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ABSTRACT 
 
 The research presented in this dissertation covers three separate topics of 

conservation as defined by the National Science Foundation: 1) Materials Stabilization, 

Strengthening, Monitoring, and Repair; 2. Understanding Material Degradation and 

Aging; and 3) Materials and Structural Characterization of Cultural Heritage Objects (the 

‘technical study’).   The first topic is addressed through a study to assess the consolidant 

tetraethoxysilane for the stabilization of alum treated wood.  Falling under materials 

degradation studies is a study published in American Museum Novitates to understand 

how environmental conditions affect the aging of fossil resins from five different 

deposits.  Two separate studies are included in technical study of cultural heritage objects 

which comprises the third research area of materials characterization.  The first is a 

survey of red dyes used in Chinese paintings from the Ming Dynasty to the Early 

Republic (1364-1911).  The second is a study of the pigments, dyes and binders used in 

Hawaiian barkcloth (kapa) from the 19th century.   
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CHAPTER 1: INTRODUCTION 
  

 The American Institute of Artistic and Historic Works (AIC) currently defines a 

conservation scientist as “a professional scientist whose primary focus is the application 

of specialized knowledge and skills to support the activities of conservation in 

accordance with an ethical code” (AIC 2014).  This broad definition is intentional to 

cover the many diverse activities in conservation science – which can span from the 

development of stabilization methods, chemical identification of pigments and dyes in 

paintings, to establishing the effectiveness of different insect eradiation techniques.   The 

unusual nature of conservation science as a field stems from its historic evolution, which 

began as a crossover of chemists working for various museums or research projects.     

Although in its incipient phase it was primarily focused on the fine arts, it now also 

includes all materials represented in museums and all functions related to conservation 

and preservation.  The following will cover the history of the field, the main research 

areas in conservation science as currently defined by the National Science Foundation, 

and a critical review of each from the perspective of a conservator.   Finally, each case 

study in this dissertation will be briefly introduced.        

 

Development of the field of Conservation Science 
 
 Conservation science as a separate field in the United States developed in the 20th 

century from the application of specialized scientific analysis for the identification of 

materials in art and artifacts.  While there were periodic scientific investigations of 

artworks sporadically throughout the 18th and 19th centuries (Caldararo 1987; Price, 
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Talley, and Vaccaro 1996; Odegaard 1997; Winter 2003), the key development followed 

World War I when conservation research laboratories were established at the British 

Museum in London in 1921, The Museum of Fine Arts in 1928, Harvard’s Fogg Museum 

in 1928, and at the Louvre in Paris in 1931 (Winter 2003).  The Fogg was the first 

conservation research department in the United States, spearheaded by Museum Director 

Edward Forbes, who hired the first full time chemist Rutherford Gettens.  Gettens along 

with paintings conservator George Stout published Technical Studies in the Field of Fine 

Arts (1932), the first US publication in conservation science (Ainsworth 2013; Stoner 

2005).  The Metropolitan Museum of Art also consulted with chemists for conservation 

treatments as early as the first decade of the 20th century; chemist Arthur Knopp 

established a conservation research laboratory there in 1931 (Becker and Schorsch 2010).    

 The primary impetus of these early studies was to develop a more complete 

understanding of materials and manufacturing methods.   At the time, this was a novel 

component to connoisseurship and the understanding of the history of technology.  Early 

studies primarily focused on paintings (Brommelle and Stout 1977), including the use of 

x-rays (Burroughs 1927) and ultra violet light (Rorimer 1931) to examine paintings; and 

micro-chemical and microscopic identification of pigments (Gettens and Stout 1936; 

Gettens 1938).  There was also limited research devoted to the study of conservation 

treatments where again the primary focus was on paintings (Stout and Gettens 1933; 

Cursiter and De Wild 1938a; Cursiter and De Wild 1938b).  These early works were not 

necessarily scientific in their approach to actual conservation treatment, but rather mark 

the beginnings of conservation and conservation science as academic fields in the US. 



 10 

 Since these early works, the development of conservation science has been 

closely tied to the development of the modern practice of applied conservation, where the 

importance of scientific investigation in the preservation of artworks became central in 

the mid-20th century (Stoner 2005; Price, Talley, and Vaccaro 1996; Caldararo 1987; 

Organ 1968).  Conservation previously had been almost solely dedicated to the 

restoration of art and antiquities, a craft usually undertaken by artists working privately or 

in museums and antiquaries (Bomford, Leonard 2004; Becker and Schorsch 2010).   

Restoration of art and artifacts was centered on aesthetic concerns, either to return the 

work in appearance to its ‘original’ condition or otherwise improve its appearance (Clavir 

2012; Edson 1997).   

 With the incorporation of ethics and changing philosophies, conservation today is 

primarily concerned with long term preservation of the original materials, both for their 

perceived value as well as their utility in academic studies (Richmond and Bracker 2012;  

Becker and Schorsch 2010; Jokilehto 2007; Edson 1997).  Conservation has shifted to a 

much greater focus on preventive conservation and minimalist approach to invasive 

conservation treatments (Stoner 2005).    This occurs in part due to advances in scientific 

analyses: the materials and technology in the original construction of artifacts, besides 

their aesthetic value, begin to have increasing importance in academic research.  The 

scientific value of original materials is especially important in archaeology, and to a 

lesser extent anthropology and art history (Becker and Schorsch 2010; Martini et al. 

2004).   This trend is best exemplified by the creation of the field of “archaeometry”, a 

term coined in the 1950s to specifically describe the use of the physical sciences to in 

archaeological research (Colombini 2011). 
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TABLE 1.1: Key Dates in the Field of Conservation Science 

Date  
1928 The Research Laboratory at the Boston Museum of Fine arts was started in 1928 by Bill 

Young 
1930 The International Institute of Conservation (IIC) is founded 
1946 The International Council of Museums is founded 
1950s Establishment of the Laboratory for Technical Studies in Oriental Art and 

 Archaeology at the Freer | Sackler Galleries 
1952 IIC publishes the journal Studies in Conservation 
1960 New York University establishes the Conservation Center at the Institute of Fine 

 arts.  This is the first graduate program for the training of conservators in US 
1970s Asperen de Boer first developed infrared reflectography for use in paintings 

 analysis 
1972 The American Institute for Conservation of Historic and Artistic Works (AIC) is 

 founded 
The Department of Canadian Heritage founds the Canadian Conservation Institute 
The National Gallery in London began to publish the National Gallery Technical 
 Bulletin 

1976 ICON publishes The Paper Conservator 
1977 ICON publishes The Conservator 
 AIC published the Journal of the American Institute of Conservation 
1985 The Society for the Preservation of Natural History Collections (SPNCH) is 

 founded, and publishes the journal Collection Forum. 
  
1991 V&A Conservation Journal 
1995 Journal of Film Preservation 
1996 Journal of Conservation and Museum Studies 
2000 IIC publishes Reviews in Conservation 

 Journal of Cultural Heritage 
2004 Tate Papers 
2007 The British Museum publishes the Technical Research Bulletin  
2009 Journal of the Institute of Conservation 
 

Today conservation science spans all types of museum collections and cultural heritage 

materials including ethnographic and archaeological materials (Odegaard 1997).  Most 

recently, the field has expanded to include natural science collections (Duckworth et al 

1993).  It has also grown from the application of analytical chemistry to include materials 

science, geology, physics and biology (Caneva et al. 2008; Artioli 2010; Sterflinger 

2010).  The number of academic journals and museum analytical laboratories has grown 

considerably in the last 30 years (see table 1.1).   Another related field is historic 

preservation which developed independently for the analysis and/or preservation of 
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architecture, sites and structures.  Today, all of these areas fall under the umbrella 

heading of conservation science or Heritage conservation science. 

 

Conservation Science as a Field: Areas of Research 
  
 Because conservation science concerns diverse cultural heritage materials, it has 

become an eclectic field.  In efforts to more clearly delineate conservation science as a 

field, a workshop was held in 2009 sponsored by NSF and the Mellon Foundation where 

participants defined primary research areas in conservation science (Leona and Van 

Duyne 2009).  These areas (“grand challenges”) are: 

 

 1. Materials Stabilization, Strengthening, Monitoring, and Repair. 

 2. Understanding Material Degradation and Aging 

 3. Materials and Structural Characterization of Cultural Heritage Objects 

 

 This workshop directly lead to the NSF program “Chemistry and Materials 

Research at the Interface between Science and Art” (SCIART), now the Cultural Heritage 

Science (CHS) Program (Madsen et al. 2011).   The reasoning for targeted funding is to 

enhance close collaboration between scientists and museum specialist so that research is 

useful and relevant to art conservators and historians (Madsen et al. 2011).  These three 

areas are described in more detail below. 
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1. Materials Stabilization, Strengthening, Monitoring, and Repair. 

 It can be argued that conservation science that is directly applicable to 

conservation treatment is the most important function that conservation science can serve.  

Historically, restoration developed based almost solely on artists’ skills.  Starting in the 

1960s, there was an increased reliance on scientific testing of materials used in treatments 

for long term stability (Organ 1968).  Conservation treatments can be very invasive, and 

faulty treatments can result in more damage to artifacts than if they were not restored.  

Many early applications of industrial materials proved to be destructive to collections.  

This has resulted in a backlash against a purely scientific or engineering approach in 

conservation.  In these cases, problems were largely because materials were applied with 

little study of long-term aging or without aesthetic considerations.  As noted by Price et al 

(1996):  

 

 “Many predictions made by laboratories have not turned out as planned, 

 especially in relation to the durability of industrial products used in restoration 

 and their subsequent alterations.”  

 

Most of these failed restoration methods involve the use of various polymers, like 

cellulose acetate lamination of documents, or soluble nylon consolidation of ceramics.  

Polymers age, cause yellowing and cannot easily be removed without risking damage.  

However, even seemingly benign treatment protocols can also result in damage.  One 

well known example is the use of de-ionized water for washing paper in archival and fine 

art collections.  At the onset of scientific conservation, many paper conservators began 
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using deionized water during washing treatments as was recommended by scientists to 

prevent contamination from metal ions. However, accelerated aging found that papers 

washed in DI were more unstable than those washed in tap water because it resulted in 

the loss of alkaline filler materials which are beneficial to long term stability (Tang and 

Jones 1979).  Because of the problems associated with these early treatments, AIC 

revised its’ code of ethics to include that any applied materials must have good long term 

stability and are optimally ‘reversible’, meaning that these materials can be removed.   

Despite the significant impact scientific testing can have for conservation 

treatments, this particular focus is probably the least studied in conservation science (see 

table 1.2).  In a review of papers published in the main conservation journals from 2013-

2014, less than 20% of studies are dedicated to the testing or development of 

conservation treatments.   

 

TABLE 1.2: Publications by area in 2013-2014 in Conservation and Conservation 

Science 

 Materials 
Stabilization 
(treatment) 

Deterioration and 
Preventive 
conservation 

Materials 
Characterization 
(technical studies) 

Other 

SIC 8 19 15 3 
JAIC 19  41 45  
 18% 29% 43%  

 

One of the biggest challenges in testing conservation treatments is the 

applicability of laboratory testing of model systems to real world conservation 

intervention.  The model systems used are often too simplistic or conditions can be too 

extreme to transfer results to the conditions used by conservators (application under 

vacuum, high temperature etc.).  Scientific research rarely addresses issues concerning 
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working properties (ease of application), which is of considerable importance to 

conservators when selecting materials for conservation treatment.  Materials with known 

poor aging properties are still used in some conservation treatments simply because of the 

ease of use, familiarity, or availability.  Moreover, the incorporation of true aesthetics 

into scientific testing is difficult.  Becker and Schorsch (2010) point this out specifically:   

 

 “While the role of science has increased markedly over the years, the notion that 

 treatment, particularly cleaning, can be governed by objective scientific criteria - 

 an idea prominent in conservation circles through the middle of the last century - 

 no longer holds sway” (Becker and Schorsch 2010) 

 

Other more practical concerns that are limiting in using new treatments are that the cost 

of materials or equipment may exceed what is plausible for large-scale projects.   The use 

of novel materials tested in the lab must take into consideration that these materials will 

be applied in a museum laboratory, many which are not equipped with large fume hoods 

or other safety controls.  

 

2. Understanding Material Degradation and Aging 

 Understanding the causes, mechanisms and kinetics of materials aging is critically 

important to optimizing protocols for preventive conservation so that cultural materials 

can be preserved with minimal conservation intervention.  Testing in this area includes 

both conservation materials as well as the aging properties of materials used to construct 
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the artifacts themselves.    Factors to consider are the museum environment: light levels, 

humidity, temperature, vibration and pollutants (Michalski 2004; Waller 1994).   

 The importance of environmental controls for the preservation of collections was 

realized early on.   Faraday noted the detrimental effects of sulfuric acids produced by 

gas lights, and invented a modified system to carry these byproducts away for use in the 

Library of Athenaeum (Great Britain 1844).   Preventive conservation started largely in 

architecture as a reaction to “intrusive” restoration treatments in favor of preservation 

(Morris 1877).  “Take proper care of your monuments, and you will not need to restore 

them” (Ruskin 1885).  

 For fine arts, many studies focus on light aging to determine exhibition protocols 

(Whitmore, Pan, and Bailie 1999; Saunders and Kirby 2001; del Hoyo-Meléndez and 

Mecklenburg 2011), storage conditions and environmental pollutants (Bradley 2005) and 

materials used in artworks (De la Rie 1989; Down 1996; Whitmore and Colaluca 1995) 

and conservation treatments, which must have good long term stability (Horie 2013).   

 Problems encountered in accelerated aging testing are similar to those found in 

industry: the aging conditions used to obtain a measureable difference in a short amount 

of time are often too extreme.  The types of deterioration and failure seen in these 

conditions are rarely encountered in real life.  Realistic testing protocols must be 

developed for museum professionals to make informed decisions (Bégin and Kaminska 

2002).  Moreover, artworks are complex materials: aging studies of single materials 

cannot account for synergistic effects when multiple components are present.  
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3. Materials and Structural Characterization of Cultural Heritage Objects   

 Materials characterization in the fine arts (the “technical study”) is the earliest 

focus in conservation science.   The primary use of technical studies is for 

connoisseurship, and understanding the artists’ techniques and history of technology, 

which can sometimes then be use for authentication and detection of forgeries (Craddock 

2009).  Even today, the technical study remains one of the most common areas 

researched in conservation science (see table 1.2).   

 The direction of this field today is largely for the development of non-invasive or 

micro-destructive techniques given the limited sample size that can be removed from 

artworks (Janssens and Van Grieken 2004; Adriaens 2005; Bacci et al. 2006).  The 

literature is littered with method papers describing various methodologies for micro-

destructive or non-invasive techniques or technical studies that examine individual 

artworks; however this in of itself is not relevant to conservation.   This problem pointed 

out specifically (Artioli 2010): 

 

“…Many scientists are more interested in the details related to the optimization 

and use of a specific technique…rather than in the general cultural problem 

related to the objects being investigated.  In the words of Pollard: “To carry out 

superb chemistry in support of trivial or meaningless archaeology”. 

 

Moreover, many diagnostic techniques have made little progress in resolving 

conservation problems (Price, Talley, and Vaccaro 1996). 
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 Several authors have criticized the lack of practical application of conservation 

science, in particular the technical study, to the practice of conservation.  Although very 

common, technical studies are only useful for provenance studies in limited 

circumstances (Price, Talley, and Vaccaro 1996).  For conservation, what is most useful 

are large-scale surveys of collections, rather than the focus on singular artworks or artist.  

Knowledge of materials used in a collection can be helpful to determining what aging 

studies are most important to optimize preservation protocols or devise appropriate 

conservation treatments.   

 Part of the problem is that the historical investigation necessary to make studies 

valuable are rarely included in the field of conservation science.  Published studies 

usually focus only on experimental or instrumental design.  This is not true in 

archaeometry, where the interpretation of materials in their historical and archaeological 

context is the primary focus of research.   Unlike archaeometry, conservation science 

includes materials that span multiple historical and scientific fields (art history, 

anthropology, archaeology, etc.).  As such, there is no specific body of information 

included as part of conservation science in practice or in training.   

 

Outline of Dissertation and Contributions to the Field  

 Conservation science for the development of conservation treatments is covered 

in Appendix A.  This study is an assessment of a new conservation treatment for alum 

treated archaeological wood at the Viking Ship Museum in Oslo.  The advanced state of 

deterioration of these artifacts is primarily due to a restoration method used in 

Scandinavia in the early 20th century.  This exemplifies the problem with early use of 
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science in conservation because the historic restoration used was developed without 

considering the long-term aging effects on the artifacts.  Due to the acidity generated 

during alum treatment, the wooden artifacts are now so deteriorated that they cannot 

support their own weight. 

 The research was a pilot assessment for the use of tetraethoxysilane (TEOS) for 

the stabilization of these artifacts.   Samples of alum treated wood from the Oseberg site 

were consolidated with TEOS and its effectiveness was assessed by physical 

examination, weight gain, scanning electron microscopy/energy dispersive spectroscopy 

and Fourier transform infrared spectroscopy. 

 This study is novel in that TEOS is used as a consolidant for architectural 

preservation, and is not commonly used in objects conservation.   In order to make the 

study relevant to consideration, practical considerations in real world conservation 

treatments were also included.  This includes the ease of application, effects of solvent 

cleaning prior to treatment, and the viability of retreatment in the future (application of 

additional adhesives or consolidants, alum removal, etc.).  For this project, I initiated the 

collaborative research and funded it through a grant from the American Scandinavian 

Foundation.   

 Appendix B is an accelerated aging study of fossil resins (amber) completed in 

collaboration with the American Museum of Natural History (AMNH) as a collaboration 

between the department of conservation and paleontomology.   This study used exposure 

to light, humidity and elevated temperatures to assess the aging of amber from five 

different deposits.    
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 This study is different for several reasons.  Mild aging conditions were used 

because in other accelerated aging studies effects were noted that are not seen in actual 

collections.  It is geared toward the preservation of scientific collections, which have 

received less attention in conservation science.   Moreover, the study includes fossil 

resins from five different deposits: most other studies of the conservation of amber 

almost exclusively focus on Baltic amber (Shashoua et al. 2006; Pastorelli 2009; 

Pastorelli, Richter, and Shashoua 2011; Pastorelli, Shashoua, and Richter 2013) which is 

more common in fine art collections.  The inclusion of amber from different deposits in 

this study is the first to demonstrate that fossil resins have different stabilities and aging 

properties.  For this research I was responsible for experimental design, set-up, UV-Vis 

spectrometry and data analysis.  Collaborators in paleontomology were responsible for all 

sample selection and preparation.  

 Appendices C and D are technical studies carried out with an effort to make the 

analysis relevant to historical or cultural studies.  Both case studies include dye analysis, 

which is less commonly researched in conservation science because it necessitates the use 

of chromatographic methods.  Appendix C is a study for the materials characterization in 

Chinese paintings from the Ming, Qing and Early Republic.  Here, 80 paintings were 

analyzed to answer a specific art historical question concerning the time period that the 

New World dye cochineal was imported into China.   This is a very comprehensive 

survey and includes over 90% of paintings in the Freer Collections that contain colorant.  

Results give a real world idea of the time period of trade into China in the 16th-20th 

centuries, and also how colorants were used in Chinese painting techniques. This 

information can be used to assist in the dating and authentication of later Chinese 
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paintings.   The results are also important to conservation treatment, as these dyes are 

water soluble and require additional protocols during cleaning, washing treatments and 

relining. 

 In order for this research to be completed, high performance liquid 

chromatography (HPLC) methods were developed specifically to lower the detection 

limits for the laccaic acids (lac dye).  Previous work was unsuccessful due to the small 

amount of dye present in the small samples that could be removed from paintings.  A new 

HPLC method was developed using oxalic acid that improved the detection limits to ~0.2 

ng/uL for detection of the laccaic acids, which is on the order of 10x more sensitive than 

other published HPLC methods. 

Appendix D is an investigation into the materials used in the production of 

Hawaiian barkcloth (kapa).  In Hawaii, kapa along with many other traditional practices 

stopped being practiced shortly after the arrival of Westerners in the 19th century.  The 

materials used in kapa are now known only through descriptions by early missionaries 

and explorers.  In the 1970s, with the Hawaiian Renaissance movement, many in Hawaii 

began to revive these lost traditions (G. S. Kanahele 1982; G. H. Kanahele 1993).  

  The study was comprehensive and entailed the analysis of pigments, dyes and 

binders found in 19th century kapa. This study is unique in that it involved close 

collaboration with cultural practitioners and historical research based on early accounts in 

combination with scientific analysis of historic kapa from the Bishop Museum 

collections.  For this work I organized the project and carried out all scientific analysis 

and data interpretation.   
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ABSTRACT  
 
Alum treatment was an early method used for the preservation of waterlogged wood, 

however, artifacts treated with alum are now highly unstable. At the Museum of Cultural 

History, University of Oslo, a pilot study was undertaken to assess tetraethoxysilane 

based consolidants for the stabilization of these artifacts. The preliminary investigation 

used Remmers KSE formulations on small fragments of alum treated archaeological 

wood. Preliminary results indicate that ethyl silicate consolidants have many 

advantageous properties over more common organic consolidants. Because they are low 

viscosity and polymerize in situ, they are able to evenly penetrate remaining wood 

structures and impart strength without infilling pores within wood cells. Based on this 

study, alum removal is also possible even after consolidation. These properties are a 

significant advantage because it indicates that tetraethoxysilane consolidation should not 

interfere with any needed retreatment of artifacts if such is needed in the future. 

 

INTRODUCTION 
 
The Oseberg find in Norway contains some of the most ornately carved Viking Age 

wooden objects discovered. The site itself is a burial for two high standing women in a 

large ornamented ship, along with various other goods that includes intricately carved 

wooden sleds, domestic items and textiles. The site was waterlogged and many of the 

wooden finds were too unstable to dry without intervention. They were treated with an 

early restoration method using alum impregnation shortly after their excavation (Brøgger 

1917).   



 31 

 Over the hundred years since their initial treatment with alum, the artifacts today 

are exceedingly fragile and many can no longer support their own weight. The 

detrimental effects of alum treatment have been also noted at other institutions and many 

objects today show cracking, darkening and powdering. These objects are highly acidic, 

with pH as low as 1 in highly deteriorated artifacts (Häggström and Sandström 2013; 

Braovac and Kutzke 2012). In extreme cases, the deterioration associated with alum 

treatment can lead to the complete loss of the artifact (Lindahl et al. 2006; Child 2002). In 

order to preserve these delicate objects, the Museum of Cultural History (Kulturhistorisk 

Museum, KHM), University of Oslo initiated the ‘Alum Research Project’, now 

continued as ‘Saving Oseberg’, to compile accurate information on the use of this 

obsolete treatment method and its effects as well as to devise appropriate preservation 

and re-conservation methods.  

 Several institutions in Scandinavia are exploring reconservation methods for alum 

treated wood. Methods under investigation involve the removal of alum in a water bath 

followed by reconsolidation with stable materials and freeze drying (Häggström and 

Sandström 2013; Lindahl et al. 2006). However, the fine, delicate carvings on many of 

the unstable Oseberg artifacts are unique and of significant historical importance. 

Submersion in water is too high risk and would likely cause an unacceptable level of 

damage. KHM is currently investigating several potential stabilizing materials and 

methods outside those typically used in conservation, including the development of new 

materials and the application of irreversible consolidants.   

 When using irreversible consolidants an important consideration is the possibility 

of retreatment in the future. For the alum treated artifacts at KHM, this must allow future 
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application of additional consolidants or alum removal if necessary. In an evaluation of 

consolidant properties, Christensen et al. (2012) propose that a consolidant that stabilizes 

artifacts while still leaving open porosity would be optimal, because it would allow the 

option of retreatment.  

  This project is a pilot study to assess the potential of the organosilane TEOS for 

the treatment of these artifacts. Organosilanes have been used since the 1960s in 

architectural conservation, and have been shown to have both good long-term chemical 

stability and high UV and thermal resistance (Wheeler 2005). While these consolidants 

are widely used in architectural conservation, there are only limited studies for their use 

in objects conservation. The primary impetus for their use is their low viscosity upon 

application, allowing for complete, even penetration and stabilization of substrate. They 

are non-gap filling and the silica formed is inert and acid stable, which are desirable 

properties for the retreatment of the highly acidic alum treated artifacts. TEOS releases 

only ethanol as a by-product upon cure, which is more easily adapted for onsite 

applications where objects cannot be placed in a fume hood during treatment.   

   

BACKGROUND 
 
Alum Treatment: Application and Effects on the Oseberg Materials 
 
 Alum treatment for waterlogged wood was developed in Denmark in the 1850s. 

This method became a standard procedure for stabilizing waterlogged wood throughout 

Scandinavia in the late 19th and early 20th centuries (Häggström and Sandström 2013; 

Brorson Christensen 1970). The treatment entails the immersion of wooden objects in a 

hot alum solution (KAl(SO4)2•12H2O). During cooling and drying alum salts recrystallize 
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within the cells of the wood to prevent distortion and shrinkage. The specific parameters 

used in alum treatment were modified over time and varied between different institutions, 

and often included the addition of other materials like linseed oil or glycerol (Häggström 

and Sandström 2013; Braovac 2009). 

 The Oseberg find was the first excavation in Norway to use the alum treatment. 

The treatment was only used on objects that were particularly deteriorated, which were 

primarily smaller artifacts constructed from certain woods like maple and birch 

(Rosenqvist 1959). The Viking ship was constructed out of heartwood oak and was 

reassembled without alum treatment (Brøgger 1917).  

 The parameters used for the Oseberg material entailed the immersion of the 

artifacts into a near saturated solution of alum at ~90°C for 2–36 hours (Braovac and 

Kutzke 2012). After alum treatment, artifacts were then impregnated with linseed oil by 

brush or immersion. With their original assembly and subsequent restorations since their 

installation, the artifacts are now highly restored with numerous materials including pins, 

nails, putty, glue, and oils (Braovac 2009). 

 The Alum Research Project has found that in the Oseberg wood, the 

carbohydrates in the wood have hydrolyzed and the artifacts are now composed primarily 

of lignin (Braovac and Kutzke 2012). Lignin is a complex network polymer of various 

phenol propenes, and normally only comprises 20-25% of hardwood (Sjöström 1993). 

Reproductions of the alum treatment have shown that sulfuric acid is generated in the 

bath. The high acidity caused by the initial treatment and the presence of alum in the 

artifacts leads to acid hydrolysis of the carbohydrate components, consequently 

degrading the cell walls. Waterlogged wood upon excavation can have extensive 
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degradation of carbohydrates, and the continued deterioration due to alum is significant. 

For the Oseberg materials, the formation of sulfuric acid was likely accelerated with the 

high temperatures used in the treatment baths which also resulted in higher alum 

concentrations within the wood (Braovac and Kutzke 2012). 

 

Organosilane Treatment of Wood 
 
 Tetraethoxysilane (TEOS) polymerizes in a two-part hydrolysis and condensation 

reaction forming a porous glassy network. The reaction takes place with water: in 

conservation, this is usually carried out using atmospheric moisture or water present 

within the substrate (Wheeler 2005). Organosilanes have been used for the treatment of 

wood in commercial industries since the 1980s. Alkoxysilanes and various organo-

functional silanes have been successful in imparting specific properties to lumber, such as 

improved dimensional stability, durability, fire resistance and increased water repellency 

(Mai and Militz 2002). Organosilanes have been less commonly used in wooden artifact 

conservation. For the treatment of waterlogged wood, dehydration followed by 

immersion in TEOS has been tested with mixed results (Irwin and Wessen 1976; 

Jespersen 1982). There have been several studies that have utilized the hydrophobic 

organosilane methyl trimethoxysilane (MTMS), sometimes in conjunction with silicone 

oil. This method was found to be successful both for the initial treatment of waterlogged 

wood as well as the retreatment of artifacts consolidated with polyethylene glycol 

(Tejedor 2010; Smith 2003; Smith 2002).    

 In the conservation of stone, alkoxysilanes have been found to be most effective 

when there is a chemical interaction with the substrate (Wheeler 2005). The polysiloxane 
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network can bind to surface hydroxy groups in cellulose and hemicellulose as well as 

with hydroxy and phenolic groups in lignin (Mishra et al. 2009; Donath et al. 2004). Due 

to the presence of these reactive sites, it is expected that TEOS will be a successful 

consolidant for alum treated wood. Hydrophobic consolidants like MTMS were not 

assessed, because it would interfere with alum removal by aqueous methods in the future. 

 

EXPERIMENTAL 
 
Sample Description and Treatment Procedures 
 

 Samples tested were Viking Age alum treated wood from a weaving loom (cat. 

No. C55000/185). The object is in 6 separate sections (labeled 1-6) where each section 

shows visible increase in deterioration. Samples 185-6 have the most severe darkening 

and are the most friable, samples 186-1 show the least. Samples used for testing were 

from sections 1 and 6.  

 Samples were consolidated with two Remmers Stone Strengthener products that 

are similar to ProSoCo’s Conservare available in the US. These are one-part TEOS based 

systems with the neutral catalyst dibutyltin dilaurate and some residual ethanol from 

partial polymerization of the monomer. Remmer’s KSE 300 is TEOS (60–80% w/w) with 

residual ethanol. KSE 510 is a pre-polymerized formulation (20–40% w/w), which will 

deposit a higher percentage of silica (Remmers 2011; Remmers 2009). KSE 300 is TEOS 

with a low degree of polymerization, and likely exists as monomers, dimers and trimers. 

Based on comparison of KSE 510 to other commercial products with similar reported 

percent volume of silica, the formulation probably contains ethysilicate oligomers of an 

average degree of polymerization of five monomers (Cihlár 1993). 
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 Fragments of alum treated wood were treated by both drip application and 

immersion. For drip applications, successive applications were applied until saturation, 

i.e. the sample no longer accepted additional TEOS and it pooled at the surface. The 

samples were treated in a bed of glass beads to allow excess consolidant to drain away 

from samples. Successive applications on the same sample were applied at twenty-four 

hour intervals, up to seven applications. Samples were left in ambient conditions (RH ~ 

50%) and allowed to set for at least two weeks before analysis, although full cure may 

require a longer time period for full polymerization (Bisulca et al. 2009).   

 Sample fragments were treated and assessed by percent weight gain and scanning 

electron microscopy/energy dispersive spectroscopy (SEM/EDS). Application procedure 

was assessed according to effect on appearance, weight, and deposited silica by weight 

gain. Strength increases were only qualitatively assessed based on examination with a 

scalpel. After allowing for complete cure of TEOS for a period over two months, 

consolidated samples were washed in de-ionized water overnight to remove alum salts. 

The presence of alum before and after treatment was determined by Fourier transform 

infrared spectroscopy (FTIR) on sample fragments. 

 A secondary set of smaller samples (~1mm2) were pre-rinsed with solvent alone 

prior to organosilane consolidation. These additional samples were prepared to mimic 

effects that could be encountered in a real object, as the object could be cleaned with 

solvents prior to treatment. Three sets of small fragments were soaked in water, ethanol, 

acetone and mineral spirits. Samples were photographed before and after solvent 

immersion to note changes. FTIR spectroscopy was performed on the samples before and 
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after solvent application. Pre-treated samples were then treated with organosilanes in the 

same manner as above.  

 

Instrumental  
 
 Fourier transform infrared spectroscopy was performed on an Avatar 360 FTIR 

spectrometer with an ATR attachment, equipped with a He-Ne laser and CCD detector. 

Spectra were recorded in reflection mode, from 4000 to 650 cm-1, 256 scans at 4 cm-1 

resolution, and using OMNIC ESP 6.1a software. Because of the high spatial resolution 

and an excellent signal/noise ratio (Salvado et al. 2005; Cotte et al. 2009), consolidated 

and unconsolidated samples were also examined with synchrotron-based infrared 

microspectroscopy at the IRIS beamline of Helmholtz-Zentrum, Berlin, Germany. 

Analysis was performed on a Thermo Nicolet Continuum Nextus TM infrared 

microscope in the wavenumber range from 4000 cm-1 to 650 cm-1, 128 scans per 

measurement, a resolution of 8 cm-1 and aperture size from 10 to 40 µm2 (the size of the 

area scanned was varied depending on feature size). 

 Scanning electron microscopy/energy dispersive spectroscopy (SEM/EDS) was 

performed on a JEOL JSM-840 scanning electron microscope equipped with an Oxford 

Link Isis X-ray microanalysis detector and INCA software. EDS was performed on 

carbon-coated samples at 12 mm working distance, 20 keV.   

 

RESULTS AND DISCUSSION 
 
Deposition of Silica 
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SEM analysis of a cross section of alum treated wood after TEOS consolidation is shown 

in figure 1. TEOS was found to polymerize on and within remaining cell structures 

without infilling pore spaces within cells. In most cases, the deposited silica appeared 

evenly distributed throughout the cell walls and microstructure of the wood is preserved 

(figs. 1a–e). In most cases, the deposited silica is not visible, and is only observed in EDS 

maps. However, with repeated applications and in immersion treatments, colloidal 

particles of TEOS are seen on the surface of cell walls and microstructures of the wood 

cells (fig. 1e).  

 Even penetration of silica is also indicated in SR-FTIR on samples, which 

allowed for analysis of micron scale areas within each sample. Figure 2 shows spectra 

from multiple areas within a single sample treated with three drip applications of 

Remmers 300 (sample 300.3). Peaks at ~1060 cm-1 and 960 cm-1 are due to Si-O-Si and 

Si-OH stretching vibrations respectively (Yoshino et al. 1990). The band at 1600 cm-1 is 

due to OH, which is commonly seen in gelled TEOS and is normally attributed to free 

water. Bands between 1700 and 1300 cm-1 are primarily associated with lignin. The 

presence of alum was not found within wood cells: the main peak for alum is at ~1065 

cm-1, which normally overlaps with the silica peak in bulk analyses (see figure 6). 

However, the lack of water of hydration bands at ~3330 cm-1, 2900 cm-1 and 2470 cm-1 

indicate that alum is not present within the cell walls itself.   

 In the vast majority of cases silica was associated within wood cell walls. 

Immersion samples showed a greater amount of deposited silica, and the signal for silica 

completely masked those of the wood even though only wood was observed in the 
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regions analyzed. In some samples, areas were found that had little to no detected silica, 

even in the case of up to three drip applications.   

 In all treatments, even with immersion, large pore spaces are not infilled with 

silica (figs. 1a–e). Only smaller pore spaces (< 20 µm) were filled with silica, as is shown 

in figure 2d, where silica appears as small colloidal particles within micro pores of the 

wood. The non-gap filling nature of TEOS consolidation is a known property, and in 

general TEOS consolidation will not fill gaps of ~50 µm or more (Wheeler 2005).   

 The open porosity left after TEOS treatment is a significant advantage over other 

materials, which can leave the wood as a completely filled plastic “block” (Christensen et 

al. 2012). The open porosity that remains after TEOS consolidation would allow for the 

future application of other consolidants if necessary - i.e. the wood is retreatable. 

 In SEM images of some of the consolidated samples, cracks were found 

throughout the wood cells (fig. 1e, 1f). The silica formed in the polymerization of TEOS 

is brittle, and stresses generated during cure will result in crack formation (Wheeler 2005; 

Scherer 1988). Failure of these materials as consolidants is typically attributed to 

cracking, which is observed in studies of consolidated stone (Wheeler 2005; Brus 1996). 

In stone conservation, organosilane formulations with additives or functionalized 

alkoxysilanes with greater flexibility have been used to reduce these problems (Doehne 

and Price 2010). These formulations may be beneficial for the stabilization of alum 

treated wood. 
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Visual Examination 
 
 TEOS consolidation resulted in darkening of the samples (see fig. 3). KSE 510 

and immersion treatments showed the most significant darkening. The application of 

acetone or ethanol alone also causes similar darkening in certain samples that remains 

even after drying. This occurred with wood samples from 186-6 that are more 

deteriorated. With both solvent soaking in ethanol alone and immersion treatments, 

darkened materials/deterioration products were dissolved out of samples into the 

immersion bath. In the case of ethanol, the materials dissolved out appear to be oxidized 

lignin components, based on FTIR. The darkening may be due to migration of 

deterioration products to the surface during drying or a reaction with ethanol or acetone 

and with the wood itself. Because of the dissolution of materials during immersion and 

the resulting darkening, immersion treatments are not appropriate for treating these 

highly deteriorated wooden artifacts.  

 Based on the effects of ethanol alone, the darkening observed with TEOS 

treatment may be due to the residual ethanol in both formulations and ethanol released 

during cure. TEOS formulations that are pre-condensed and distilled to remove residual 

ethanol should reduce these effects, and warrant additional investigation.   

 In some samples, a white crust was observed at the surface after treatment (fig. 

4a). In SEM/EDS analyses the crusts showed K and S indicating potassium sulfate (fig. 

4b), indicating salt migration during treatment. This phenomenon was most commonly 

observed with consolidation using the prepolymerized formulation. It is not known why 

certain salts were found to migrate to the surface after application of TEOS in some 
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samples and not others.  The nature of salts formed during the treatment with alum and 

their reaction products are subjects of ongoing research.  

  Prewashed samples showed similar consolidation after treatment. In some cases, a 

white crust formed on the surface. EDS analysis of this crust identified the crust as silica, 

suggesting that the consolidant polymerized on the surface. This problem was observed 

when samples were pre-washed in ethanol, allowed to dry overnight, and then 

consolidated with TEOS. This is likely a result of excessive moisture present within the 

sample due to inadequate drying (standard ethanol can contain 5–10% water by volume). 

Adequate drying of the substrate is an important consideration for TEOS treatment in 

practical applications: if artifacts require pre-cleaning prior to consolidation treatments 

using standard lab grade solvents, artifacts must be sufficiently dry for TEOS 

consolidation to be successful.  

 

Weight Gain and Strength Increase 
 
 The weight gain and appearance changes of treated samples are listed in Table 1. 

Weight gain from immersion treatment is not reported because samples fragmented in the 

treatment baths. As expected, the pre-polymerized 510 formulation deposited more silica 

per application as compared to neat TEOS (KSE 300), which has been observed in other 

studies (Donath et al. 2004). Comparing two drip applications of KSE 300 with KSE 510, 

the percent weight gain was 50% and 150% respectively. There was a high variability in 

weight gain per application; samples treated with multiple applications of Remmers 300 

showed weight gain of 10-25% gain with each application. These variations are likely 

due to the high variability in the samples themselves. 
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 TEOS consolidation does impart additional strength to samples based on physical 

examination with a scalpel. Treated samples are less friable and less subject to fracture 

and splintering with handling (fig. 3). The greatest strength increases were noted for 

samples that had multiple applications of Remmers 300. The sample that had 7 

applications of this formulation was difficult to cut with a scalpel. However, strength 

increase does not appear to be correlated with the amount of deposited silica based on 

weight gain. Samples treated with the pre-polymerized formulation did not show greater 

strength increase even though the amount of deposited silica was much greater.   

 These results are comparable to other studies using TEOS for the consolidation of 

wood. Jespersen (1982) used dehydration followed by immersion in TEOS for the 

treatment of waterlogged wood, and found no correlation between the success of 

conservation and the amount of deposited silica. In a comparison of monomeric and 

oligomeric formulations on modern wood, Donath et al. (2004) found that monomeric 

formulations resulted in an increased deposition of silica into cell walls, even though the 

overall weight gain was lower. Given that strength increases are associated with 

interaction with the substrate (Wheeler 2005), this may indicate that Remmers 300 has 

greater interaction within cell walls due to the greater number of available reaction sites 

in monomeric formulations.    

 The greater strengthening effects noted after repeated applications are likely due 

to continued polymerization of the previously deposited silica network. Additional 

applications are able to infill any cracks formed during drying or polymerize in regions of 

incomplete reaction. Similar effects have been observed in other studies (Haereid et al 

1995). The greater success of consolidation with repeated drip applications is a 
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significant result; many of the early experiments using TEOS in wood conservation 

assessed only immersion treatments (Irwin and Wessen 1976; Jespersen 1982). 

 

TEOS Consolidation and Alum Removal 
 

TEOS consolidation did not appear to have any effect on the alum present in the wood 

samples. In SEM images, alum crystals appeared the same before and after treatment, 

even in the case of immersion treatments. The alum was not dissolved during cure, which 

is expected with a non-aqueous treatment. Figure 5 shows alum crystals present within 

cell structures after immersion treatment in KSE 300. Figure 5b shows a high 

magnification image of the surface of one of the alum crystals. The silica appears to have 

formed a thin coating on the surface of crystals, as is apparent from the microcracks on 

the surface. This is most likely due to the TEOS reacting with water present in the crystal 

hydrate. 

 After consolidation with TEOS, it is still possible to remove alum from the 

samples tested. Samples were washed in de-ionized water baths overnight, removed and 

allowed to dry. The water bath was also evaporated for analysis. Figure 6 shows FTIR 

spectra of consolidated wood samples before and after washing. In consolidated samples, 

the presence of alum in the wood is most apparent in FTIR spectra by the water of 

hydration bands at ~3330 cm-1, 2900 cm-1 and 2470 cm-1. For the sample treated with two 

applications of KSE 300, the alum was significantly reduced after one DI wash, which 

can be seen in FTIR spectra by a decrease in bands assigned to the crystal water of alum. 

For the sample treated with seven applications, the overnight wash was repeated twice to 
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further reduce alum content. In both cases, the residue left from evaporation of the water 

bath was found to contain only alum (figs. 6a-b, dashed lines).   

 The fact that organosilane consolidation does not ‘encapsulate’ salts is known 

from research in stone conservation, and in some studies salt removal has actually been 

found to be more efficient after consolidation (Wheeler 2005). Given the possibility of 

alum removal, there is also the potential use of TEOS as a pre-consolidation treatment to 

strengthen the artifacts prior to neutralization or washing in water, followed by 

consolidation with other materials. 

 

Limitations to Preliminary Investigation 
 
 There are many other potential complications not investigated in this preliminary 

study, but which need consideration if TEOS treatment is to be used on actual artifacts. 

This preliminary investigation assessed small fragments of wood, and it is unknown if 

TEOS consolidation can sufficiently strengthen larger wooden elements. Many of the 

Oseberg finds were reconstructed using fills, screws, wood putty, as well as surface 

coatings like linseed oil (Braovac and Kutzke 2010). How the presence of these materials 

will affect the polymerization of TEOS is not known. There are many experimental 

parameters for TEOS treatment that were not addressed in this initial study, and more 

research is needed to determine if TEOS consolidation can be successfully adapted for 

the stabilization of alum treated artifacts. 
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CONCLUSION 
 
TEOS is only one of several materials tested as a potential stabilization agent for alum 

treated wood by the Alum Research Project. Preliminary results indicate that it shows 

promise and is worth of further evaluation. The primary advantage of TEOS 

consolidation is that it does not fill the interior of wood cells after treatment. The open 

porosity left after treatment is considered a significant advantage to TEOS consolidation: 

it will allow for the application of additional adhesives and consolidants, and will not 

interfere with the removal of alum salts if necessary in the future. Conservators must 

consider the fact that TEOS treatments are irreversible and further investigation is needed 

before it can be used on real artifacts.  
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Figure 1. SEM images of wood samples after consolidation with TEOS with immersion 
in Remmers 300. A. Sample treated with immersion (2 hours) in Remmers 300. B. 
SEM/EDS map of A (boxed area) showing the distribution of Si (Kα) within the sample 
after treatment. The silica is found distributed on and within cell walls. C. Open cell 
structure after two drip applications of Remmers 510. D. Micro-pore (approximately 
15um) that is infilled with colloidal silica particles after immersion treatment, showing 
that smaller voids can be filled with TEOS treatment. E. Sample treated with three 
applications of Remmers 300 where the deposited silica is visible on the surface of cells. 
F. Sample in (E) showing cracking in consolidated cell wall. 



 51 

 

Figure 2. SR-FTIR (absorption units vs. cm-1, normalized and offset) spectra from 
multiple micron scale areas in the sample treated with three applications of Remmers 300 
showing the deposition of silica throughout all areas. 
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Figure 3. Untreated (left) and TEOS treated (right) samples. The consolidated samples 
were treated with seven drip applications of Remmers KSE 300, applied at one day 
intervals. After treatment, the samples are significantly less friable and less prone to 
fracture during handling. Samples are also notably darkened after treatment. 
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Figure 4. A. Migration of salts to the surface of a sample treated with two drip 
applications of Remmers KSE 510. B. SEM image of salts shown in A, which were 
identified as potassium sulfate with SEM/EDS.  
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Figure 5. A. Alum crystals present within wood cells after immersion treatment in 
Remmers 300, indicated by arrows. B. Detail of the surface of an alum crystal in A. 
TEOS appears to have reacted at the surface of the crystal, as evidenced by the layer of 
microcracking. This is probably due to reaction with water in the alum hydrate.  



 55 

 

Figure 6. FTIR spectra (absorption units vs. cm-1) of samples consolidated with Remmers 
300 before and after alum removal. A. Spectra of a sample treated with two drip 
applications showing the reduction in alum after washing in water. FTIR analyses of the 
water bath evaporate showed only alum (dashed line), which demonstrates that alum can 
be removed even after consolidation treatments by washing in water. B. FTIR spectra of 
the sample treated with seven drip applications of TEOS before and after washing in 
deionized water. Again, alum can be removed even after consolidation. 
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Table 1: Weight Gain and Visual Appearance with TEOS Treatment 
Consolidant Apps. % Wt. 

gain 
Notes 

300 1 24 Minor darkening 
 2 50 Some darkening 
 3 93 Some darkening 
 7 84 Darkening 
 Ima - Darkening, dissolution into bath 
510 1 62 Darkening, white crust formation on surface  
 2 151 Darkening 
 2 92 Darkening, white crust formation on surface  
 Ima - Darkening, dissolution into bath 

 a: Immersion treatment 
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ABSTRACT 

A selection of paintings from the Ming dynasty to republic from the Freer and Sackler 

Galleries collections were studied to document the use of organic reds in Chinese 

painting, the advent of the use of cochineal, and the methods in which organic reds were 

used.   Analysis was completed using a combination of analytical techniques, including 

high performance liquid chromatography (HPLC), UV-Vis-NIR fiber optics reflectance 

spectroscopy (FORS) and x-ray fluorescence spectroscopy (XRF).  In detect the dyes 

from the small samples removed from paintings, a new HPLC method was developed 

using an oxalic acid mobile phase.   

 

INTRODUCTION 

 Red colorants in Chinese paintings can be inorganic (mineral based) or organic 

dyes, generally derived from plants or animals.  There is an extensive literature on the 

mineral colorants vermilion, red lead and iron earths.   While it has long been known that 

organic based reds were used in Chinese painting, little research has been carried out on 

the use of organics in paintings (Winter 2007).  Definitive identification requires 

complicated analytical techniques, most of which also require that a sample is removed 

from the painting.  Due to their high tinting strengths, dyes can be present in extremely 

small quantities, requiring an analytical method with a low limit of detection given the 

small sample size that can be removed from a painting.   Dyes are organic and prone to 

deteriorate, further complicating identification. 
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 Analysis to date has pointed to lac dye and cochineal as the most likely organic 

colorants in Chinese paintings (Winter 2007; Gaiccai and Winter 2004).  Lac dye is 

derived from insects indigenous to Southeast Asia, and was available in China by as early 

as the 4th century.  Cochineal is derived from insects indigenous to South and Central 

America, and could have been available as early as the 16th century in China by import 

through Spain.  However, historic sources indicate that a variety of dyes were available in 

China that have been cited as potential organic reds used in paintings in addition to the 

insect dyes.  Most notable are madder reds and safflower, both of which are also cited as 

textile dyes (Fei’an 1988; Winter 2007; Needham 1987).   Other possible sources of red 

dye are the tree resin Dragon’s blood (Schafer 1957), soluble and insoluble extracts from 

sappanwood, flowers and berries from Saphora japanica (keng hua), flowers and leaves 

from Mirabilis jalapa, pomegranate, among others.    

 

BACKGROUND  

The Scale Insect Dyes 

 The colorants in both lac dye and cochineal are substituted hydroxyanthraquinones 

derived from scale insects.  The scale insects (Coccoidea superfamily) are parasitic 

insects that feed on the sap of plants.  During reproduction, the female insect will attach 

to the host plant and secrete a waxy or resinous substance around its body for protection.   

Highly substituted anthraquinones are produced in the insect, eggs, or resinous secretion 

of these scale insects.  These chemicals are often colored orange to red and are produced 

as a defense against predation (Brown 1975).   
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 Lac dye is obtained from the ‘lac insects’, which are scale insects of the Kerria 

genus (Kerridae family, formerly Tachardiidae Laccifer, or Lacciferidae Laccifer) 

distributed throughout South East Asia, India, and the Middle East.  These insects secrete 

a hard resin that has been used since antiquity for the production of shellac (Winter 2007; 

Sharma et al 2006).   The dye is the water-soluble component of the resin, and 

historically was obtained by evaporation of the wash water in shellac production.       

         In analysis of the extracts of the Kerria lacca species, the water soluble dye portion 

varies from 4-8% by weight of resin (Wadia 1969).  Laccaic acid A (see figure 1) occurs 

in the highest proportion (>70%), followed by B and C (Wada et al 2005; Ester 2004; 

Wouters 1989).  The amount of recoverable dye and relative quantity of the laccaic acids 

is known to vary with locality, host tree and season (Oka 1998; Sarma 2006).  However, 

there has been little research into the components of the dye in other species of the Kerria 

family, and the identity and proportion of components will likely vary among species.  

Another form, laccaic acid F has only been found in Thai stick lac (Hu et al 1997).  

 Historic extraction procedures for lac dye are generally based on evaporation of 

the wash water used in the initial processing of shellac.  The stick lac is simply 

submerged in a trough of water, broken up, and washed repeatedly until clear.  This wash 

water is then evaporated, and the remaining dye residue is pressed into cakes (Watt 1908, 

1061). 

 Cochineal is derived from Dactylopius coccus beetles that are indigenous 

throughout South and Central America.  A complete description of these insects and the 

cochineal dye is given by Schweppe and Roosen-Runge (1986).  Chemically, the colorant 

in cochineal is carminic acid, a hydroxyanthraquinone with carboxylic acid and glucose 
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substituents.  The amount of coloring matter in each beetle depends on various conditions 

including the sub-species, how and when it is harvested and can be up to 22% of the dry 

weight of the insect (Lloyd 1980). 

 The coloring properties of these dyes are highly dependent on their preparation 

(mordant, lake, pH, substrate, etc).   As a painting pigment, these dyes are typically 

“laked”, a process where the dye is precipitated onto an insoluble substrate.   However, 

Chinese artists used the organic colorants directly from the dye cakes in mixtures with 

hide glue and sometimes alum (Giaccai 2005).  In a review of historic painting treatises, 

most reference using the dye cake directly with minimal processing, most often boiling 

the dye cake before use, in order to intensify color (Sze 1958; Fei’an 1988), a process 

also suggested for textile dyes (Ying-Hsing 1966, 73).   It is sometimes recommended to 

apply the dye with an application of alum (Fei’an 1988).   This was most likely done to 

improve color and lightfastness properties (Schweppe and Roosen-Runge 1986).   

 

Historical Accounts of Lac dye in China 

 Accounts as early as the 3rd century describe the cultivation of the lac insect for the 

production of both the dye and shellac (Tsai 2009; Chou 1980).   The earliest centers of 

production are in India and South East Asia, with the “richest dyes” imported into China 

are said to have come from Burma, “Indochina, Siam” (Donkin 1977; Hirth and Rockhill 

1911).     Lac dye was known in China in the Han Dynasty as a silk dye (Donkin 1977; 

Pfister 1934).  Records as early as the 5th century document the import of lac dye into 

China from Southeast Asia, where the “richest” centers of production are Burma, 

Indochina, Siam (Winter 2007; Fei’an 1988, Laufer 1919, p. 475-478; Donkin 1977).        
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 The term lac is Indian in origin, probably derived from the term “lak” meaning ‘a 

hundred thousand”, likely in reference to the numerous insects embedded in the resin 

(also “lak-ka”, Cambodian) (Donkin 1977; Lauffer 1919).  In China, lac dye is referred to 

as “red gum” (“ch’il chiao” chi jiao 赤胶) in the 4th century and as “ant-lac” or “ant ore” 

(“yi tsi”, yi qi 蟻漆) from Indochina in Chang Po’s the Wu Lu (Donkin 1977; Laufer 

1919).  Lac-dye is also believed to be the ‘ant ore’ from ‘Nan-hai’, in Chan Yen-yuan’s 

847 BCE treatise on Chinese painters (Beal Acker 1954, 189).   The term “ant ore” is 

undoubtedly in reference to the appearance of the female lac insects or eggs that are 

embedded in the unprocessed resinous secretion.   In later accounts, a red dye referred to 

as “purple mineral” (referred to as “tzu-kuang” or “tzu-keng”, zi kuang 紫矿) is typically 

interpreted as lac dye [Shaffer 1986].  Tzu-kuang is referred to as the preferred dye of the 

‘Ancients’ over safflower or pomegranate (Ying-Hsing 1966).  In the 13th century a 

special type of ‘lacquer’ (“tzi-kong”) is again cited as one of the chief products of 

Vietnam (‘Tongking’) and Cambodia (Hirth and Rockhill 1911; Donkin 1977).  Here, we 

also take this to be a reference to “purple mineral”.  The change in reference from ‘ant-

ore’ to ‘purple mineral’ in later accounts is noteworthy, and may indicate the trade of the 

unprocessed resin in the earlier period to the processed dye product.  In other accounts 

red dyes are referred to non-specifically as ‘rouge’ (“yen chih”, yan chi 岩赤) sold as a 

cakes or “cotton-ball rouge” where the dye is poured onto a wadded cotton substrate 

(Fei’an 1988; Hiscox 1978).  However, in these cases “rouge” could refer to any red dye 

sold as a cake.  

 The inherent caveat with historical interpretation is that such references are often 

non-specific and descriptive; interpretation of these materials is difficult and at best 
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speculative.  This is a particular problem with lac dye: because it is derived from an 

insect secretion on trees, it can be confused with dyes derived from tree resins like 

Dragons’s blood (Schafer 1957).   Needham (1987) interprets “purple mineral” as a 

purple dye possibly derived from lichen, although here it is believed to refer to lac dye. 

 

Cochineal and the China Trade 

Shortly after the Spanish discovered cochineal in the Americas in the 16th 

century, cochineal became one of Spain’s largest exports because it was a considered a 

stronger dye than others available at the time in Europe (Lee 1951).  Spain oversaw 

native production of cochineal, particularly in Oaxaca, monopolizing its production and 

exportation through Cádiz and Seville.  Although at certain points Spain “restricted 

dyeing with cochineal to Spanish artisans” (Donkin 1977, 28), by the mid-century 

cochineal was being traded throughout Europe in particular to the important cloth centers 

in Antwerp, England, and Italy (Lee 1951).  By the close of the 18th century cochineal 

was widely available. 

Early accounts suggest that cochineal was soon available in China. In 1577, 

Franciscan missionary Bernardino de Sahagún writes: 

 
“[cochineal] is known in this land and there are great uses of it.  It's gone from China to 

Turkey.  It is valued and apparent possessed in almost the entire world.” (Donkin 1977, 
39) 

 
The earliest mention of cochineal as an artists’ material in China is by Zeng Qing (1568-

1650) who claimed to have used “western red” in portraiture (Fei’an 1988).  Largely due 

to these references, it has been assumed that cochineal then became a common source for 

red dye, particularly in flower and plant painting because of its superior color:  
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“carmine was used from 1582 on …In traditional flower-and-plant painting, because 
Western red was so highly refined it has been very widely used down to the present 
time.” (Fei’an 1988, 24) 

 

However, it should also be noted that Zeng Qing is known for the western influence in 

his paintings, and he worked in Nanjing where there was considerable western influence 

in art during the 17th century.    

Although the presence of cochineal in Canton is certainly documented in the early 

17th century, it’s availability throughout China or its use as a painting material is 

unknown.   As the China trade began to develop at the end of the 17th century, cochineal 

“was at all times costly and found a ready market only where luxury materials were 

manufactured” (Donkin 1977, 48; Lee 1951).    Records seem to indicate that with 

increased foreign trade through Canton in the 18th century, cochineal became a more 

important article of commerce because it was the preferred red dye for silks (Donkin 

1977).   

 Based on historical records, it appears that the British East India Company 

(BEIC) was the major supplier of cochineal into China.  In the 17th and 18th centuries, 

there was a distinction between the unprocessed cochineal from Spain through Manila 

(‘ungarbled’) and the refined (sifted) English product (‘garbled’), which sold at a higher 

price (Bridgman 1834; Ljungsted 1836; Fairlie 1965).   In the examination of diaries 

dating from 1727-1776, Lee-Whitman (1982) suggests that cochineal was exported to 

China specifically so that it could be used to dye textiles at the cost of the BEIC, which 

were then re-exported to Europe.  From the late 18th to early 19th centuries, there are 

records indicating large quantities of cochineal were traded into Canton (Prichard 1957), 
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which was sometimes re-exported as at times it exceeded the demand (Donkin 1977; 

Oliphant 1857).  The early 19th Century saw the height of the cochineal trade worldwide, 

particularly by the BEIC, who established trade houses in Central America after Mexican 

independence from Spain (Naylor 1960).  Ironically, there is also evidence that Britain 

was exporting lac dye from India into China (Pritchard 1936). 

 

DYE IDENTIFICATION IN ARTWORKS AND CURRENT METHODOLOGY 

Background  

 In the analysis of artworks, ‘non-invasive’ techniques are preferable: these 

techniques are totally non-destructive, and no sample is removed from the artwork.  In 

the case that identification is not possible with these methods, micro-destructive methods 

are also employed, with the requirement that where samples that are removed are not 

visible to the naked eye.   UV-Vis-NIR fiber optic reflectance spectroscopy (FORS) is a 

non-invasive technique that is extremely sensitive to dyes.  For the anthraquinone reds, 

this method can distinguish the dye as a highly functionalized insect anthraquinones from 

those that are plant derived (Gaiccai and Winter 2005, Bisulca 2008).  Almost all of what 

is currently known about the history of use of the red dyes is based on preliminary 

characterization with UV-Vis-NIR FORS, and few studies have confirmed dye identity 

with chromatographic techniques (Winter 2008; Gaiccai and Winter 2005).  Surface 

enhanced Raman spectroscopy (SERS) has recently been successfully used for 

identification of certain dyes (Leona 2006; Chen 2006; Whitney 2006), although much 

less success is achieved with this analysis when the dyes are present within a mixture, 

and again there is great interference from the binder.   
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 Reverse phase high performance liquid chromatography with diode array detection 

(HPLC-DAD) and liquid chromatography mass spectrometry (LCMS) are by far the most 

common technique used for the analysis of dyes in museum collections (Wouters 1989; 

Halpine 1996; Saito et al 2003; Blanc 2006).  Over the past 30-40 years many methods 

have been proposed for the identification of lac dye by the presence of laccaic acid A 

(Wouters 1989; Halpine 1996; Saito et al 2003; Blanc 2006).  Numerous other 

chromatographic techniques have also been successfully used for the separation and 

identification of organic red dyes, and include including liquid chromatography with 

electrospray mass spectrometric detection (ESI/MS) (Ackacha M; Rafaelly 2008; 

Karapanagiotis 2005), tandem mass spectrometry (ESI/LC/MS/MS) (Oka 1997), 

capillary zone electrophoresis coupled to DAD or ESI/MS  (Rosenberg 2008; Puchalska 

2003), and micellar electrokinetic chromatography (MEKC) (Maguregui 2007).  Ion pair 

chromatography with DAD detection (Berzas-Nevado 1997) and HPLC with 

electrochemical detection (Evgenev 2000) have also been successfully employed.  

 The primary limitation of the previous research is that most of the method 

development is for use in analyzing textiles dyes extracted from fibers (Abdel-Kareem et 

al 2011, Surowiec 2006; Komatsu 2005; Saito et al 2003).   In the latter case, method 

development was geared solely toward separation rather than sensitivity, since the 

sampling methods used in the analysis of textiles allows for much larger samples of dye 

than can be taken from paintings: from 0.2 to 0.6 g, or 5 – 10 mm of fibers (Surowiec 

2007; Nowick 2005).   

For the analysis of paintings, one of the most important considerations is the limit 

of detection (LOD).  The samples themselves are much smaller than what can be 
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removed from a textile, and the sample itself will also contain only small amounts of dye 

(Leona 2008; van Bommel 2005). The greater challenge is specifically for identification 

of lac dye.  The coloring material is due to five forms of laccaic acids which elute 

separately, making detection with chromatographic methods especially challenging.  

There has been much less analysis on the laccaic acids, as by and large most historic 

analysis on artistic and historic works has focused on western materials, i.e. American 

and European cochineals, or the madder reds.  

 

HPLC method development for the detection of lac dye 

 Most HPLC dye analyses of anthraquinones use a TFA or formic acid in a water: 

acetonitrile gradient elution (Halpine, Orska-Gawrys 2003).  However, these methods 

were unsuccessful for the detection of lac dye in paintings due to the limit of detection.  

Two areas were researched in order to increase detection limits: modifications to the 

mobile phase and post column derivatization with fluorescence detection.   In the latter 

method, reagents can be mixed with the column effluent after elution in order to form a 

fluorescent compound and hence increase the limit of detection.   

For this study, all separations were performed on an Agilent 1100 HPLC with a 

binary pump system, diode array detector (DAD) and fluorescence detector (FLD).  

Separations were performed using a Wakosil RSC18 column (100mm x 2.1 mm I.D.), 

flow rate 0.300mL/min at 38ºC.  For post column derivitization, a PCX 5200 post column 

derivitizer (Pickering Laboratories) was connected between the DAD and FLD, with a 

flow rate of 0.3mL/min.   
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In post column derivitization, various salts were investigated, including AlCl3, 

LaNO3, and ZrCl.  While aluminum chloride was found to increase the detection limits of 

carminic acid and purpurin, as is reported in the literature (van Bommel 2005), no 

reagents were found that could decrease the LOD for lac dye. 

Previous work at the Freer by Cole (2007) developed an HPLC method using a 

steep gradient: from 0 to 70%B in five minutes (17 %B/min).  This gradient increased the 

LOD of laccaic acids by co-eluting the five forms of laccaic acid in two peaks (Cole 

2007).  Although steep gradients do not allow accurate quantitative measurements, this 

was not deemed important for this study.  

Various chromatographic conditions were assayed, including various 

concentrations of TFA, formic acid, acetic acid, and oxalic acid in both water:methanol 

and water:acetonitrile gradients.  One of the main problems associated with the detection 

of laccaic acids is severe tailing and band broadening, which is observed in the majority 

of mobile phases assessed.  In HPLC, the LOD is generally inversely proportional to the 

molecular weight of the analyte.  Diffusion increases with increasing molecular weight, 

and results in broadening of chromatographic peaks and consequently reduced peak 

height (Snyder 1997).  Although peak area remains constant, for trace analysis 

distinguishing peaks from baseline is essentially a function of peak height.  Oxalic acid 

was found to greatly sharpen peaks in the analysis of laccaic acids.  It is believed that the 

oxalic acid prevents the formation of metal chelates with the analyte, which otherwise 

result in severe tailing (Oka 1984).  In comparison to the 0.1% w/w TFA mobile phase, 

peak height and the limit of detection were increased tenfold using oxalic acid (see figure 

2).  The main drawback of this mobile phase is that oxalic acid absorbs at 250 and below, 



 91 

so wavelengths monitored in the UV have a steep background drop with the gradient.  

The addition of 10% of A to B and vise versa was found to lessen this effect, but not 

significantly.  For dye analysis, monitoring in the visible range is possible.  Good results 

were obtained by monitoring at 500nm, where oxalic acid does not absorb but where red 

dyes absorb fairly strongly.  Additionally, a wide bandwidth (50nm) was used to record 

peaks at maximum slit opening (16nm) to optimize sensitivity, which was not found to 

negatively affect resolution.   

Although it is not possible to accurately determine the limit of detection (LOD) of 

lac dye given that it is not pure, and its forms have difference amounts and molar 

absorptivity, assuming 100% purity the LOD was found to be 4 ng for lac based on 

calibration of co-eluted peaks laccaic acid A and B.  For carminic acid the LOD was 

determined to be 0.6 ng. 

 

Paintings analysis 

Paintings were chosen for analysis if they appeared to have areas of organic red 

based on visual examination, with an effort to select paintings that can be dated with 

confidence.  In total, 80 paintings were analyzed, including paintings from the Ming, 

Qing and Early Republic periods.   

 Areas of organic red were identified with X-ray fluorescence (XRF) and UV-Vis-

NIR fiber optics reflectance spectroscopy (FORS). X-ray fluorescence spectroscopy 

(XRF) was carried out using an Omega 5 Museum and Industrial Object Analyzer, a 

modified Spectrace 6000 spectrometer manufactured by Data Acquisition and Control. 

XRF was performed in air for 200s live time, at 35 kV to identify the presence of 
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inorganic colorants.  The spot size ranged from 3mm2 to 1 cm2.  FORS was carried out on 

a Cary 50 UV-visible spectrometer (Varian Analytical Inc) with a scanning rate of 30 nm 

/ min and a data interval of 1 nm with a baseline correction were used.   

 Areas where organic red were identified were then sampled for analysis with high 

performance liquid chromatography (HPLC). The mobile phase consisted of A: 90%v/v 

10mM oxalic acid (aq)/10% v/v acetonitrile, B: 90%v/v acetonitrile /10% v/v 10mM 

oxalic acid (aq).  For post column derivitization, a Pickering 5200 PCD was attached 

between the DAD and FLD.  

On the DAD, multiple wavelengths were recorded from 200-600 nm, using a slit 

with of 16nm to increase sensitivity.  Wavelenghts monitored: 1. 500 (b.w. 16), ref. 650 

(b.w. 50): for all red dyes, particularly lac and carminic; 2. 490 (b.w. 16), ref. 650 (b.w. 

50): as above, but more sensitive to madders 3. 285(b.w.16), ref. 650(b.w. 100), as a 

general wavelength for all eluted materials.  For fluorescence detection, 510 ex 560 em 

was used, with 0.3M AlCl3 in 80% v/v MeOH(aq) post column derivitization, which 

increases the LOD for purpurin and carminic acid (van Bommel 2005). 

All solvents were purchased from Sigma Aldrich, HPLC grade.  Dye standards 

(carminic acid, lawsone, alizarin and purpurin) were purchased from Aldrich, lac dye 

standards from Kremer pigments.  Samples for identification were dissolved in 1:1 3N 

HCl: MeOH which has been shown effective for anthraquinone dyes (Wouters 1989) and 

centrifuged at 4krpm for 5 minutes.   

 

 
 
 
 



 93 

 
RESULTS 
 

Occurrence of lac and cochineal 

Lac dye was the only organic red identified in the majority of paintings (see table 2).   

Lac dye was the only red organic dye found in the Ming Dynasty, and was still by far the 

most common dye throughout the Qing period.  Cochineal was found as the only organic 

red on 7 paintings, all of which were from the Qing Dynasty or the early Republic 

periods.  The first dated paintings among those examined with cochineal are the fan 

Small Birds and Morning Glories (1732) and Yuan Tong’s On a branch of a willow 

(1770), shown in figure 3.   The first use seen in an Ancestor portrait was Hongyan, 

Prince Guo, dated to the late 18th century.  

 

Co-occurrence of lac and cochineal 

In total, eight paintings were found that contained both cochineal and lac dye, all of 

which were from the 19th and 20th centuries.  These paintings were primarily Ancestor 

Portraits.  In some cases the dyes were mixed together (found in seven paintings), and in 

two case the dyes were used for separate elements within one painting.   Paintings where 

both cochineal and lac dye were identified are also listed in table 2.  It should be noted 

that although some samples contained both lac dye and cochineal, they may not represent 

mixtures per se, and these samples may actually be multiple applications of dye or the 

later application of restoration materials.   

 

Occurrence of other reds 
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In four paintings, no dyes were identified in pink or violet areas that were examined by 

HPLC analysis.   While FORS did not indicate the presence of insect dye, these areas 

were sampled to confirm or deny the possible presence of other organic reds.  In each of 

these cases, the color is believed to be due to an inorganic pigment only, usually 

vermilion or iron earth based on FORS and XRF results.   Most typically, the paint 

appears to be a very thin wash of finely ground vermilion, sometimes mixed with lead 

white.  Pink areas without the presence of an insect dye were also found in paintings that 

did have insect dye present in other areas, although this was not common.   

 The use of pink coloration is much more common in the Qing dynasty, while the 

majority of the Ming dynasty paintings have a much more restricted palette.  The use of 

inorganic pigments to generate pink appears to be more common during the Ming 

dynasty.  While the number of Ming dynasty paintings analyzed in this study is limited, 

the results do point to wider availability of organic reds during the Qing dynasty. The 

expanded palette and use of organic reds is also coincident of changes in painting styles. 

 Non-insect dyes were only found in two instances, in one case purpurin, which is 

one of the major coloring materials in madder, and in the other an unidentified yellow 

dye.   In both cases these dyes were a minor component in the mixture with an insect dye, 

and it is likely that the sample that contained purpurin was from a later restoration. 

 It is possible that other dyes were present but not located.  Other organic reds 

including safflower (carthamin), sappanwood, and brazilwood (haematoxyln) do not have 

obvious or characteristic absorption bands in the visible, and may have remained 

undetected by FORS analysis.  Additionally, many of these dyes are fugitive, and are not 

as efficiently extracted by the procedures used for this study (Koren 2001).  If madders 
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and other dyes were present in these samples but deteriorated, they may not have been 

detected by the exceedingly small samples taken for HPLC analysis.  This is a 

particularly a concern in traditional paintings, where the paint layer can be extremely thin 

or is applied directly to the substrate making sampling difficult.  

 

Co-occurrence of insect dyes and other pigments based on FORS 

Insect dyes were often found in combination with other pigments, both as a direct 

mixture as well as applied as a surface glaze.  Common mixtures are with lead white for 

pink, indigo for purple, indigo and lead white for violets, and vermilion for a deep red.   

 For direct mixtures and color glazes on white, in the vast majority of cases XRF 

identified the white pigment as a lead based white, identified based on the presence of Pb.  

Mixtures and glazes of insect dyes and lead white are shown in figure 4.4.  In one 

painting zinc white was also identified.  The insect dyes were commonly used in 

combination with indigo for purples, and beginning in the 19th century with other blues 

like Prussian Blue and ultramarine.  Insect dyes were also found in combination with 

other colors, such as yellows including gamboge, an arsenic sulfide yellow or iron oxide 

yellow; browns such as iron earths or iron oxides; and as a glaze over azurite.  These 

mixtures were only common the Ancestor Portraits, which are covered in detail in 

Chapter 4.   

 It should be noted that it is not always possible to determine the presence of the 

insect dyes when they are applied over other pigments with FORS alone.  This is 

particularly problematic when the dye is applied over a highly absorbing pigment like 
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vermillion, arsenic sulfide yellows or azurite, which can mask the features that are 

characteristic of these dyes (Bisulca et al 2007). 

 

Mixtures of insect dye and blue (purples and violets)  

In the majority of the paintings containing purples, purple areas were found to be 

mixtures of lac dye and indigo, usually with the addition of lead white.  Lac and indigo 

can vary from a deep violet (sometimes in direct application to the substrate) to a light 

purple with the addition of lead white.  Variation in color of red dye and blue mixtures is 

shown in figure 4.5. Most of the purples areas examined were on Ancestor Portraits dated 

to the Qing dynasty, where the use of this color was more commonly found.  

Other blues used in direct mixtures with insect dye were less commonly 

encountered, and include Prussian blue or ultramarine, and in a few cases azurite.  In six 

paintings, cochineal was mixed with Prussian blue or ultramarine for purples and violets.   

The earliest cochineal and Prussian blue mixture was in the fan Small Birds and Morning 

Glories (1732), all others were found in paintings dating to the 19th and 20th centuries.   

In two cases, lac dye was identified as a direct mixture with azurite.   In three paintings, 

two different violet mixtures were identified in the same painting.   

 

UV-Vis-NIR FORS identification of insect dyes 

 Red dyes in 80 paintings were analyzed with UV-Vis-NIR FORS and the dye 

identity subsequently determined with HPLC.  Some differences between lac dye and 

cochineal in FORS spectra were noted.  Table # lists paintings with both HPLC results 

and position of the sub-absorption bands in UV-Vis-NIR FORS.   If the behavior of all 
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samples is considered, absorption bands averaged 525±3 nm and 565±3 nm for cochineal, 

and 532±3 nm and 573±2 nm for lac dye.    There is apparent effect on the position of 

these sub-bands when the dye is in a mixture with indigo, Prussian blue, vermillion or 

lead white.  In some cases, sub-absorption bands were not observed.  This is most 

common in cases where the dye is present over a highly absorbing pigment like 

vermillion or orpiment.  

 The difference in band position between lac dye and cochineal suggests that there is 

the potential to give a tentative dye identification in Chinese paintings by UV-Vis-NIR 

FORS alone.  Based on spectroscopic studies on anthraquinones in solution, the 

wavelength position of bands depends on many factors relate to the structure of the 

anthraquinone and the local environment (Yoshida and Takabayashi 1968).  The position 

of these bands will shift to lower wavelengths with increasing acidity (Milani et al 1999).  

In Chinese paintings, the paint layer consists of gelatin, other pigments (most typically 

lead white) and possibly alum (AlKSO4), or can be painted directly onto the substrate 

(silk or paper).  The difference noted during the course of this study could point to a 

difference in paint preparation between cochineal and lac dye.   

 

DISCUSSION 
 

 The Freer|Sackler paintings analyzed in this study are portions of three major 

collections.  Fewer paintings from the Ming Dynasty were selected for analysis, primarily 

because visual examination identified fewer that contained areas that appeared to have an 

organic red colorant.  While it is known that earlier paintings had a more limited palette 

with many paintings using only ink, this lack of color could also be a result of fading, 
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which is more likely with older paintings that have been exhibited.  The results presented 

here therefore most likely represent a subset of the situation in Chinese Paintings.   

 

First occurrence of cochineal 
 
 Among the paintings analyzed, the first dated occurrence of cochineal is in Jiang 

Tingnxi’s Small Birds and Morning Glories, 1732, which also contained the first 

occurrence of Prussian Blue (see figure 3).  While this is an unusually early use of this 

synthetic colorant, Tiangxi was a court painter in a period where there was greater 

influence of western art in the Chinese court, and Jesuit artists worked for the Imperial 

court.  This includes enameler Jean Baptist Gravereau in the Kangxi reign (Shih 2003) 

and painter Guiseppe Castiglione during the subsequent Quinlong reign.  The influence 

of the materials and techniques of the Jesuit missionaries in the Kangxi through the 

Qinlong reign is already established for painted enamels (Shih 2003).  It is possible that 

western painting materials were available to court artists, particularly during the 

subsequent Qianlong reign.  The other early uses of cochineal in this study were dated to 

the late 18th century, but its use does not appear to become commonplace until even later.  

In the 19th century, cochineal was found in a third of the paintings assessed.  By the early 

20th century, cochineal was the most common organic red dye found, and the majority of 

the paintings analyzed contained cochineal (5 of the 6 paintings). 

 The increased usage of cochineal in the beginning of the 19th century is in 

agreement with the historical accounts from the BEIC, where the peak of the cochineal 

trade occurs in the late 18th century (Morse 1936; Lee-Whitman 1982; Van Dyke 2005; 

Koninckx 1980; Donkin 1977b).  Cost may also have been a factor in dye choice, and 
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several sources indicate that cochineal was at times expensive (Donkin, 1977; Feian, 

1988) even into the 19th century (Sasaki 1985).  However, more interesting is the 

continued use of the traditional lac dye, even into the 20th century. 

 Cochineal was not found in paintings from the Freer collection.  The vast majority 

of paintings that contained cochineal were ancestor portraits from the Prizlaff Collection.  

In traditional paintings, cochineal was found only in paintings from the Customs House 

acquisition (See Introduction for a discussion of the Freer|Sackler Chinese paintings and 

their provenance.)  Here, context could play a significant role: Many of the Customs 

house paintings are from Southern China. Prior to the Opium Wars in the 19th Century 

only the Southern port of Canton was open to trade. On the other hand, the Pritzlaff 

collection is primarily Imperial Portraits painted by the court painters in Beijing.   These 

paintings were created in workshops with very traditional practices, they may have been 

more resistant to the incorporation of new materials.  

 
Paintings with both lac and cochineal 
 
 Lac and cochineal dyes were found both as a direct mixture, as well as in separate 

applications for different elements within one portrait.   The latter case was found in four 

of the ancestor portraits where each dye singly or as a combination of the two was used 

for specific areas.  In the portrait Man (19th century), cochineal alone was found on all 

areas of pinks and violets tested, with the exception of the glaze applied over the sitter’s 

robe, where a lac dye/carminic mixture was used.  In The Sixth Prince Yi (1905), 

cochineal alone was used for pinks and purples, but a lac dye/cochineal mixture was used 

as a wash over vermilion to create the deep red in the sitter’s prayer beads, and was 

mixed with iron earths to create the burgundy coloration of the rosewood chair. 
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 The separate uses of these two dyes indicates that Chinese painters distinguished 

between them.  The most straight-forward reason these dyes are used separately is their 

different coloring properties.  In general, cochineal was found in bright pink and red 

areas, whereas pink to violet areas are achieved with the addition of lac.  The brighter red 

nature of carminic acid was recognized by Feian (1988, 75): 

“…In the modulated washes of cinnabar, the early Chinese painters all relied on 
rouge.  Washed on in much quantity, rouge becomes dark and is not as bright and 
pleasing to the eye as a wash of carmine.” 

 
The different use of carminic acid in the earlier centuries may also be related to its cost, 

as cochineal was at times expensive.  Cochineal may have been reserved for more 

important elements of the painting, or was extended with lac dye, particularly for 

decorative elements that were not as brightly colored.  Different uses may also reflect 

workshop practices, with different artists painting various selected areas of the painting 

(i.e. the background, the robe, and the face and hands) or with the use of pre-mixed 

colors.  

 The greater co-occurrence of the insect dyes found in the Ancestor portraits may 

be because they have more variations in color used to depict the various motifs.  In 

smaller traditional paintings, there may only be one element where an insect dye was 

identified.  While much of this discussion is based on ancestor portraits, it is possible that 

greater variation in the use of cochineal and lac dye will be found with further analysis of 

traditional paintings. 
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Insect dyes and Chinese painting techniques 
 
The insect dyes lac and cochineal were used for a variety of shades including pink, red, 

purple, burgundy and violet, with the dye as a component in a mixture or else a glaze 

over another pigment.  In the latter case, the glazes could be used to create color, to 

modulate color intensity or to create shadow, and is described in historic painting 

manuals. The following discussion highlights these painting techniques, noting any 

differences between lac and cochineal.    

 

Combination with white (pink): Pink areas were typically created with a combination of 

insect dye and lead white.  Pinks were generally encountered in the depiction of flowers, 

robes, and decorative elements in dragon robe designs (see figure 4).  In a few cases, 

vermilion was also identified within the mixture based on XRF, and this addition was 

most commonly found when the insect dye was identified as lac dye.  Presumably, the 

addition of trace vermillion was done to shift the color to red, as lac dye tends to be violet 

in tone.  Cochineal is typically a brighter pink based on visual comparison, and no 

instances of vermilion were found in mixtures of cochineal and lead white.   

 In historic painting treatises on the rendering of flowers, it is recommended to 

apply rouge as a glaze (‘overlaid wash’) over white.  This method of applying glazes is 

specifically mentioned in a treatise by Ze Lang (1765).  Ze Lang also states that 

additional applications of alum should be added over the rouge.  The presence of alum in 

certain concentrations as well as gelatin does affect the color of both lac and cochineal.  

In the paintings studied, there is found to be a wide variation in the pinks and reds 
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achieved with insect dyes, but whether or not alum was intentionally used to modulate 

color in this fashion was not determined.  

 Vermilion and lead white mixtures are described (Fei’an 1988) in several historic 

painting formulations for pink.  However, lead white/vermilion mixtures were only rarely 

encountered in this study.   Most of the paintings with these mixtures dated to the Ming 

Dynasty, and in all cases the inorganic red was determined to be a finely ground 

vermilion or iron oxide pigment.   The use of inorganic pigments may be less common 

for the creation of pink because vermilion can be more orange in tone, and much less dye 

than pigment is necessary to obtain light pinks and purples. Figure: vermilion pink 

 

Combination with blue (purple): Purples were most frequently encountered in flowers, 

clouds, robes and decorative elements in dragon robes (see figure 5).  By and large the 

most common combination was lac dye with indigo, sometimes also in combination with 

lead white.  In later periods, cochineal mixtures with Prussian blue were also identified 

(see table #). Much less common were purples created with lac dye and Prussian blue, 

although this combination was identified in two paintings.  In one Ancestor portrait, both 

lac/indigo and cochineal/Prussian blue combinations were identified in the same painting.  

No cochineal and indigo mixtures were identified, although historic accounts indicate its 

use (Fei’an 1988, 75):  

“If flower petals are to be a velvety purple…it is necessary to first lay down a 
good ground of indigo and then add several layers of wash in carmine, which will 
make a purple that issues from the red or a red that emerges from the purple, 
uncommonly beautiful and radiant.” 

 
In later painting manuals a combination of cochineal and ultramarine is recommended 

(Fei’an 1988), but again this combination was not identified in this study.  
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Fei’an cites separate application of ‘red’ and ‘blue’ to generate purple areas.  

However, in the vast majority of cases there were no observable red or blue brushstrokes 

and it appeared as though the violets were premixed.  Figure 6 shows additional areas of 

various purples created with lac dye and indigo.  In all cases, including Figure 5, the 

colorants are clearly mixed prior to application to the silk substrate (i.e. no separate 

brushstrokes of red and blue are visible).   

 

Other pigments (red, yellow):  The insect dyes were often used as glazes over other 

pigments, including azurite, vermilion and arsenic sulfide yellows to modulate color. This 

technique was most commonly found with vermilion, and was encountered in both 

traditional paintings as well as Ancestor portraits. This technique is also specifically 

mentioned in historic texts (Fei’an, 75): 

  “after it has dried (cinnabar), apply alum and then use carmine from the 
 recesses of the petals and concavities, modulating it outwards toward the tips of 
 the petals… This method is called ‘overlaid wash’ and also called ‘drawn out 
 wash’.  
 
Figure 7 shows areas were lac dye was applied over vermillion to modulate color in both 

traditional paintings and ancestor portraits.  In the mustard seed garden manual, ‘rouge 

red’ and vermilion are said to give the highest degree of red (“yin hung”).   

 

CONCLUSION 
 
 All the red organic dyes identified in Chinese paintings were scale insect dyes, lac 

dye or cochineal.  Lac dye was the only organic red colorant found in earlier paintings. 

Although historical accounts suggest that cochineal was available in China as early as the 

late 16th century, the earliest use as a painting material was identified in a painting dating 
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to the early 18th century, but it does not appear to be a common painting material until the 

19th century based on this survey.  Lac and cochineal were used in similar fashion, 

although the separate uses of the two dyes within a single painting suggests that Chinese 

artists distinguished between the two dyes.  This paper presents results for the 

Freer|Sackler collections.  Future analysis of paintings with a wider geographic 

distribution than represented in these will help form a clearer picture of painting materials 

available and techniques used during the Ming and Qing Dynasties in China 
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Figure 1. Chemical structures of laccaic acids A and B. 
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Figure 2.  A. Chromatogram showing elution of carminic acid (CA), lawsone (L), and 
the laccaic acids (LA) using a 1%v/v TFA mobile phase with water:acetonitrile gradient.  
B. Chromatogram of the same dye mixture with a 10mM oxalic acid mobile phase with 
water:acetonitrile gradient. 
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Figure 3. First occurrence of cochineal in Chinese paintings of the Freer|Sackler 
collections. A. Small Birds and Morning Glories, attributed to Jiang Tingxi (1669-1732), 
fan (F1980.152).  B. Detail of violet on birds made with a mixture of cochineal and 
Prussian blue. 
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Figure 4.  Peonies with organic red and lead white.  A.  Detail showing peonies with 
lac dye, vermillion and lead white, Relative of Yung Cheng under House Arrest, unknown 
artist, hanging scroll on silk, c. 1800-1850 (S1991.133). B. Detail with peonies with lac 
dye and lead white, Landscape with Birds, unknown artist, 18th centyry (F1909.201) C. 
Detail of peonies with lac dye and lead white, Cat, Rock and Peonies, unknown artist, 
early 20th century (F1909.245) D. Detail of peonies with cochineal and lead white, 
Jaiqing Empress, unknown artist, hanging scroll on paper, C. 1920-1948 (S1991.98). 
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Figure 5.  Violet areas created with different colorant mixtures in Ancestor 
portraits.  A. Detail of dragon robe, purple with lac dye, indigo and lead white, 
anonymous, silk substrate, hanging scroll (S1991.). B. Detail of dragon robe, purple with 
lac dye, indigo and lead white, anonymous, silk substrate, hanging scroll (S1991.). C. 
Detail of dragon robe, purple with cochineal, Prussian blue and lead white, anonymous, 
silk substrate, hanging scroll (S1991.). D. Detail of dragon robe, purple with lac dye, 
Prussian blue and lead white, anonymous, silk substrate, hanging scroll (S1991.).  
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Figure 6.  Detail showing lac dye and indigo mixtures, all of which were mixed prior to 
painting.  A. Detail of purple flowers, Birds Hovering over Flowers, unknown artist, 18th 
century, silk substrate, album leaf (F1909.249) B. Detail of purple flowers, Garden 
Scene, unknown artist, Ming Dynasty, sil substrate, handscroll (F911.222) C. Detail of 
curtain, Beauty Holding and Orchid, unknown artist, mid 18th to early 19th century, silk 
substrate, hanging scroll. D. Robe detail, The Yonnzheng Emperor’s Nephew at a Daoist  
Ceremony for the Recovery of his Father, attributed to Jiao Bingzhen, c. 1723-1736, silk 
substrate, hanging scroll  (S1991.99). 
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Figure 7.  Deep reds created with lac dye glazes over vermillion.  A. Detail of berries, 
Landscape with Birds, Yuan Chi, 18th century, silk substrate, handscroll (F1909.201)  B. 
Flower detail, Quail and Flowers, unknown artist, 18th century, silk substrate, album leaf 
(F1909.249).  C. Detail of chair arm, Portrait of Daisan, anonymous, silk substrate, 
hanging scroll (S1991.74). 
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Table 1: Reported LODs for Anthraquinones in the Literature (ng/uL) 

Technique Lac Dye Carminic 
Acid 

Alizarin Purpurin Study 

HPLC-MS  18 8 8 Suroweic et al 2007 
HPLC-
DAD 

 12.5   Novotna ́  1999 

HPLC-
DAD 

 18 8 8 Rosenberg 2008 

HPLC-MS-
SEIM 

 12 10 8 Rosenberg 2008 

HPLC-
DAD 

1.71 0.18 0.22 1.11 Ackacha  2003 

HPLC-MS 0.09 0.05 0.03 0.03 Ackacha  2003 
MEKC 1.0 0.1 0.1 0.2 Maguregui 2007 
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Table 2. HPLC Identification of Lac and Cochineal in Paintings by Period 
 

 Ming 
(1368-1644) 

Qing 
(1644-1911) 

Republic 
(1912-1949) 

Total  

Lac only 7  50  0 57  
Cochineal only 0 4 2  6  
Both 0 7  1  8  
Organic red not detected  5 1 0 4 
Total 12 62  3  75 
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Table 3. Violet Mixtures - Red Dye with Blue Pigments 
 
 Indigo Prussian Blue Smalt Azurite 
Lac 28 2 1 3 
Cochineal 1 7 0 0 
Mixture 1 1 0 0 
None (vermillion only) 1 0 0 0 
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