOVA comparing groups treated with air and
Ageless found that treatment had a significant effect (F =
192.55; df = 1; p = n.s.). The mean shift due to Ageless
alone was 3.38 ± 0.15 cm–1, while in air there was a
mean shift of just 0.45 ± 0.15 cm–1, supporting the
results from colour measurement. However, cloth type
was found to have a significant effect (F = 24.27; df = 1;
p < 0.0001); cotton experienced a greater shift than silk,
with a mean for cotton of 2.43 ± 0.15 cm–1, compared
to the silk mean of 1.39 ± 0.15 cm–1. There was also a
significant interaction between cloth type and treatment,
with the effect of Ageless enhanced in the presence of
cotton (F = 17.09; df = 1; p = n.s.).

ANOVA comparing the effects of Ageless with
Ageless+light on silk again found treatment to have a
significant effect (F = 155.44; df = 1; p = n.s.), with
additional significant effects for dye (F = 28.58; df = 1;
p = n.s.) and the interaction between dye and treatment
(F = 33.83; df = 1; p = n.s.). These effects showed that
PB is less stable to Ageless+light than PB+Sn. The mean
peak shift in PB is 5.24 ± 0.22 cm–1, while for PB+Sn it
is only 3.55 ± 0.22 cm–1. The interaction of dye and
treatment means that light enhances the effect of anoxia
on PB more than it does for PB+Sn. These results
support the trend identified by colour change analysis,
namely, that PB+Sn is slightly more stable to anoxia
than PB.

DISCUSSION

This experiment shows that Prussian blue dye undergoes
significant colour and chemical change when fumigated
with Ageless for three weeks. Statistical analysis clearly
demonstrates that these changes are due to the effects of
anoxia. Furthermore, sample sizes in the experiment
were large enough to prove that Prussian blue is signifi-
cantly altered during anoxic fumigation. Analysis of
undyed controls showed that Ageless causes no signifi-
cant change in the underlying textiles, and that all the
colour changes observed were, therefore, due to the
behaviour of the dye alone.

The stability of the dye made from adapted Victorian
recipes was tested, by analysing colour change of samples
in air over the treatment period. A barely perceptible
lightening and loss of blueness was observed. Despite
this slight tendency to colour change, samples treated
with Ageless still exhibited around twice as much colour

TTTTTableableableableable 22222 Shift in mean ν(CN) for all sample groups treated with air,
Ageless or Ageless+light (cm–1)

Cloth: Dye Treated with Treated with Treated with
air Ageless Ageless+light

Cotton: PB 0.55 4.78 –
Cotton: PB+Sn 0.51 3.89 –
Silk: PB 0.68 2.35 5.24
Silk: PB+Sn 0.05 2.5 3.55
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change as air-treated samples. Therefore Ageless caused
significant colour change over and above that normally
seen in air.

The biggest colour changes caused by anoxia were
increased lightness and decreased blueness, giving an
overall change from deep blue to a pale, whitish blue.
This is consistent with the proposed partial fading of the
dye by reduction to the white compound, Berlin white.
However, as faded samples were still somewhat blue, it
is unclear whether the faded colour was due to a mixture
of Prussian blue and Berlin white, or whether the colour
represented an intermediate compound between the
two.

The FTIR results showed that in all the faded samples
the C≡N peak shifted to a lower wavenumber. Depend-
ing on the textile type this change was between 2.35 and
4.78 cm–1 for Ageless-treated samples. Although this is a
small change, it is nevertheless significant and occurred
in all 80 samples. The results are consistent with at least
partial reduction of the dye to Berlin white, where the
peak would be expected to shift from the measured
value of around 2085 cm–1 towards around 2080 cm–1.
The effects of Ageless+light caused approximately four
times as much colour change and up to twice as large a
shift in the C≡N peak as Ageless in the dark (Table 2).
The direction of colour change and C≡N band shift
were the same as in samples treated with anoxia alone.
Light energy, and probably also energy from local
heating by sunshine on the windowsill, clearly accele-
rated the rate of change in the dye, which explains why
Chevreul observed such dramatic changes in Prussian
blue-dyed textiles exposed to light in low-oxygen
conditions.

The observed colour and ν(CN) changes in the dye
can certainly be explained most simply in terms of partial
reduction of Prussian blue to Berlin white, and this is
supported by the phototropic behaviour of the dye
which was observed. However, it must be emphasized
that this experiment was not sensitive enough to prove
exactly what chemical changes occurred, or the
mechanisms by which they did so. Electrochemical
studies of Prussian blue films suggest that many complex
processes occur in the molecule simultaneously during
reduction, which may or may not be involved in the
reduction of Fe(III) ions to Fe(II) ions [35]. For
example, Fe(II) ions in the lattice may be substituted
with other ions from zeolitic sites, such as K+, which is
likely to be present from the manufacturing process.
Some Fe(II) ions may also be reduced by hydrolysis to
Fe(OH)+, which might lower the ν(CN) value.
However, it is safe to conclude from the results that

some form of reduction has taken place during anoxic
fumigation, and that the greatest changes took place in
the presence of light. The residual colour change after
two weeks of re-oxidation in air in the sample groups
dyed with PB and those exposed to light may be an
indication that some less reversible chemical changes
took place in the dye in these cases.

The FTIR results also identified significant differ-
ences in the effects of anoxia depending on dye and
textile type, which did not show up in the colour
measurements. This difference could be because FTIR
measures reflectance from the topmost surface of the
sample, where dye particles are most exposed to
reduction. FTIR might therefore indicate that signifi-
cant reduction had occurred, even when the dye deeper
in the sample was not greatly affected. This pheno-
menon might occur at the level of agglomerate particles
in the precipitated dye, and/or on a molecular level,
since electrochemical studies have shown that it is
possible for Berlin white and Prussian blue to coexist in
different parts of a giant molecule [35]. Significant
colour change would only occur when dye molecules
throughout the whole sample had been reduced.
Another possibility is that changes in infrared absorbance
might be more pronounced in the early stages of dye
reduction than changes in visible light absorbance.

FTIR showed Prussian blue on cotton experienced
significantly more reduction in Ageless than on silk,
although this was not reflected in colour change. This
was surprising, since silk supports fading by reduction
while cotton does not, so one would expect more
chemical change in the dye on silk. A factor other than
textile type was, therefore, more important in support-
ing reduction. Since dye concentration, manufacturing
conditions and environment were the same for both
cloths, the results are probably due to physical differ-
ences in dye distribution within the textiles. If the dye
in cotton was deposited in finer particles, these would
be more vulnerable to reduction than larger particles in
silk. Colour change in either textile type did not occur
because dye particles deeper in the sample were not
reduced during the treatment period.

The samples of PB tended to be less stable to anoxia
than those of PB+Sn, particularly in the presence of
light. This suggests that tin had a stabilizing effect against
reduction, where iron alone did not. It may be
significant that this is the opposite effect to tin and iron
mordants on natural dyes, where iron stabilizes against
fading by oxidation while tin does not. Tin may protect
against fading either by quenching radicals involved in
reduction of the dye, or by causing the dye to be
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precipitated in larger aggregates, which are more
resistant to fading.

The colour change caused by anoxia began to
recover within 24 hours of the end of treatment. This
was evidence of the predicted phototropic behaviour
of Prussian blue dye. However, two weeks after re-
exposure to air, some groups of samples had recovered
better than others. Ageless+light groups which had
faded most did not fully recover and still showed a mean
colour change over twice as great as that of air-treated
samples (Table 1). Samples treated in Ageless in the dark
had recovered more fully. The colour change in PB+Sn
samples was no longer statistically different from that of
air-treated controls. However, PB samples still showed
a small, but statistically significant, difference. The
presence of tin therefore seemed to improve the re-
oxidation rate of the dye after fading, although more
heavily reduced dye samples took longer to re-oxidize.

Although Prussian blue largely regained its colour
after fading in this experiment, there is no guarantee that
the colour of historic textiles could recover so readily or
completely. Historic Prussian blue dye, being zeolitic, is
likely to incorporate impurities, which could potentially
affect how the dye fades and recovers its colour after
anoxic treatment. It is also unpredictable how degrada-
tion products from the underlying textile, or stains and
other residues, could affect the behaviour of historic dye.
Similarly it is unclear how historic textiles dyed with
mixtures of Prussian blue and natural dyes would react
to anoxic environments.

RECOMMENDATIONS

On the basis of this experiment, it is recommended that
textiles dyed with Prussian blue should not be fumigated
in anoxic environments, as this causes colour and
chemical change in the dye. Although colour change is
wholly or partly reversed in modern dye two weeks after
treatment, there is no guarantee that colour could
recover so well in original dye on degraded textiles.
Therefore, alternative safe fumigation techniques such as
freezing should be used. For the same reasons, Prussian
blue-dyed textiles should never be stored or displayed
longterm in anoxic conditions. To identify textiles at
risk from anoxia, spot tests for identifying Prussian blue
dye are given in the Appendix.
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APPENDIX

Spot tests for identifying Prussian blue on textiles
(adapted from Crace-Calvert 1876 [9] and Napier 1875
[29]):

1. Add dilute hydrochloric acid or citric acid to a
sample.
(a) If the sample turns reddish orange it is dyed with

logwood.
(b) If no colour change go to 2.

2. Add some calcium chloride solution to a fresh
sample.
(a) If the colour is unchanged the dye is Prussian

blue.
(b) If the colour changes go to 3.

3. Treat a fresh area with dilute sodium hydroxide.
(a) If the sample discolours the dye is indigo.
(b) If no colour change the dye is an aniline blue.

If combusted on foil, fibres dyed with Prussian blue
leave a red ferruginous ash.

SUPPLIERS

Ageless® and Ageless Eye® indicator tablets: Conservation by
Design, Timecare Works, 5 Singer Way, Woburn Road Industrial
Estate, Kempston, Bedford MK42 7AW, UK.

Cryovac BDF200 vapour barrier film: Sealed Air Ltd, 1 Marston
Road, St Neots PE19 2HN, UK.
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Résumé — Une expérience a été menée afin de déterminer les effets de la fumigation par anoxie sur des colorants textiles
contenant du bleu de Prusse. Elle reproduit les méthodes utilisées en fumigation réelle dans les musées. La constitution chimique
du bleu de Prusse pouvait laisser penser qu’il pourrait pâlir par suite de réduction dans des conditions anoxiques, mais aussi que
ce pâlissement pourrait être spontanément réversible lors de la ré-exposition à l’air. Les recettes d’époque victorienne ont été
adaptées pour fabriquer deux types principaux de bleu de Prusse en vue de l’expérience. Celle-ci mettait en œuvre des mesures
colorimétriques tri stimulus ainsi que la spectrométrie IRTF pour évaluer le changement de couleur dans le colorant après une
fumigation de trois semaines utilisant Ageless®. Les analyses statistiques ont montré que la fumigation anoxique provoquait un
pâlissement notable et un changement chimique dans le bleu de Prusse. Les effets du type de textile et du type de colorant ont
également été étudiés. Une réversibilité partielle du pâlissement a pu être observée ; après deux semaine de ré-exposition à l’air
quelques échantillons étaient pleinement récupérés, tandis que d’autres montraient toujours des changements de couleur. Il y a lieu
de recommander de ne pas utiliser la fumigation anoxique pour des colorants textiles historiques contenant du bleu de Prusse, car
les colorants détériorés peuvent ne pas récupérer leur couleur après le pâlissement, de même que les pigments modernes testés dans
cette expérience.

Zusammenfassung — Ein Experiment wurde durchgeführt, um den Einfluß der Begasung von mit Preußischblau gefärbten
Textilien durch sauerstoffabsorbierende Materialien zu untersuchen. Die Experimente reproduzierten real in Museen
durchgeführte Behandlungen. Die Chemie des Preußischblaus legt es nahe, daß es unter reduzierenden Bedingungen ausbleichen
könnte, wobei dieses Ausbleichen sich an der Luft spontan umkehren könnte. Victorianische Färberezepturen wurden zur
Nachstellung von zwei Typen von Färbungen mit Preußischblau herangezogen. Die Experimente wurden mit Tristimulus
Farbmessungen und Fouriertransforminfrarotspektroskopie begleitet, um so die Farbveränderung nach einer dreiwöchigen
Behandlung mit Ageless® aufzuzeichnen. Eine statistische Analyse zeigte, daß die Begasung ein merkliches Ausbleichen und
eine chemische Veränderung des Preußischblaus hervorruft. Die Effekte des Textils und der Art der Färbung wurden gleichfalls
untersucht. Teilweise konnte eine Umkehrung des Ausbleichens beobachtet werden; nach zwei Wochen an der Luft waren einige
Proben vollständig wiederhergestellt., während andere immer noch eine Farbveränderung aufwiesen. Es wird empfohlen,
sauerstoffabsorbierende Behandlungen nicht bei mit Preußischblau gefärbten Textilien durchzuführen, da der veränderte Farbstoff
nicht wiederhergestellt werden kann.

Resumen — Se llevó a cabo un experimento a fin de determinar los efectos de la fumigación por anoxia en textiles teñidos con
azul de Prusia. El experimento reproducía los métodos empleados en tratamientos reales de fumigación en museos. La química del
colorante del azul de Prusia sugería que podría decolorarse por reducción en condiciones de anoxia, aunque esta decoloración podría
reversibilizarse por una nueva exposición al aire. Las recetas victorianas de teñido se adaptaron para preparar dos tipos principales
de colorante de azul de Prusia para este experimento. El experimento utilizó mediciones de color por triestímulo y espectrometría
infrarroja transformada de Fourier con el fin de valorar el cambio cromático del colorante tras tres semanas de fumigación empleando
Ageless®. Los análisis estadísticos mostraron que la fumigación por anoxia causaba una considerable decoloración y cambio químico
en el azul de Prusia. Se estudiaron también los efectos del tipo de tejido y del tipo de colorante. Pudo observarse una
reversibilización parcial de la decoloración; tras dos semanas de re-exposición al aire algunas muestras habían recuperado
completamente el cromatismo, mientras que otras mostraron cierto cambio cromático. Es recomendable que no se emplee la
fumigación por anoxia en textiles históricos teñidos con azul de Prusia, ya que el colorante deteriorado puede no recuperarse de la
decoloración causada, como ocurría en las muestras modernas probadas en este estudio.


