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1. Introduction 
The alteration of chrome yellow (PbCrO4), a bright yellow pigment intensively used in both industrial and 
artistic paints, is a well-known phenomenon which has been studied continuously since its invention in the 
first decades of the 19th C. Although recent literature agrees that this degradation involves a reduction 
reaction of Cr(VI) to Cr(III), the exact alteration process and the ensuing degradation products remain 
enigmatic. In addition, depending on the application of the pigment and the atmospheric circumstances, 
several agents can induce the reduction of CrO4

2-, consistent with the high standard reduction potential of the 
CrO4

2-/Cr+3 redox couple (E0= 1.477 V):  

• UV-Visible light, heat, contaminants [1,2,3,4]  

• atmospheric gasses, such as SO2
 [5] and H2S [6],  

• soil constituents (e.g., amino, humic and fulvic acids) and Fe(II) [7,8]  

• sulfides and sulfates [9,10],  

• organic matter [11,12],  

• semiconductors particles in aqueous solutions [13,14,15]  

• H2O2 in acidic aqueous solutions.[16,17]  
Even though the associated discoloration of the pigment creates a severe threath towards paintings from the 
end of the 19th C and the beginning of the 20th C (in particular for paintings by Van Gogh),  the reduction of 
original Cr(VI) and the resulting Cr(III)-degradation products have not yet been characterised experimentally. 
  

2. Overview of investigated materials 
Both artificially aged model samples, (prepared by applying a thin layer of paint on glass microscopy 

slides) and two paint cross-sections taken from paintings by Vincent van Gogh (Banks of the Seine, F293, 
1887 and View of Arles with Irises, F409, 1888, see Figure 1) were examined at ID21 by means of µ-XRF and 
µ-XANES analyses around the Cr-K edge.  



 

  

Figure 1. Photographs of (left) Banks of the Seine (F293), 1887 and (right) View of Arles with Irises (F409), 1888 by Vincent 
van Gogh, Van Gogh Museum, Amsterdam. 

 
 
(a) Artificially aged model samples.  
After UV-visible irradiation and heating of 
various model systems, the paint taken from a 
historic paint tube (ca. 1914) proved to be 
particularly prone to discoloration. A pre-
characterization by means of different 
analytical techniques (µ-XRD, µ-Raman and 
FT-IR spectroscopy), revealed that this lead 
chromate paint was particularly rich in lead 
sulfates. The latter were present in a very 
fine-grained/amorphous form. Both SR µ-
XANES point measurements and SR µ-XRF 
maps performed on imbedded samples (Figs 
2A and 2B) revealed the presence of Cr(III) 
species (up to 65%), in amounts more 
significant in the brown discoloured area 
(Figs 3C, black spectrum). This result was 
demonstrated by a clear decrease of the 
intensity of the Cr pre-edge peak at 5.993 keV 
and a shift of the absorption edge toward 
lower energies (Fig.3C). However, also on the 
still-yellow areas of the materials, the 
reduction of Cr is observed, albeit to a lesser 
degree than at the surface (around 30-40%) 
(Fig.3C, red spectrum). By means of a 
combination of EELS and µ-XANES, the 
exact nature of the Cr(III) compounds could 
be identified: the observed spectral data are 
consistent with the presence of Cr2O3·2H2O. 
Moreover, as Figure 2D demonstrates, a fit of 
the µ-XANES measurements demonstrated the possible presence of an additional compound, such as 
Cr2(SO4)3·H2O or (CH3CO2)7Cr3(OH)2 [Chromium(III) acetate hydroxide].   
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Figure 2. (A): Image of paint model sample  taken from an historican paint tube of 19th C  
before and after the ageing process. (B) sample of the same aged material shown in panel 
(A), imbedded in cross-section. $ indicates the region where Cr-K edge XANES 
measurmements were carried out.- (C) Cr-K edge XANES spectra acquired on the model 
sample aged and not aged. (D): Fitting of the µ-XANES spectra as linear combinations of 
reference spectra: (red) fit of the experimental data (black) by combination of PbCrO4 
(blue), Cr2O3·2H2O (dashed) and Cr2(SO4)3·H2O (grey) and estimation of their relative 
abundances. 
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(b) Van Gogh paint samples.  
Analogous with the aged model sample, both 
XANES and XRF measurements revealed the 
presence of reduced Cr..As Figure 3 
illustrates, Cr(III) species (ca. 60%) were 
particularly detected in the areas rich in Ba 
and aluminium-silicate compounds, while the 
surrounding yellow paint (without Ba) 
contained exclusively Cr(VI). At that time, 
BaSO4 and aluminium-silicates were 
frequently added to paint in order to improve 
the viscosity.  
 
 
 
 
 
 
 
 

 

3 The role of sulfates and sulfides on chromate reduction: scientific background 

 
Considering the fact that the formation of Cr(III) was exclusively observed in (a) the PbSO4-rich model 
sample and (b) the BaSO4- and aluminium-silicate- rich areas of the Van Gogh paint samples, it is suspected 
that the sulfate and sulfide anions play a key role in the reduction process of lead chromate. According to 
literature, this phenomenon may be explained by one of different processes: 

 
a) minerals and organic matter can act as catalysts, promoting an in situ reduction of Cr+6; additionally, this 

reaction is favoured under photochemical conditions.[12] 
 
b) Absorption/desorption processes on mineral surfaces of aluminium silicate classes, such as kaolinite 

[Al2Si2O5(OH)4] [18] or Montmorillonite [(Na,Ca)0,3(Al,Mg)2Si4O10(OH)2·n(H2O)] in acidic conditions and 
in the presence of sulfide ions [12] can promote the reduction of Cr+6. The oxidation of the sulfides then leads 
to the formation of sulphur species in several oxidation states (e.g., S2O6

2-, SO3
2-, SO4

2-, S0, and 
polysulfides)[10]. Since blanx fixe (BaSO4) or lithopone (BaSO4·ZnS) are often added to the paint as an 
extender, 19th C and early 20th C paint usually contains sulphur compounds. In case of sulfides (ZnS), a 
possible redox reaction involving chromate ions can be written as:  

8 CrO4
2- + 20 H+ + 3 S2-  

←
→  8 Cr3+ + 20 OH- + 3 SO4

2- 

in which electrons released by sulfur are used to reduce chromium. studies have demonstrated that, even in 
the absence of sulfide species, S-2 ions can be produced in situ from sulfates, after which chromate ions could 
react with sulfides to regenerate sulfate. According to Plummer,[19] this reaction occurs via the following 
redox equilibrium involving BaSO4 (see Figure 4): 

BaSO4 + CO2 + H2O + Ca+2

←
→   Ba+2 + CaCO3 + H2S + O2 

Otherwise, the formation in situ of of S-2 ions from sulfate and subsequent Cr(VI) reduction can be induced, 
in anaerobic condition, by the action of specific bacteria, known as sulphate reducing bacteria (SRB).[20] 
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Figure 3. (VL): Visible light microscopy image of Van Gogh painting sample F409. (A) 
Cr-K edge XANES spectra recorded on Ba- rich area inside the brown layer (red) and Cr-
rich areas inside the yellow layer (black) for F409. (B) Ba distribution and (C) RG 
composite images of Cr+6 and Cr+3 maps obtained by µ-XRF of F409. 
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Figure 4. Possible ‘catalytic’ reaction for the reduction of 

chromates in the presence of BaSO4 and CaCO3, as suggested by 

Plummer. [19] 
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