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dy on Mn browning: use of
quantitative valence state maps

Gert Nuyts,*a Simone Cagno,ab Simone Buganic and Koen Janssensa

Historical glass, especially non-durable medieval glass, can undergo corrosion. This sometimes results in

the formation of dark-coloured manganese-rich inclusions that reduce the transparency of the glass.

While unaltered bulk glass contains manganese mainly present in the +II valence state, inside the

inclusions Mn is present in higher valence states (+III to +IV). Two different strategies may be considered

by conservators when aiming to improve the transparency. One is based on the reduction of highly

oxidised black/brown compounds using mildly reducing solutions, while the other focuses more on the

extraction of manganese from the inclusions by the application of chelating agents. In this paper, a

method for quantitative mapping of the Mn speciation inside partially corroded historical windowpanes

based on X-Ray Absorption Near-Edge Structure (XANES) spectroscopy is discussed. The calibration of

such Mn valence state maps based on the combo method, a fairly reliable way to determine the

oxidation state, is described in more detail. This method is used to evaluate the effect of reducing

treatments on historical glass, dated to the 14th century and originating from Sidney Sussex College

(Cambridge, UK), suffering from Mn browning. Glasses were examined by means of Synchrotron

Radiation (SR) based microscopic X-Ray Absorption Near-Edge Structure (mXANES) spectroscopy and

microscopic X-Ray Fluorescence (mXRF). X-Ray elemental distribution maps of glass cross-sections are

recorded at different energies, while Mn K-edge spectra are used to convert these into Mn valence state

(VS) maps. Such valence state maps will allow evaluation of a reducing treatment.
1 Introduction

Historical glass, including windowpanes from existing stained-
glass windows or fragments encountered in an archaeological
context, is oen affected by so-called darkening or browning.
This phenomenon is caused by the development of dark col-
oured Mn/Fe-rich zones in the alteration layer; these zones or
plugs1 will henceforth be referred to as Mn inclusions.2 Some-
times the formation of such inclusions can lead to a reduced or
total loss of transparency of the glass, which has already been
reported in the literature for archaeological glass excavated
from different Northern European sites.3–11

A brief summary of the different chemical transformations
involved in the weathering of historical silicate glass is given
below; a more detailed description can be found elsewhere.9

Generally the weathering of silicate glass is induced by the
presence of water.12 As a rst step, molecular water penetrates
into the glass via diffusion and/or reversible hydrolysis/
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s, University of Bologna, Via Massarenti 9,

42–650
condensation reactions. As a result the silica network will
undergo structural transformations:13–15

^Si–O–Si^ + H2O(aq) / 2^Si–O–H

2^Si–O–H / ^Si–O–Si^ + H2O(aq)

In a second step, an ion exchange process will take place
between protons from the environment and cations present
within the glass network.16,17 This will mainly take place at low
pH values and will result in the leaching out of most mobile
cations (i.e., monovalent Na+ and K+). During this process the
density of the leached layer will decrease since heavier metal
cations are being replaced by lighter protons. On the glass
surface, weathering products (i.e., sulfates and chlorides of Mg,
Ca, etc.) can be formed.7,18–20

^Si–O�M(glass)
+ + H(aq)

+ / ^Si–O�H(glass)
+ + M(aq)

+

Local pH can increase when the water in contact with the
glass surface is not regularly replenished, due to the ongoing
ion exchange. Hydroxyl ions will attack the silica network and
cause further damage, this is a process that mainly takes place
when the pH rises above 9.9
This journal is © The Royal Society of Chemistry 2015
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^Si–O–Si^ + OH(aq)
� / ^Si–O–H + ^Si–O�

2^Si–O–H / ^Si–O–Si^ + H2O(aq)

The aforementioned steps will cause the formation of a
leached layer, a cation-depleted silica network with a lower
structural strength and density compared to the original bulk
glass as well as a different expansion coefficient. These material
properties can result in crack formation.

As described elsewhere in more detail,9 when an internal or
external manganese source is available, manganese inclusions
can be formed inside the leached layer. Historical glass oen
contains a small amount of manganese (typically 0.4–0.8% w/w
when expressed as MnO)21 with Mn(II) being the predominant
species. Manganese can be present in the glass as an impurity of
the starting materials22,23 or can be added deliberately as pyro-
lusite (MnO2), a decolourising agent.11 Alternatively, manganese
can also be introduced into the glass from the soil in which the
glass is buried as dissolved Mn(II).2,11,24,25 Previous experiments
have indicated the presence of MnO2 in the Mn inclusions9 and
a hypothesis for their formation was proposed: in the presence
of water and oxygen, Mn(II) and/or Mn(III) ions can be oxidised
to higher oxidation states giving rise to, for example, insoluble
(MnO2) that can precipitate, a process favoured in alkaline
conditions. Several of these Mn compounds that can be formed
are characterised by dark brown and black colours.6

In glass conservation it is not generally desired to recover
glass transparency of Mn-darkened glass fragments via any
non-reversible treatment, since a glass conservator's main
objective is the conservation of original (glass) material and
the prevention of further decay with minimal intervention.26

However in a limited number of cases a non-reversible treat-
ment method may be considered, e.g. in extreme cases of
darkening where the original colour of the glass and other
signs of its history such as applied paint or design on the
surface can no longer be appreciated. Two different strategies
are known for removing the darkening effect induced by
manganese: one is based on the reduction of the highly oxi-
dised black/brown compounds and the other focuses more on
the extraction of this element from the inclusions by the
application of chelating agents.11,27 Since darkening can be
caused by numerous highly oxidised Mn compounds,6 most of
which have a typical black/brown colour, retrieving informa-
tion on the Mn (average) valence state before and aer treat-
ment plays a key role in its evaluation. A rst attempt at
mapping the Mn speciation was made by us; based on so-
called “chemical species-specic sensitivity factors” and under
the assumption that only Mn(II) and Mn(IV) are present,
distribution maps of the latter were obtained. In this paper,
instead, quantitative (average) valence state maps were
obtained by recording X-Ray elemental distribution maps of a
glass cross-section at different energies, while Mn K-edge
spectra are used to convert these into Mn valence state (VS)
maps displaying the average valence state. Such maps can then
successfully be used in evaluating different reducing treat-
ments on glass suffering from manganese browning.
This journal is © The Royal Society of Chemistry 2015
2 Materials and methods
2.1 Materials and treatments

All glass fragments used in this study are part of a larger series
that originate from an excavation at a former Franciscan friary in
the premises of the cathedral of Canterbury, UK and are dated to
the 14th century. Since the context data of the excavation was
lost, the heritage value of these fragments is limited.28 These
glasses were of interest, since they were subjected to weathering
in a wet environment and visually evidenced extensive Mn
browning. The major components of the original glasses were
determined by Scanning Electron Microscopy-Energy Dispersive
X-Ray (SEM-EDX) analysis and are summarised in Table 1. For
this purpose a JEOL 6300 scanning electron microscope equip-
ped with an energy dispersive X-Ray detector was used. The
spectra were collected for 100 seconds by using a 2 nA electron
beam current, an accelerating voltage of 20 kV and a microscope
magnication of 500. These parameters were found to be suitable
for quantitative analysis of glass without signicant diffusion of
sodium during the irradiation.29 The net intensities were calcu-
lated with the program AXIL (Analysis of X-Rays by Iterative Least
squares)30 and quantied by means of a standardless ZAF
program.29 The cause of the extensive weathering can be
explained by the low-silica and high-potash content.31 All ana-
lysed glass fragments were physically cut, embedded in acrylic
resin (Struers, VersoCit-2©) and polished. The resin helps to
preserve the sample integrity during polishing. Three different
reducing treatments are examined in this study. All applied
reducing treatments are performed on the embedded cross-
section and are summarised in Table 2.
2.2 Data collection and processing

X-Ray Fluorescence (XRF) mapping and X-Ray Absorption Near-
Edge Structure (XANES) measurements were performed at the
European Synchrotron Radiation Facility (ESRF, Grenoble,
France), at beamline ID21 with an undulator insertion device.32

The storage ring operating conditions were 6 GeV electron energy
with a 200 mA electron current and a 7/8 multibunch operating
mode. For these experiments a Si (111) xed-exit double-crystal
monochromator was used, with an energy resolution of 10�4(DE/
E). A metallic Mn-reference foil (5 mm) was used to provide an
accurate energy calibration (rst inection point of the Mn-K edge
set at 6539 eV). An upstream Ni mirror was used to remove the
high-energy harmonics from the incident beam. All samples were
measured in uorescence mode. The uorescence intensity was
recorded with the sample positioned at 62� with respect to the
incoming beam and using a Silicon Dri Diode XFlash 5100
(Bruker, Germany), with an energy resolution z 160 eV, at an
angle of 49� with respect to the sample, resulting in a 69� angle
between the incoming beam and the detector. Fresnel zone plate
focusing optics were used, allowing a minimal beamsize of 1.13�
0.80 mm2. XRF maps were recorded using a fully focused beam
with a 100 ms acquisition time per pixel and all spectra were
evaluated using the PyMCA soware package.33 In order to mini-
mise beam-induced sample alteration XANES spectra were
collected under slightly defocused conditions (see 3.1) from 20 eV
J. Anal. At. Spectrom., 2015, 30, 642–650 | 643
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Table 1 Bulk composition of the used glass samples, presented as oxide concentrations (% w/w)

Glass type Na2O MgO Al2O3 SiO2 P2O5 SO3 Cl K2O CaO TiO2 MnO Fe2O3

1 3.0 8.7 1.6 52.5 3.3 0.1 0.3 11.5 16.6 0.3 1.6 0.6
2 0.4 4.9 0.8 48.2 1.4 0.2 <d.l. 17.9 23.6 0.4 1.6 0.6

Table 2 Summary of all the applied treatment methods

Sample Glass type Treatment Treatment time

A 2 Cotton drenched in 5% NH2OH 24 h
B 1 5% NH2OH + KCl + NaCl 30 min
C 1 5% citric acid pH 7 buffer 30 min

Fig. 1 K (red), Ca (green) and Mn (blue) elemental distribution maps of
a cross-section of sample A (1.84 � 0.67 mm2).

Fig. 2 Mn distributionmap of a cross-section of sample A (1.84� 0.67
mm2), darker areas indicate a higher Mn fluorescence intensity.

Fig. 3 Repetitive XANES spectra recorded at the same point inside a
Mn inclusion on a cross-section of sample A (Fig. 2).

Fig. 4 Relative contributions of Mn(II), Mn(III) andMn(IV) as a function of
the radiation time, obtained by fitting ten repetitive XANES spectra
using the combo method.
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below to 90 eV above the Mn-K edge (6520–6630 eV), with 0.73 eV
steps for the entire region. A 100 ms integration time was used at
each energy step resulting in around 30 s measuring time per
XANES spectrum. For all XANES spectra, the normalisation was
performed by means of the soware package ATHENA.34 An edge-
step normalisation was performed by linear pre-edge subtraction
and by regression of a (in general) quadratic polynomial beyond
the edge.34 Analysis of the recorded XANES spectra was performed
by linear combination tting of the spectra with known reference
spectra, using the so-called “combo” method. In this method,
spectra are tted with a published database of pure-valence
species recorded by Manceau35 (pyrolusite, ramsdellite, Ca2Mn3O,
KBi (K0.296

+(Mn4+0.926(vac)0.074)O2$0.40H2O), groutite, feitknechtite,
manganite, Mn2O3, MnPO4, hureaulite, Mn2+-sorbed fungi, rho-
docrosite, manganosite, pyroxmangite, tephroite, MnSO4(aq),
MnSO4(s)); as a result the Mn species is not identied, but a
contribution of each valence state is obtained in a quantitative
644 | J. Anal. At. Spectrom., 2015, 30, 642–650
manner. More information on this method, the pure valence
references and their data acquisition is provided elsewhere.35 The
transferability of the database was checked by comparing the
spectra of pyrolusite andMn2O3, recorded in transmission with an
unfocused beam, with those provided by the database.
3 Results
3.1 Photoreduction

Beam damage caused by ionising radiation is a known and
described phenomenon in literature.36 Photoredox reactions
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 The edge energy at half edge-step as a function of the depth
inside sample A.

Fig. 6 The relative contribution of all valence states as a function of
the depth inside sample A.

Fig. 7 The average valence state as a function of the depth inside
sample A.

Fig. 8 XANES spectra from the Mn enrichment, leached layer and bulk
glass. E1 (6553.2 eV) and E2 (6560.5 eV) are marked by a solid and
dashed line respectively.

Fig. 9 Correlation between the ratio of the fluorescence intensity at
the two energies and the average valence state.

Fig. 10 Mn valence state map of a cross-section of sample A (512 �
343 mm2).
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induced by a focused X-Ray beam can take place either by water
photo-chemistry37,38 or direct chemical action, e.g. in nucleic
acids the latter accounts for one third. For transition metal ions
photoreduction is predominant,39,40 while photoreduction with
Mn inside an alteration layer was already observed by us in
previous research at ESRF with very similar incoming radia-
tion.8 In case of poorly crystallised phyllomanganates41 they are
This journal is © The Royal Society of Chemistry 2015
described as being reduced in a two step process,35 during
which Mn(IV) is rst reduced to Mn(III) and further reduces to
Mn(II). Manceau et al.35 suggested that only one electron is
transferred at a time and that the reduction from Mn(III) to
Mn(II) is rate limiting.

In our experiments, tests were performed on sample A prior
to its treatment to evaluate the inuence of beam damage in the
present context of Mn-species mapping in stained glass
J. Anal. At. Spectrom., 2015, 30, 642–650 | 645
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Fig. 11 Cross-section of sample B before treatment. (a) Optical microscopy picture in reflected light (1.5 � 1.1 mm2). The black frame marks the
area of the valence state mapping. (b) Mn distribution map (780� 421 mm2), darker areas indicate a higher Mn fluorescence intensity. The dashed
line marks the right border of the black frame in (a). (c) Mn valence state map (780 � 421 mm2).
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samples. First an XRF map was recorded on a cross-section,
which allows to discriminate all the different phases present. An
RGB map is presented in Fig. 1, showing the most relevant
elemental distributions in glass weathering; namely Mn (blue),
K (red) and Ca (green). As mentioned in the introduction the
leached layer is characterised by a lower K and Ca content in
comparison to the bulk and contains Mn enrichments or
inclusions. On top of the original glass surface Ca salts are
deposited in the course of the alteration process. Mn inside an
inclusion was already proven to be more prone to beam
damage8 compared to Mn present in the bulk glass. Based on
the Mn elemental distribution a suitable spot was chosen inside
a Mn inclusion (Fig. 2) on which 10 repetitive XANES spectra (27
s per spectrum) were recorded, using a fully focused beam (1.13
� 0.80 mm2). Photoreduction is clearly present during the rst
three spectra (Fig. 3), evidenced by a shi of the edge-energy to
lower values, and additionally a change is observed in the shape
of the spectrum. By tting all spectra using the combo method35

it is possible to obtain for each spectrum the relative contri-
bution of each of the valence states (+II, +III and +IV) as a
function of the scan number (Fig. 4). Photoreduction was
observed during the during rst three XANES scans. Aer one
scan �30% of the Mn was present as Mn(IV), �30% as Mn(III)
and �40% as Mn(II). Aer the third scan a 15% decrease of
Mn(IV) is observed, while Mn(II) increases by the same amount
and Mn(III) remains constant. These results indicate that either
Mn(IV) is directly reduced to Mn(II) or a two-step process takes
Fig. 12 Cross-section of sample B after treatment. (a) Optical microscop
area of the valence state mapping. (b) Mn distribution map (780� 421 mm
line marks the right border of the black frame in (a). (c) Mn valence state

646 | J. Anal. At. Spectrom., 2015, 30, 642–650
place with approximately equal rates, in contrast to the ndings
of Manceau et al.35 For all further XANES measurements per-
formed during these experiments, photoreduction was mini-
mised by using a slightly defocused beam (8 � 8 mm2). Should
photoreduction occur, Mn(II) will be overestimated and most
probably Mn(III) or (IV) will not be detected or quantied prop-
erly. Photoreduction was evaluated by recording the uores-
cence intensity at 6553 eV as a function of the radiation time.
For a fully focused beam a 17% increase was observed, which
was only 5% in the case of a slightly defocused beam. Further
defocusing did not lead to any signicant changes in beam
damage. On the other hand, for the collection of the XRF maps,
a fully focused beam was employed, since only 100 ms dwell
time was used for each pixel.
3.2 Energy calibration curve

Prior to any treatment a XANES linescan was recorded on a
cross-section of sample A (Fig. 2), with a step-size of 5 mm over a
total span of 290 mm. It is well known that the “edge energy” (e.g.
energy at half edge-step) of most transition elements shis,
qualitatively, to higher energies, increasing the oxidation state.
For this reason many authors have used it as an indication of
the Mn valence.42–45 In Fig. 5 this energy across the linescan is
plotted and three regions with markedly different speciation
can readily be observed. By comparing these to Fig. 2 they are in
accordance with the different phases present in historically
weathered glass, namely the bulk glass (blue), the leached layer
y picture in reflected light (1.5 � 1.1 mm2). The black frame marks the
2), darker areas indicate a higher Mn fluorescence intensity. The dashed
map (780 � 421 mm2).

This journal is © The Royal Society of Chemistry 2015
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Fig. 13 Cross-section of sample C before treatment. (a) Optical microscopy picture in reflected light (1.0� 0.8 mm2). The black framemarks the
area of the valence state mapping. (b) Mn distribution map (520 � 364 mm2), darker areas indicate a higher Mn fluorescence intensity. (c) Mn
valence state map (512 � 347 mm2).
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(green) and the Mn inclusions (red). Although the edge energy
holds qualitative information concerning the Mn valence state,
Farges et al.46 state that it can lead to an error of up to 90%.
Therefore all spectra are tted using the combo method, and
the relative contributions of all valence states (Fig. 6) and the
average valence state (Fig. 7) are obtained and can be plotted
against the depth inside the glass. Mn is present in the bulk
mainly as Mn(II) with a smaller contribution of Mn(IV) and
Mn(III) resulting in an average valence state of 2.4. Close to the
original glass surface a 110 mm thick Mn enriched zone (known
as Mn inclusions) is present, in which the Mn speciation is
considerably more heterogeneous in comparison to the bulk
glass. In these inclusions Mn is mainly present as Mn(IV), with a
contribution ranging from 55% to 90%. More importantly,
inside the 100 mm thick leached layer situated between the
original glass surface and the bulk glass, the Mn speciation is
different to that of the inclusions. An equal contribution of
Mn(II) and Mn(III) is observed here, resulting in an average
valence state of 2.6, while the homogeneity is comparable to
that of the bulk glass.

Although a XANES linescan offers some insight into the Mn
speciation and enables to discriminate the different phases
present, it may not be representative for the entire weathered
layer. This can be circumvented by recording X-Ray distribution
Fig. 14 Cross-section of sample C after treatment. (a) Optical microscop
area of the valence state mapping. (b) Mn distribution map (520 � 364
valence state map (510 � 347 mm2).

This journal is © The Royal Society of Chemistry 2015
maps at different energies. The ratio between the X-Ray uo-
rescence intensities recorded at different energies contains
information about the average valence state. Based on the
difference in XANES response of the various Mn species, the
most suitable energies are chosen. Fig. 8 shows three normal-
ised XANES spectra recorded during the linescan of sample A,
each being representative for each of the Mn phases. The largest
difference is found in the energies of the white-line of Mn in
bulk glass (E1¼ 6553.2 eV) and of the white-line energy of Mn in
the enrichment (E2 ¼ 6560.5 eV). This ratio IMn(E1)/IMn(E2) was
also calculated for all normalised XANES spectra acquired
during the linescan at the two given energies and plotted
against the average valence state obtained by the combo
method (Fig. 9) when tting the same spectra. In Fig. 9 the
datapoints are visualised according to the phase they originate
from, namely Mn inclusions (red circles), leached layer (green
circles) and bulk glass (blue circles). A clear correlation is
observed between the ratio IMn(E1)/IMn(E2) and the average
valence state (VS); by least-square tting using a 2nd degree
polynomial eqn (1) was obtained, which describes the best tted
parabola.

From samples B and C similar linescans were recorded
before and aer treatment; due to the high noise level the
resulting XANES spectra were averaged per phase. Together with
y picture in reflected light (1.0 � 0.8 mm2). The black frame marks the
mm2), darker areas indicate a higher Mn fluorescence intensity. (c) Mn

J. Anal. At. Spectrom., 2015, 30, 642–650 | 647
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Fig. 15 Cross-section of sample A. (a) Elemental distribution map of Mn before (green) and after (red) (512� 347 mm2). (b) Mn valence state map
before treatment (512 � 343 mm2). (c) Mn valence state map after treatment (510 � 347 mm2).
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a linescan of sample A aer treatment these averaged spectra
could then be used as control datapoints (black crosses in
Fig. 9) to validate the obtained correlation. The validity of the
calibration relation allows us to indeed use only two energies for
valence state mapping. A IMn(E1)/IMn(E2) ratio map can easily be
obtained by dividing the two Mn distribution maps recorded at
these energies. It is necessary to eliminate any inuence from
variations in the primary beam intensity. Therefore each Mn
elemental distribution needs to be normalised by the primary
beam intensity (I0) or the ratio map needs to by multiplied by
the inverse ratio of the primary beam intensities I0(E2)/I0(E1). This
ratio can accurately be determined by the ratio ICa(E2)/ICa(E1),
since the XRF response of Ca can be considered constant in the
range between E1 and E2; the Ca K edge energy (4038 eV) is
almost 2.5 keV lower than the Mn K edge energy (6539 eV).
Using eqn (1) these IMn(E1)/IMn(E2) ratio maps can then be con-
verted into valence state maps. Pixels with an average valence
state lower then 0 or higher then 4 were set to 0 and 4 respec-
tively, this never exceeded 6% of the total number of pixels.
Such maps were calculated for three stained glass samples to be
subjected to different conservation methods (see Table 2 and
Fig. 11c, 13c and 15b). A leached layer with an average valence
state between 2.5 and 3 is found in all three maps, clearly
different from the Mn inclusions, which have an average
valence state between 3 and 4 or the bulk glass with an average
valence state around 2.4. When considering the homogeneity of
the Mn speciation, the conclusions are in good accordance with
those retrieved from a single XANES linescan discussed in
Fig. 5–7. While the bulk glass is homogeneous, Mn inside the
inclusions shows a more heterogeneous distribution.

cVS ¼ 1:88

�
IMnðE1Þ
IMnðE2Þ

�2

� 5:37
IMnðE1Þ
IMnðE2Þ

þ 6:1 (1)
3.3 Evaluation of reducing treatments

Since valence state maps such as that shown in Fig. 10 display
the average valence state in each pixel, they allow to examine the
inuence, in terms of Mn speciation, of treatment methods on
glass suffering from manganese browning. Three different
treatment methods (Table 2) were tested in the presented
648 | J. Anal. At. Spectrom., 2015, 30, 642–650
experiments, all of which are based on the reduction of highly
oxidised Mn compounds to more water soluble Mn. Next to
looking at the valence state maps, it is evidently possible to
check Mn removal or diffusion by the treatment by comparing
elemental distribution maps before and aer treatment at the
same energy.

Hydroxylamine hydrochloride was used as a reducing agent
in the rst treatment test. The effect of such a reducing treat-
ment is dual: as hydroxylamine itself is oxidised, it reduces the
dark coloured Mn oxides to Mn(II), thus removing the dark-
ening. In addition Mn(II) has a higher solubility in water, which
allows Mn diffusion/removal. With this aim sample B was
immersed in a 5% w/w NH2OH$HCl solution for 30 minutes.
Already when observing the treated, cross-sectioned sample
with an optical microscope in reected light, the results of the
treatment can be observed. Fig. 11a displays an untreated cross-
section of sample B: in reected light, the unaltered bulk glass
is observed as more white and the leached layer as more grey. In
addition the cracks formed during the glass-alteration process
and sample manipulation, and Mn inclusions, with a tone
comparable to the bulk glass, can be distinguished. Aer
treatment these inclusions can no longer be observed (Fig. 12a).
When comparing the Mn distribution maps before and aer
treatment (Fig. 11b and 12b), it becomes clear that this is indeed
not due to complete Mn removal. The higher mobility of Mn(II)
does allow diffusion and clearly a limited amount of Mn is
removed, mainly in the inclusions, but most is still present aer
the treatment. However the Mn valence state map of sample B
aer treatment (Fig. 12c) indicates that most of the Mn which
originally had a valence greater than 3 is effectively reduced,
thus explaining the removal of the darkening effect.

In a second treatment sample C was immersed in 5% w/w
citric acid with buffer solution (pH 7). From the optical
microscopy images before and aer treatment (Fig. 13a and
14a) it already becomes clear that, using this treatment,
unwanted side-effects occur as the leached layer and bulk glass
show additional cracking. Most likely this is due to additional
leaching followed by rapid drying of the sample. Due to these
cracks it is difficult to visually evaluate the effectiveness of the
treatment in removing the darkening effect. The effect of such
cracks on XRF is only minor, thus Mn valence state mapping
remains possible and Fig. 14c shows a decrease in the more red
This journal is © The Royal Society of Chemistry 2015
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areas (+IV) visible in Fig. 13c, mainly in the Mn inclusions but
not as extensive as with the treatment using hydroxylamine
hydrochloride. A similar effect is observed inside the leached
layer, where some regions are found aer treatment to have an
average valence state comparable to the bulk glass. Since almost
no Mn is reduced during the treatment, little or no Mn diffu-
sion/removal (Fig. 13b and 14b) is observed.

Complete immersion of glass panes into a treatment solu-
tion is evidently not possible with larger window panes and
lacks spatial selectivity. In glass conservation and restoration,
therefore, more local treatment methods are preferentially
employed, e.g. by applying cotton drenched in a treatment
solution to the area on the window pane; in that manner only
the areas suffering from manganese browning are treated and
no additional damage to unaltered bulk glass will be induced. A
similar treatment method was evaluated here (cotton drenched
in 5% w/w hydroxylamine hydrochloride); in order to evaluate
the inuence of the treatment on all different Mn speciation
areas that are present, the cotton swab was brought into contact
with a cross-sectioned surface where it would normally be
applied on the corroded surface. As can be seen from Fig. 15c,
aer a treatment time of 24 h hours the effect is similar to the
immersion in 5% w/w citric acid treatment: little or no Mn
removal is observed but the Mn that is present is clearly
reduced.

4 Discussion and conclusions

Two topics were discussed in this paper: namely photoreduc-
tion and the use of quantitative Mn valence state maps in the
evaluation of treatment methods on historically weathered
glass suffering from Mn staining/browning. Prior to X-Ray
experiments it was crucial to obtain measuring conditions
during which no damage is induced by the primary X-Ray beam.
In this paper photoreduction of Mn inside the glass alteration
layer due to a focused X-Ray beam (1.13 � 0.80 mm2) was
studied, by recording several consecutive XANES spectra at one
point inside the alteration layer. Photoreduction was observed
during the rst three XANES spectra. It was demonstrated that
either Mn(IV) directly reduces toMn(II) or a two step process with
equal rates takes place. To the authors’ best knowledge, for the
rst time quantitative Mn valence state maps were obtained, by
conversion of ratio maps IMn(E1)/IMn(E2) using a calibration curve.
The latter was obtained by tting Mn K-edge XANES spectra
taken across the alteration layer with pure valence references
(combo method) and associating the resulting Mn-valence state
values with the local “two energy” intensity ratio. Such valence
state maps showed that Mn inside the leached layer has a
speciation clearly different from that of the bulk glass, but more
importantly, different from that of the inclusions. In the
leached layer, manganese has a average valence state of 2.6,
corresponding to equal contributions of Mn(II) and Mn(III),
while Mn in the inclusions has an average valence state of 3.5
(or higher), indicating the presence of a mixture of Mn(IV) and
Mn in lower valence states in the sampled volume.

In addition to the characterisation of all phases present in
historically weathered glass, Mn valence state maps could
This journal is © The Royal Society of Chemistry 2015
usefully be employed for the comparison of different reducing
treatments of glass suffering from manganese browning. Since
the browning effect is mainly caused by the presence of higher
oxidised Mn compounds, obtaining information concerning
the valence state before and aer treatment is essential. In this
paper three different treatment methods were evaluated. Two
samples were immersed into a reducing solution of 5% w/w
hydroxylamine hydrochloride and 5%w/w citric acid for 30min.
The hydroxylamine proved to be the most effective in reducing
the highly oxidised Mn compounds in the inclusions, a change
that could be observed visually and was supported by Mn
valence state mapping. In the case of the immersion in citric
acid, visual observations were impeded by additional damage
(cracking) caused by the treatment itself; most likely due to
additional leaching followed by rapid drying of the sample.
However Mn valence state maps did show a minor reduction
taking place, mainly inside the inclusions. Since reduction of
insoluble higher oxidised Mn compounds to more soluble
Mn(II) enables Mn diffusion/removal, this was only observed
aer the immersion in hydroxylamine. In contrast to immer-
sion into a treatment solution, a more realistic treatment
method was evaluated in a similar manner. A glass cross-section
was put into contact with cotton drenched in 5% w/w hydrox-
ylamine hydrochloride for a period of 24 h. The results were
similar to those obtained by the citric acid treatment, but with
lesser additional damage to the surrounding glass.
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