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Publisher’s Note

As a result of demand, this volume of Artists’ Pigments is
reissued without modification in the form first published in
1986. For later developments and research in the field, the
reader is advised to consult the newer literature on the

subject.

Editor’s Note

Perhaps the most notable changes in pigment research in
recent years have been in the analytical and instrumental
methods used. Today, for example, surface-enhanced
Raman spectroscopy can be effectively applied to an
extremely small sample of an organic pigment. Pigments
can now be characterized in situ on a painting by such
methods as fiber optics reflectance spectroscopy. This
has permitted the scope of notable occurrences to be
augmented, especially noteworthy in the literature on
carmine. Synchrotron studies have added information on
the degradation mechanisms of cadmium yellow and red.

Considerable additional research has been carried out
on some of the pigments in this book and on their
dates of use. (See Glenn Gates, “A Note on the Artists’
Pigment Aureolin,” Studies in Conservation 40, no. 3
[1995]: 201-06.) The body of knowledge regarding lead
antimonate (Naples yellow) and its technical relationship
with lead stannate has grown significantly. In addition,
many pigments have been newly identified. For a
comprehensive source, which also supplies well-illustrated
information on polarized light microscopy of the
significant pigments, see:

Nicholas Easthaugh, Valentine Walsh, Tracey Chaplin,
and Ruth Siddall, Pigment Compendium: A Dictionary of

Historical Pigments (Taylor and Francis, 2008).

Robert L. Feller
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Preface

There is growing recognition of the importance of technical examination in the
study of works of art and in their care and preservation. In this light the
National Gallery of Art takes great pleasure in offering this volume which
describes the history and characteristics of ten pigments that have played a
major role in the history of painting. Scholars have written extensively on the
history of individual pigments and dyes, In the last several decades conservation
scientists have published an increasing number of articles on the scientific and
technical methods for identifying and characterizing artists’ colorants. Rarely,
however, have these two aspects of the study of pigments, their history and their
scientific analysis, been brought together in one publication.

The need for this handbook was brought to my attention by Rutherford John
Gettens in 1971 when he asked if the National Gallery of Art would oversee the
preparation of a series of monographs on pigments, a project of international
importance which he had been pursuing since 1966. With a grant from the
National Endowment for the Arts matched with funds generously provided by
the Ciba-Geigy Corporation and the David Lloyd Kreeger Foundation, we
gladly accepted Mr. Gettens’ challenge, assigning the responsibility to the
distinguished chemist, Robert L. Feller, then director of the National Gallery of
Art Research Project at Mellon Institute, Carnegie-Mellon University,
Pittsburgh.

Close collaboration on the project with our admired colleague at the Freer
Gallery of Art, John Gettens, was warmly anticipated. However, his untimely
death in 1974 left the full responsibility for the completion of the project with
the National Gallery of Art. Robert Feller’s patient perseverance as editor and
author is clearly evident in the quality of this volume. We are most grateful to
him for his effort and to the fourteen contributing scholars for their dedication
to the project through many years. Our special appreciation goes also to the
National Endowment for the Arts and the Ciba-Geigy Corporation, and the
David Lloyd Kreeger Foundation for their generous support.

J. CARTER BROWN
Director, National Gallery of Art
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Foreword

One is frequently asked: why were these specific pigments selected for
publication? The reason for the preparation of a particular monograph is often
circumstantial. In collecting material for this book we have chosen, as did
Rutherford J. Gettens before us, to rely on colleagues, wherever they may be
located in the world, who have had the need or the occasion to develop special
expertise and in-depth knowledge concerning a particular pigment or class of
pigments. Much of the information that the authors are able to supply is based
on original laboratory and bibliographic research. Descriptions of certain
distinctive microscopic characteristics of Indian yellow, aureolin, and cadmium
yellow, for example, came from hitherto unpublished investigations. Details on
the mineral character of green earth were drawn from the specialized literature
of geochemistry. Clarification of longstanding errors concerning the insect
source of kermes carmine has been accomplished only this past year. Thus, it
has been the search for the most advanced authorities — many of whom are still
actively engaged in research — and the task of persuading these colleagues to
find the time to prepare an extensive report on one area of their expertise,

that has made the process of assembling these monographs such a slow one,
extending over two decades of effort first by John Gettens and then by ourselves.
Nonetheless, we hope that the thoroughness and unique character of the
monographs will more than justify the time devoted to their preparation. We are
proud to be able to continue the tradition set by Gettens in the series of
monographs that he had published during the years from 1966 to 1974 in Studies
in Conservation, the journal of the International Institute for Conservation. The
director of the National Gallery of Art, J. Carter Brown, has supported the
preparation of this present volume in continuance of that tradition and has
formulated a vigorous program to continue this scholarly undertaking.

Work on the project was made possible by grants from the National
Endowment for the Arts, together with matching grants from the Ciba-Geigy
Corporation and the David Lloyd Kreeger Foundation. Of the many represen-
tatives of the National Endowment for the Arts who have been most helpful and
understanding throughout the undertaking, John Spencer, director of Museum



Programs at the time the work was initiated, deserves our special appreciation.
While assistant director of the National Gallery of Art, Charles Parkhurst
encouraged the project through many years of correspondence with the authors
and the persistent search for appropriate illustrations and bibliographic
citations. The authors themselves must be especially thanked for their under-
standing and cooperation in the effort to assemble a set of ten monographs
before publication. Many of the manuscripts were completed some years ago,
yet each author graciously agreed that the handbook should not appear until

it could include all ten pigments. Therefore, commercial sources cited by the
authors may not be current. The support of the Andrew W. Mellon Foundation
and the many valuable services of the professional and administrative staff at
the Mellon Institute have also helped to make this undertaking possible.

Many of the x-ray powder-diffraction patterns were kindly provided by
Elisabeth FitzHugh, using the x-ray diffraction equipment at the laboratory of
the Freer Gallery of Art, Smithsonian Institution, Washington. Ms. FitzHugh
also edited and reviewed the tables of diffraction data. Michael Bayard kindly
reviewed all sections on optical crystallographic properties as well as those
sections dealing with characteristics observable with a polarizing microscope.
With his collaboration, an appendix was prepared reviewing terminology used
in the characterization of pigment particles with the minerological microscope.
Ruth Johnston-Feller provided many helpful criticisms and suggestions in
addition to contributing an appendix on the measurement and description of
color.

Particular thanks and appreciation for her exceptional dedication and special
talents go to Mary Curran who served as editorial assistant and general
manager throughout the project. Mrs. Curran provided extensive sup-
plementary references and technical information which insured that the
subsections of each contribution were suitably complete and uniform. It was she
who insisted upon including the basic information on toxicity. Finally, we wish
to thank Sandra Melzer who with much patience and outstanding skill typed the
manuscripts through numerous drafts.

ROBERT L. FELLER

Research Center on the Materials of the
Artist and Conservator, Mellon Institute, Pittsburgh
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Introduction

The technical examination of historic and artistic works is essential to under-
standing the history and character of the work and to the selection of appro-
priate methods for care and treatment. Among the materials to be found in easel
paintings — wood, canvas, adhesives, paint vehicles, varnishes, and pigments —
the latter perhaps have the greatest story to tell. Throughout history, pigments
and dyes have varied in composition, quality, source, and popular usage. If one
can become knowledgeable and skilled in interpreting the subtle differences
introduced by such factors, much can be learned about the time, place,
character, and circumstances of a given work. The accompanying monographs
provide information that will be helpful in the characterization of ten pigments
of major importance in the history of painting. As indicated in the bibliography
at the end of this section, extensive monographs on nine other pigments,
prepared under the leadership of the distinguished conservation scientist, R. J.
Gettens, are also available to assist the scholar in the technical study of this
essential component of the painter’s oeuvre.

EXAMINATION SEQUENCE

The preliminary stage in the technical examination of a painting or painted
object usually involves the use of methods that do not necessitate the taking of
samples. Much can be learned by inspection with the aid of a low-powered
binocular microscope. Other techniques that do not involve the taking of
samples make use of reflectance spectrophotometry, analysis by x-ray fluores-
cence, and inspection by ultraviolet, infrared, and radiographic photography.
After these initial examinations, consideration can be given to the utility of
taking microscopically small samples from inconspicuous areas of the work.
Portions of these samples are usually first examined for their pigment content
with the aid of a polarizing microscope. Microchemical tests of both the
pigment and vehicle can also be carried out under the microscope. On the basis
of information thus gained, advanced analytical techniques may be applied to
the remainder of the sample to determine the elements and crystalline com-
pounds present. Typically, these procedures involve the use of an electron-beam
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microprobe, x-ray diffraction spectrometer, and scanning electron microscope
with x-ray fluorescence capabilities. The supplementary data permit a decision
to be made concerning the advisability of taking additional samples and the
necessity for using even more elaborate techniques, such as neutron activation
analysis, mass spectrometry, and radiocarbon dating. At each stage in the
investigation, the examination and evaluation should be a joint effort of the
analyst, conservator, and curator-connoisseur. One of the chief objectives of this
series is to provide, for the pigments discussed, the essential information needed
in each analytical step described above.

PURPOSE OF EXAMINATION

There are at least four different reasons for wanting to learn something about
the pigments that an artist has used. One purpose in undertaking technical
analyses is to provide an objective description of the artist’s way of working.
What were the basic set of pigments employed? Did the artist use relatively pure
pigments of one particular color — green for example — or was the hue based
on a mixture of colorants such as yellow and blue? Perhaps the final effect was
achieved by building up a number of layers of paint, each differing in pigment
composition. As evidenced by their pigmentation, were the paints essentially
opaque or transparent?

Pigments may also be characterized for purposes of restoration — to
determine what is original, to repair damaged areas, and to compensate for
missing portions of a painted surface. One may wish to match the original
pigments as closely as possible or to determine whether there have been changes
in color over the course of time. In addition, pigment analysis may help in
deciding if two passages are by the same hand and if either or both have a
distinctly different character from that of the initial work.

A third reason for analyzing the pigments used is for purposes of con-
servation, that is, to devise techniques necessary for the care and preservation of
the work. Pigments may be potentially sensitive to the deleterious effects of light,
heat, or gaseous pollutants in the atmosphere. One must also determine if any
chemical treatments being considered are likely to be harmful to the identified
colorants.

Finally, technical examination of pigments aids in authentication and in
assigning a probable date to a work of art. The analyst will wish to know as
much as possible about the history of manufacture and the dates at which a
particular pigment was introduced. Analysis can then reveal whether a pigment
is characteristic of those of recent production or more representative of types
manufactured many years ago. Investigation can also determine if a certain
pigment is likely to have been available to an artist at a particular time and
place.

PRECISION OF CHARACTERIZATION

Before undertaking an extensive technical examination, one should clearly
define the primary purpose of the investigation. Depending upon the purpose,
the required degree of analytical precision can be inferred. The usual question
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posed to the analyst is simply: what is the pigment used in this particular area of
the painting? But the analyst must ask in turn: how precise an answer is needed ?
There are at least three levels of specificity at which an identification can be
made. One may only need to know the general chemical type or class of the
substance — simply that a pigment is a yellow or brown mineral earth color, a
chromate yellow, a green earth, a lead white, or a zinc white. Such an answer is
usually all that is necessary to verify the safety of a proposed method for
cleaning a painting or to account for discoloration.

A higher level of precision is required to identify the variety or subspecies of
the chemical type. One may be interested in determining, for example, whether a
chrome yellow is the barium or the strontium salt, whether the zinc white is of
the acicular or a nodular-shaped variety, or whether the green earth is a
celadonite-glauconite type or a related silicate mineral such as cronstedtite.
Identification of the chemical, crystallographic, and morphological variety of a
pigment is often helpful in building up evidence concerning its possible age or,
more simply, in determining whether the pigment has the character of an older
type rather than that of a relatively modern variety.

The most precise level of characterization is required to establish cor-
respondence or identity. There may be a need to prove that a pigment in one
part of a work corresponds with — or is identical to — a pigment used in
another part. Many forensic investigations require this high degree of precision
to demonstrate that the pigment in a container or on a particular tool is identical
to one found in another artifact.

The level of precision desired governs the elaborateness of the analytical
procedures selected. The effort to establish the identical character of two
samples, for example, frequently requires the determination of the number and
proportion of ““trace elements,” often regarded as accidental contaminants or
impurities. Neutron activation and x-ray fluorescence analysis are advanced
methods appropriate for this purpose. Mass spectrometry, useful in determining
the ratio of lead or sulfur isotopes present in certain pigments, provides another
precise, objective way of characterizing the mineral source of pigments that
contain these elements.

ORGANIZATION OF THE MONOGRAPHS

The material in each monograph has been organized to be of assistance to
readers having a wide range of interests in the subject of artists’ pigments.
Section 1.0 in each chapter describes the nomenclature and general character of
the pigment; section 2.0 reviews the history of its use. Under section 3.0, matters
of particular concern to the artist are considered: color, permanence, com-
patibility, as well as certain painting and handling qualities. Section 4.0, on
composition, describes the known chemical and physical varieties or sub-species
of the pigment, particularly those variations in character that may arise owing
to differences in source or methods of preparation. Common adulterants and
impurities are also noted. Descriptions of the technical methods and procedures
that can be employed to characterize and identify the pigments, information of
primary concern to the analyst, are found in section 5.0. Finally, section 6.0 cites
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significant references to the pigment’s use by a particular artist or in a specific

work.

THE ESSENTIAL QUESTIONS

This handbook is part of an ongoing effort to assist the artist, curator-
connoisseur, and conservator in answering three recurring questions about
pigments found in artistic and historic works: what is the general chemical type
of coloring agent present; is the pigment of a variety normally found in works
executed at the particular time and place to which the piece is assigned ; and is
the pigment identical to that used in another area of the work or on another
object? The first question can usually be answered unequivocally. The second
and third, unfortunately, sometimes cannot. Nonetheless, the contributors to
this volume have sought to point the way. One trusts that their efforts will
encourage others to continue the search for more confident answers to the latter
two questions, matters that so frequently intrigue the scholar and challenge the

analyst.

BIBLIOGRAPHY

Monographs on artists’ pigments published under
the general title, ““Identification of Materials of
Paintings,” R. J. Gettens, series editor, in Studies in
Conservation, The journal of the International
Institute for the Conservation of Historic and
Artistic Works (London). Plans are underway to
issue these as volume 2 of this series, under the
editorship of Dr. Ashok Roy.

Azurite and Blue Verditer — R. J. Gettens and E. W.

FitzHugh, 11 (1966), 54-61.

Ultramarine Blue, Natural and Artificial —
J. Plesters, 11 (1966), 62-91.

Lead White — R. J. Gettens, H. Kithn, and W. T.
Chase, 12 (1967), 125-139.

Lead-tin Yellow — H. Kiihn, 13 (1968), 7-33.

Smalt — B. Mihlethaler and J. Thissen, 14 (1969),
47-61.
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Vermilion and Cinnabar — R. J. Gettens, R. L.
Feller, and W. T. Chase, 17 (1972), 45-69.

Malachite and Green Verditer — R. J. Gettens and
E. W. FitzHugh, 19 (1974), 2-23.

Calcium Carbonate Whites — R. J. Gettens, E. W.
FitzZHugh, and R. L. Feller, 19 (1974), 157-184.
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Indian Yellow

N.S.BAER, A. JOEL, R. L. FELLER,and N. INDICTOR

NOMENCLATURE IN
VARIOUS LANGUAGES

English: Indian yellow
German: Indischgelb
Russian: MHAMACKMIA YKETHIH
Indian: Purree, piuri

French: Jaune indien

Italian: Giallo indiano
Spanish: Amarillo indio
Dutch: Indisch geel

1.0 INTRODUCTION"

Indian yellow was probably introduced into
India from Persia in the fifteenth century
(Chandra, 1949b), and was known under several
designations, among them purree, peori or piuri,
and Monghyr puri. Derived from the urine of
cows that had been fed mango leaves (Mangifera
indica Linn.), the pigment was used mainly for

NORBERT S. BAER, professor, Conservation Center,
Institute of Fine Arts, New York University.

ABRAHAM JOEL, Fine Arts Conservation, 96 Spring
Street, New York, N.Y.

ROBERT L. FELLER, director of the Research Center on
the Materials of the Artist and Conservator, Mellon
Institute, Carnegie-Mellon University, Pittsburgh.

NORMAN INDICTOR, professor of chemistry, Brooklyn
College, City University of New York, adjunct
professor, Conservation Center, Institute of Fine
Arts, New York University.

*Much of the material in this chapter was presented
in 1972 at the IIC Lisbon Congress on the
Conservation of Paintings and the Graphic Arts
(Baer, Indictor, and Joel, 1972).

watercolor and tempera-like paints. It was also
occasionally used in the West as a glazing color
in oil or in underpainting (Wehlte, 1975). The
empirical chemical formula is given as
C,0H,;,0,,Mg-5H,0 by Gettens and Stout
(1966).

According to Heaton (1947), the Indian
government prohibited the pigment’s manufac-
ture on humane grounds in 1908 (see 2.3). Indian
yellow has fallen into disuse and today is only of
historic interest. It is listed as Natural Dye
CI No. 75320 in the Colour Index (1971).

1.1 Brief Definition of Pigment

The principal colorant compound in the pig-
ment is based on the yellow crystalline mag-
nesium salt of euxanthic acid. To create Indian
yellow, the cow urine was evaporated and the
resultant precipitate formed by hand into balls
which were exported as crude pigment, later to
be washed and refined by the pigment supplier.

1.2 Current Terminology
The names of the pigment at the present time are
as noted above.

2.0 HISTORY

2.1 Archaic, Obsolete, and
Misrepresentative Names

Names given to Indian yellow in the past have
been: piuri, peori, purree, pioury, purrea
Arabica, Hardwari peori, peri rung, peoli,
Monghyr puri, gogili and gaugoli. According to
Maerz and Paul’s Dictionary of Color, the
pigment is also called snowshoe yellow (Kelly
and Judd, 1976). The designation Indian yellow
has at one time or another been applied to cobalt
yellow.
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Fig. 1. Illustration from the Gita Govind, Mewar
Style, Rajput School, India, 1725-1735, Detroit
Institute of Arts, 71.317. 22 x 40 mm. A. As seen
under normal light. B. Viewed under ultraviolet
radiation, as recorded on Kodak Ektachrome 50
with 2A Wrattan filter. C. Infrared radiation, Kodak

2.2 History of use

Indian yellow was most popular in India. Moti
Chandra (1949b) is of the opinion that the
pigment was not employed in the miniatures of
the palm-leaf period (thirteenth—fourteenth
centuries A.D.); no Sanskrit text makes re-
ference to it. He suggests that the colorant was
introduced into India in the fifteenth century,
probably from Persia. Chandra (1949a) states
that peori could be obtained from Jaipur, where
it was known as gogili, an Indianized form of the
Persian implying “cow earth.” At the beginning
of the fifteenth century peori was used in minia-
tures on paper (Chandra, 1949b). Based on
notes found on drawings, Khandalavala (1958)
indicates widespread use of “peoli or gaugoli” in
Pahari drawings during the period from the
sixteenth to the nineteenth centuries.

Elisabeth FitzHugh’s survey of the occur-
rences of the pigment in Indian and Persian
paintings at the Freer Gallery of Art,
Washington (private communication, 1976),
indicates that its use appears to be limited to
Indian paintings. The earliest date of the
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high-speed infrared 4143 with Wrattan No. 25 filter,
3200°K bulbs. D. X-ray radiograph, SMA/30kV for
60 seconds, Kodak Type M Industrial film.
Photograph courtesy of Founders Society Detroit
Institute of Arts.

pigment’s occurrence could perhaps be late
sixteenth century, and its presence is limited
almost exclusively to the Mughal period (late
sixteenth—nineteenth centuries) (see fig. 1).

Although considerable amounts of Indian
yellow are known to have reached Europe, the
literature documenting its use either in the East
or in the West is surprisingly sparse. Harley
(1982) cites documentation (Dewhurst, 1784
1787; Fielding, 1830, 1842, 1844; Gartside,
1805; Henderson, 1806) indicating “‘that some
English painters used Indian yellow in the late
eighteenth century.” She also notes Bouvier’s
claim (1829) to have been one of the first
continental artists to use this pigment. Munkert
(1905) tends to support this date, saying that the
pigment had been used in Germany for about
seventy-five years. Kiihn (1969) cites two ex-
amples of the use of Indian yellow in nineteenth-
century paintings (see 6.0).

The use of Indian yellow as a dye — “I’acide
euxanthique dans teinture et la fabrication des
couleurs” was reported by Wagner
(1859-1860). The method employed for dyeing
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was simply to dissolve the pigment in hot water
and dip the cloth in the solution. However, the
objectionable odor imparted to the fabric soon
negated this practice (Watt, 1892). Indian yel-
low was also said to have been used for coloring
doors and railings (M’Cann, 1883).

2.3 Terminal Date
Heaton (1947) reported the original act pro-
hibiting the further manufacture of the Indian

yellow in 1908. An attempt to locate this docu-
ment by searching the Acts of the Lieutenant
Governor of Bengal in Council from 1902 to
1909 was unsuccessful. The Acts that may have
provided sufficient grounds for the prohibition
of the manufacture of Indian yellow are those
directed toward the prevention of cruelty to
animals (Bengal Acts, 1866/1869; Government of
India Acts, 1890).
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Act II of 1866 Bengal Acts.
An Act to provide for the better regulation of the
Police within the suburbs of the Town of Calcutta.

Section XL — Whoever, within such limits as shall be
from time to time defined by the Commissioner of
Police, with the sanction of the said Lieutenant-
Governor, in any public street, road, thoroughfare, or
place of public resort, shall commit any of the follow-
ing offences, shall be liable to a fine not exceeding fifty
Rupees:

Clause 16 — Cruelty to Animals. Whoever shall
cruelly beat, ill-treat, abuse, or torture, or shall cause
or procure to be cruelly beaten, ill-treated, abused or
tortured, any animal.

Act IV of 1866 Bengal Acts.

An Act to amend and consolidate the provisions
of Act xm of 1856 (for regulating the Police of
the Towns of Calcutta, Madras, and Bombay) and
of Act xLvii of 1860 (to amend Act x1i1 of 1856).

Section Lxvii — Whoever cruelly beats, ill-treats,
abuses, or tortures, or causes or procures to be cruelly
beaten, ill-treated, abused, or tortured, any animal,
shall, for every such offence, be liable, on summary
conviction before a Magistrate, to a fine not exceeding
one hundred Rupees, and, in default thereof, to
imprisonment, with or without hard labour, from term
not exceeding three months.

Act I of 1869 Bengal Acts.
An Act for the Prevention of Cruelty to Animals.

I. The word animal shall be taken to mean any
domestic or tamed quadruped. . . .
I1. Every person who shall cruelly and wantonly beat,

20 INDIAN YELLOW
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ill-treat, abuse, torture, overdrive, or overload, or
cause to be beaten, ill-treated, abused, tortured,
overdriven, or overladen, any animal, shall be liable to
a fine which may extend to one hundred Rupees.

II1. Section Lxvi of Act IV of 1866, and Clause 16 of
Section XL of Act II of 1866 . . . are hereby repealed.
IX. This Act shall extend to the Town of Calcutta, and
to the suburbs of the Town of Calcutta . . ..

X. It shall be lawful for the Lieutenant-Governor of
Bengal, by an order published in the Calcutta Gazette,
to extend this Act to any city, town, station, canton-
ment, village, district, or portion of a district to be
mentioned and defined in such order; and from time to
time, by any order published as aforesaid, to revoke,
vary, amend, or alter any such order.

Act III of 1869 Bengal Acts.

An Act to enable Police Officers to arrest without
warrant persons guilty of Cruelty to Animals.

I. Every Police Officer may arrest without a warrant

any person committing, in his view, any offence
against the said Act I of 1869.

Act XTI of 1890 Government of India Acts.

An Act for the Prevention of Cruelty to Animals.
Act XI of 1890 was passed by the Governor Gen-
eral of India in council and extended to the whole
of British India and gave power to the local gov-
ernments who may ‘‘by notification in the official
Gazette, extend, on and from a date to be specified
in the notification, the whole or any part of the
rest of this Act to any such local area as it thinks
fit.”” Pertinent portions of this Act read:



Section 2, sub-section (1) — Animal means any
domestic or captured animal.

Section 3 — If any person in any street or in any place,
whether open or closed, to which the public have
access, or within sight of any person in any street or in
any such other place, — (a) cruelly and unnecessarily
beats, overdrives, overloads or otherwise ill-treats any
animal . . . (c) . .. he shall be punished with fine which
may extend to one hundred Rupees, or with imprison-
ment for a term which may extend to three months, or
with both.

The Acts of Bengal, traced over the years 1866
to 1869, indicate that the increasing pressure was
brought to bear against violators of the act.
However, the possibility that the production of
Indian yellow continued even after the passage
of the Government of India Act XI of 1890 must
be considered. Only gradually did production
terminate, due perhaps to a combination of
several factors. The escalating consequences of
violating the acts or a decrease in demand for the
pigment would certainly have been relevant.
With a decrease in demand the milkmen would
not have needed to feed the cows on mango
leaves exclusively, thereby preventing the pre-
mature deaths of these animals. The local autho-
rities may have condoned preparation of the
pigment, knowing no harm would come to these
animals. Thus production may have been car-
ried on past the date of passage of the prohi-
bition. For this reason it seems improbable that
a certain date for the end of production of

Fig. 2. Behavior of Indian yellow under ultraviolet
radiation, showing: A. fluorescence (relative intensity
of emitted radiation) when activated by 435 nm
radiation, and B. the relative intensity emitted at
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Indian yellow can be specified. Wehlte (1975)
states, however, that the pigment has not been
available commercially since 1921.

3.0GENERALPIGMENT PROPERTIES

3.1 Color and Spectral Reflectance
Indian yellow yields a beautiful clear yellow
color and a light powdery texture of greater
body and saturation in masstone than gamboge
(Field, n.d., p. 157). This description is sup-
ported by Eibner (1905): “the pure pigment has
an incomparably beautiful, deep and lumines-
cent gold yellow in a shade which is achieved
with no other pigment.” Parry and Coste (1902),
chose, on the other hand, not to consider Indian
yellow as fine a color as gamboge.
Measurement of the color of Indian yellow is
complicated by its fluorescence in the visible
range. Moreover, as the curves in Fig. 2 indicate,
the pigment’s fluorescence is stimulated most
strongly by radiation in the visible range, 435 nm
(Feller, 1968). Fig. 3 illustrates the spectral
reflectance curve as measured by a Kollmorgen
Kkcs-10 Color-Eye®. This abridged spectropho-
tometer illuminates the sample with an in-
candescent lamp of color temperature 2857°K
and measures the reflectance relative to barium
sulfate at individual wavelengths, as transmitted
through narrow band-pass filters. Thus, the
reflectance curves should include the fluores-

535 nm when the sample is irradiated by various
wavelengths from 300 to 500 nm. After Feller (1968).
Sample courtesy of Winsor & Newton.
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Fig. 3. Spectral reflectance of Indian yellow as
measured using polychromatic illumination on a
Model D-1 Kollmorgen Color-Eye® abridged
spectrophotometer. (Fluorescence is thus included.)
Measurements courtesy of Catherine W. Bailie and
Ruth Johnston-Feller, Research Center on the
Materials of the Artist and Conservator, Mellon
Institute, Pittsburgh.

cence stimulated by 435 nm radiation. A re-
flectance curve of Indian yellow was reported by
Barnes (1939) during his early investigation of
artists’ pigments.

The pigment specimens assembled at the
Conservation Center, N.Y.U., for these in-
vestigations are listed in table 1. The Munsell
notations of the masstone color of six specimens
are given in table 3.

In the series of paints prepared to test light-
fastness (table 2), it was noticed that the
paint’s initial acidity or alkalinity influenced the
color, acid causing a tendency toward a paler
yellow (see 3.5). The colors in this series of six
paints ranged in Munsell Notation from 3-
9Y/8.7-9.1/8-10 (hue/value/chroma). The NBs-
1scc color name (Kelly and Judd, 1976) for a hue
in this range is light yellow.

On Indian paintings the pigment has also been
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identified by microscopy in mixtures with other
pigments. It was most commonly found with
lead white when a bright yellow was desired.
Indigo was added to produce green; vermilion
or hematite were added with varying amounts of
lead white to give a dark brown, a pinkish
yellow, or a pinkish brown flesh tone. Red lead
was mixed with Indian yellow to give an orange-
yellow (FitzHugh, private communication).

3.2 Hiding Power and Tinting Strength
In samples of Indian yellow taken from paint-
ings and examined at the Freer Gallery of Art,
Washington, the yellow particles were uni-
formly clear and transparent (FitzHugh, private
communication, 1976). The refractive index of
the particles is sufficiently close to that of
Canada balsam (N = 1.53) that at first glance
there often appears to be only a yellow stain.
From the behavior of the Becke line it appears
that the refractive index is indeed higher than
that of Canada balsam. Gettens and Stout
(1966) report the refractive index of Indian
yellow as 1.67. The yellow particles are aniso-
tropic (see 5.1).

The low refractive index means that prepara-
tions in oil and varnish are translucent; how-
ever, a bright color with good hiding can be
obtained in the usual aqueous binders. The
tinting strength of this pigment was considered
by Wehlte (1975) to be very good but its hiding
power extremely low. He believed that Indian
yellow was invaluable for retouching paint
losses on works with yellowed varnish.

3.3 Permanence
Indian yellow was included in the palette of
lightfast artists’ pigments (Normalfarben) es-
tablished about the turn of the century by the
German Society for Rational Painting
Techniques (Munkert, 1905). Tests of its light-
fastness that will be described below indicate
that in a traditional water-dispersed binder the
pigment is indeed more lightfast than alizarin.
Authors have traditionally suggested that it may
not be as stable in oils, perhaps undergoing
reactions with the vehicle (Church, 1915, p. 175).
In order to confirm the pigment’s light stabi-
lity, paints were prepared in various vehicles by
the National Gallery of Art Research Project,
Mellon Institute, Pittsburgh. A sample of genu-
ine Indian yellow, kindly provided by Winsor &
Newton, was used. The samples were exposed
for 205 and 384 hours in an Atlas Electric



Table I. SAMPLES EXAMINED (Labeled Indian Yellow)

Sample Number Source

Other Information

1 Doerner Institute, Munich [Gelb
3.04.1]

1 Doerner Institute, Munich [Gelb
3.04.2]

I Forbes Collection [3.14.4 (372)]

v Conservation Center, New York
University

v Forbes Collection [3.14.3 (373)]

VI Conservation Center, New York
University

VII Conservation Center, New York
University

VIII Conservation Center. New York

University

Purchased from Giinther & Wagner,
Hannover, c. 1955 (Kiihn, personal
communication, 1972)

Purchased from Winsor & Newton,
London, c. 1955 (Kiihn, personal
communication, 1972)

Label marked Rowney

Purchased from Fezandie & Sperrle, New
York, 1971; artists’ dry color, Acid yellow
23 in Aluminum Lake

Label marked Roberson, London; 1914
(EWF)

Date of acquisition unknown

Winsor & Newton, London; purchased
1972; watercolor; prepared from a
mixture of organic pigments (Winsor &
Newton)

Winsor & Newton, London; purchased
1972; oil color; prepared from a mixture
of organic pigments (Winsor & Newton)

Due to the limited supply of several of the samples, not all of the analytical procedures discussed in the text were applied to the
complete series. Some specimens could only be studied as mounted slides.

Devices 600 wrRC xenon-arc fadeometer with
Pyrex-glass filter. The results, summarized in
table 2, indicate that the pigment tends to be at
least as lightfast as alizarin, particularly in an
aqueous dispersed medium such as gum arabic,
which may be close to the type of glue or gum-
based vehicle in which it was traditionally
employed. After an exposure of 384 hours, the
British Standard (Bs1006:1971) blue-wool
cloths, exposed at the same time, had faded as
follows: Cloth No. 7to GGs 4.2 (Geometric Grey
Scale Contrast 4.2), No. 6 to GGs 3.0, No. 5 to
GGs 2.0 and No. 4 to GGs 1.2 (Bs2662, 1961).
These results indicate that the exposure was
considerable. In view of the degree of fading of
the alizarin and of the Bs1006:1971 blue-cloth
controls, it seems fair to state that Indian yellow
in gum arabic compared in lightfastness to
Bs1006:1971 Class 5-6 (Feller, unpublished).
When an ultraviolet filter that sharply cuts off
about 400 nm (Rohm and Haas Plexiglas® url,
now UF4) was placed over the sample during
exposure in the Atlas Electric Devices 600 wrc
Fadeometer (Pyrex-glass filter), the net color
change was reduced slightly in four of the

Table 2. FADING OF INDIAN YELLOW
PAINTS IN XENON ARC FADEOMETER,
PYREX GLASS FILTER. COLOR
DIFFERENCE (AE) IN CIE L*a*b* UNITS

AE after
205 hrs.

AE after

Test paint 384 hrs.

Control (Alizarin in
Rhoplex® AC33 polymer
emulsion paint, 94% TiO,)
Indian yellow in various
mixtures:

Gum arabic

Gum arabic (with added
zinc white)

Acryloid® B-72
methylacrylate/ethyl
methacrylate copolymer
Rhoplex® AC-33
methylacrylate/ethyl
methacrylate copolymer
emulsion (alkaline)

14.6 20.8

2.6 10.3

6.9 12.5

8.4 28.2

18.5 34.6

Schweitzer 5712 vinyl

emulsion adhesive (acidic)  25.1 39.1
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samples, perhaps fading only about 807 as
much as when unprotected. Scarcely any effect
was noticed in the mixtures with zinc and
titanium white, possibly because these pigments
themselves filter ultraviolet radiation.

Since Indian yellow fluoresces, and the
fluorescence is reduced upon exposure to light,
measurement of the color changes upon fading
will contain uncertainties unless all aspects of
the measurement procedure are carefully con-
sidered. Although the data in table 2 may
contain a degree of uncertainty owing to the
problem of fluorescence, it is nonetheless con-
sidered that the pigment’s lightfastness relative
to that of alizarin and the Bs1006:1971 blue
cloths is fairly indicated.

Field (n.d., p. 158) stated that Indian yellow
resisted the sun’s rays with singular power in
watercolor painting; yet in ordinary light and air
or even in a book or portfolio, the beauty of its
color was not lasting. The explanation of this
inconsistency eludes us. Church (1915, p. 176)
also claimed that, as a watercolor, Indian yellow
retained its hue unimpaired when exposed to
diffused daylight. However, he further stated
that ““sunlight very slowly bleaches it; the hue it
acquires being somewhat brownish.”

In Field’s notebooks from 1809, currently at
the Courtauld Institute of Art, London (Harley,
1979), is a sample of Indian yellow and some
brief notes in Field’s hand. We are grateful to
Dr. Harley for the following transcriptions of
these passages and for her information that folio
338 (Field, 1809) bears a watercolor sample of
Indian yellow.

Folio 338. Indian Yellow of Mr. Newman in lumps
of a powdery, soft, light, spongy texture, which appear
to have been in a liquid state. Semi-transparent, pure,
weakened by acids, brightened by alkali and rather
greened thereby, equally unaffected (owing the time in
which Cochineal lake was destroyed) by the Sun and
Jakes. Weakened but not discoloured by much longer
continuance in the sun. In oil, dried nearly as soon or
sooner than the oil and teints — faded in thin glazing
even in the shade, totally destroyed by the sun — in
body and teint it stood rather better and was not
discoloured.

Folio 337v. This pigment is said to be produced
from the wine of the (buffalo/camel after feeding on
Mangoes) in India. Its principal use is to follow
Gamboge in water colour being rather deeper or
stronger but not more durable. Yet it is not to be
depended on so much as Gamboge. The first executed

specimens in my Chromatics having faded in two or
three years shut in the Book.

At a considerably later date, Eibner (1905)
had this to say:
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The unfavorable judgments as to the light-fastness of
Indian yellow, which were mentioned at the beginning
are unfounded. I have applied pigment, which was
produced purely from Indian piuri, with gum arabic
on water-colour paper in different intensities of shade.
Then I exposed these sheets partially without pro-
tection and partially under glass in a room with a glass
roof. For two years, I have not observed the slightest
decrease in intensity of the shade or any change in the
color value.

Since a pigment which withstands an exposure of a
year can no longer be counted among the poor
pigments, it may be said that the true Indian yellow
corresponds extensively to the requirements with
respect to light-fastness which are to be reasonably set
for an organic pigment. The exposure tests are being
continued. As a result of the afore-said tests, it can
already be concluded that Indian yellow is useful as a
water-colour.

3.4 Compatibility

Plenderleith (1937) states that Indian yellow
“may become brown, emitting a volatile agent
which influences adjacent colours and may even
stain adjacent pages in a book of miniatures. A
green colour containing this pigment may be-
come deep blue.”

Field (n.d., p. 158) considered that in oil
Indian yellow ““is exceedingly fugitive both
alone and in tint. Owing probably to its alkaline
nature it has an injurious effect upon cochineal
lakes and carmine when used with them. As lime
does not injure this colour, it may be employed
in fresco, according to its powers.”

As a general rule, Church (1915, p. 176)
believed that Indian yellow would undergo no
change upon admixture with any permanent
pigment, nor would it be affected by sulfur
compounds. The authors are not able to affirm
or deny these statements of historical interest
based on direct experience. Yet they seem
reasonably confirmed for either the colorant
itself or mixtures with stable pigments in tradi-
tional temperalike vehicles, as found in Indian
paintings in the Freer Gallery of Art,
Washington (FitzHugh, private communi-
cation). Church, however, reported observing
both unchanged and changed specimens when
Indian yellow was prepared in linseed oil.

3.5 Chemical Properties

The working properties of the pigment may be
related to the structure. The glucuronic acid
portion of the molecule confers upon it con-
siderable water solubility; the euxanthone por-
tion permits compatibility with oily media. The
color of Indian yellow is discharged in excess
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aqueous acid and may be regenerated by aque-
ous alkalinity. This reversibility suggests that
the color arises either from the highly con-
jugaded phenolate anion, of the euxanthone
moiety (fig. 4A) or possibly from potentially
p-quinoid structure also in the euxanthone
moiety (fig. 4B).

Treatment with hydrochloric acid — remov-
ing the bases with ammonium carbonate and
reprecipitating with hydrochloric acid — pre-
cipitates euxanthic acid (m.p. 154-156°C with
decomposition [Church, 1915]) (fig. 4C).

3.6 Oil Absorption and Grinding
Qualities

The oil absorption given by Doerner (1949) is up

to 1007 ; that by Wehlte (1975) is approximately

407

3.7 Toxicity

Little has been written with authority about the
toxicity of this obsolete material. However,
since Indian yellow is a product of cow urine,
undoubtedly it needed to be handled with
reasonable standards of cleanliness.

) OH
+(CH3C0)0 ——
_H20 0
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4.0 COMPOSITION

4.1 Chemical Composition

The principal constituent of Indian yellow is a
mixture of the calcium and magnesium salts of
euxanthic acid (fig.4C) (Riffault, et al., 1874;
Eibner, 1909; Meyer and Jacobson, 1920;
Weber, 1923; Kittel, 1960). The calcium or
magnesium salt usually occurs as the basic
hydrate. The euxanthone moiety is the active
principal of mango leaves, and in the metabolic
process, it is converted into soluble salts at-
tached to the oxidized carbohydrate moiety. The
best grades of Indian yellow contained up to 657%
euxanthic acid (Wehlte, 1975); the poorest
grades contained only about 347 (Zerr and
Riibencamp, 1908).

An abundance of publications indicate the
early chemical interest in Indian yellow, its
structure and synthesis (Erdmann, 1844;
Stenhouse, 1844; Schmid, 1855; Baeyer, 1870;
Salzmann and Wichelhaus, 1877; Graebe and
Ebrard, 1882; Graebe, 1883, 1889; Van
Scherpenberg, 1918 ; Wiechowski, 1923 ; Mayer,
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Table 3 COLOR,? ULTRAVIOLET FLUORESCENCE, AND ELEMENTAL
COMPOSITION® OF SPECIMENS OF INDIAN YELLOW®

Y Weight
Sample  Munsell® Ultraviolet loss
number  designation Sfluorescence ondrying 7% C y:4 % Ashd
I 7.5YR7/14  orange-yellow N.D.® N.D. N.D. N.D.
11 2.5Y 7/10  yellow N.D. N.D. N.D. N.D.
I 10YR 7/12  yellow none 36.97 3.99 5.0
Ive 2.5Y 7/12  red-orange none 9.81 4.71 41.948
A% 2.5Y 8/12  yellow 3.2 40.66 4.03 17.03
VI 10YR 7/12  vyellow 6.7 44.73 4.17 14.39

a. Hue, value/chroma as per Munsell designation (Munsell 1929-1970).
b. Percentages based on sample dried to constant weight at 105°C.

c. See table 1 for descriptions.

d. Residue obtained at 900-1000°C.

e. N.D. denotes: no data.

f. Determined under “Tensor” incandescent illumination.
g. Sample is not Indian yellow.

Elemental analyses, Schwartzkopf Microanalytical Laboratory, Woodside, New York.

1924; Reindel and Anschutz, 1947). The struc-
tural connection between Indian yellow and the
naturally occurring yellow pigments in the
family of compounds known as xanthones has
been made by Karrer (1947).

The chemical structure of Indian yellow has
been proved by hydrolytic degradation. The
mild action of mineral acids generates euxanthic
acid from the essentially magnesium salt. More
exhaustive hydrolysis (heat, concentrated acid)
gives euxanthone and glucuronic acid. Proof of
structure of the euxanthone involved its syn-
thesis from B-resorcylic acid, hydroquinone
carboxylic acid, and acetic anhydride. In this
reaction dehydration and decarboxylation oc-
cur simultaneously (see fig. 4D).

Several samples of Indian yellow specimens
were submitted for carbon, hydrogen, and ash
analyses. The results are reported in table 3.
Included among the samples was one modern
specimen known commercially as Indian yellow.
The variability of the carbon, hydrogen, and ash
analyses for the samples, all of which gave
satisfactory infrared spectra, implies that signi-
ficantly different amounts of magnesium salts
are present in each. (Emission spectra of these
samples all show Mg to be the principal metal
present, vide infra.) The samples most likely also
contain bound water in some form. The
theoretical percentages for C,,H,,0,,Mg are
C 51.32%, H 3.63%, ash as MgO 9.07%; the
theoretical percentages for C;,H;,0,, Mg are
C 54.93%, H 3.647%, ash as MgO 4.85%.
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Comparison of these figures with the results
reported in table 3 reveals the high variability in
purity associated with samples of the pigment.

A fine sample of piuri, reported by Graebe
and Ebrard in 1882, analyzed as follows: euxan-
thicacid 51.0, magnesium 4.2, calcium 3.4, silicic
acid and alumina 1.5, volatiles 39.0 — total 99.1
(Perkin and Everest, 1918). The compositions of
five samples, apparently from M. M. Lefranc et
Cie of Paris, as given by Parry and Coste (1902),
are listed in table 4. The authors state that as the
quality goes down the proportion of magnesium
euxanthate steadily decreases and that of euxa-
nthone increases.

4.2 Sources

The source of Indian yellow was once the subject
of much speculation. Some thought it to be from
a deposit formed in the urine of the camel (Field,
1809; Bachhoffner, 1837), elephant, or buffalo;
others, an intestinal concretion (Watt, 1892).
Some went so far as to identify the pigment’s
origin as “‘the urine of certain varieties of
serpents” (Hilier, 1957). However, in the late
nineteenth century it was Mukharji (1883-1884)
who clearly established that Indian yellow was
made from the urine of cows fed exclusively on
mango leaves (Mangifera indica, Linn).

4.3 Preparation

In 1883 Mukharji visited the village of Mirzapur
near Monghyr, where he found a sect of gwalas
(milkmen) who manufactured the pigment. (The



Table 4. COMPOSITION OF FIVE SAMPLES OF INDIAN
YELLOW, APPARENTLY FROM M. M. LEFRANC ET
CIE OF PARIS ABOUT 1902 (Parry and Coste, 1902)

Euxanthicacid  72.3%  70.967% 4.35% 9.3% 33.347%
Euxanthone 0.0 1.12 2.80 7.40 34.00
Mg 5.35 4.88 4.85 4.60 3.70
Ca 1.75 2.43 2.61 3.33 3.70

district of Monghyr is today located in northeast
Bihar [Seltzer, 1962].) He described how the
urine was collected in small earthen pots, cooled,
and then concentrated by heating over a fire in
earthen vessels to precipitate the pigment. After
straining the liquid through a cloth, the gwalas
would make the sediment into a ball, dried first
over a charcoal fire and then in the sun. The
pigment was sold in this crude form to local
merchants (chiefly marwaries) who would even
advance money to the milkmen for its manufac-
ture. The marwaries paid Rs 1 (1 sh. 8d) per
pound and shipped the pigment to Calcutta and
Patna (Mukharji, 1883-1884) where the price
was marked up from 100 to 2007 (Watt, 1892).
De Puyster (1919) says that it was sold in various
brands marked A to G, the latter being the
poorest in quality.

One cow is said to have provided three quarts
of urine, resulting in 2 oz. (56 grams) of peori per
day. It is said that the annual production of this
substance was as much as 10,000 to 15,000
pounds, but Mukharji considered this estimate
too high. The trade was profitable, for M’Cann
(1883) records that one or two dealers in Indian
yellow reached an income level requiring tax
payments (Watt, 1892).

The balls (fig. 5), weighing 2 to 4 oz. and
having a yellow interior with a brown or green-
ish exterior (Watt, 1892), were shipped to
Europe where manufacturers washed and puri-
fied them, separating the yellow and greenish
portions. The material was then formed into
yellow tablets which were redried and used as a
base for water or oil color (Hilier, 1957).

Church (1915) described a procedure for
purification. The crude imported material was
thoroughly powdered, then washed with boiling
water until the liquid filtered from it had no
color. This removed the brown impurities. The
washed pigment was left in contact with a
saturated solution of salammoniac for a day or

Fig. 5. Ball of Indian yellow pigment. The
approximately 6-cm diameter ball has been cut open
for preparation of purified pigment for technical
study. The traditional golden yellow hue is thus
revealed. Specimen courtesy of Winsor & Newton.

two, this enriched its color. The process of
washing was then repeated with hot water. The
purified product produced a translucent orange-
yellow color. In the mid-nineteenth century,
Lejort (1855) quotes the price of Indian yellow
as selling for ““ne vaut pas moins de 200 francs le
kilogramme.”

It was recorded that cows used for the manu-
facture of Indian yellow died after two years,
but Mukharji stated the cow-keepers informed
him that this was false. He himself saw cows six
or seven years old which had produced peori for
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Table 5. MODERN SUBSTITUTES FOR INDIAN YELLOW

C.I. designation Type

Chemical formula

Pigment 40 cobalt yellow 2K ;Co(NO,)43H,0
HO N—-C,H,SO;Na-p
Acid yellow 23 azo yellow p-NaO,SC.HN=N— /N
COONa :
Acid yellow 63 azo yellow NaO,SC,H,N=NC,H; NO,N(NO)C;H,(NO,),
Acid orange 1 azo yellow NaO,SC,H,N=NC,H,N(NO)C,H,(NO,),

Table 6. CHEMICAL REACTIONS OF SUBSTITUTE INDIAN YELLOWS (Colour Index,

1971)

Designation Solubility

Reactivity with Acids and Bases

C.I. pigment 40 water — sl. soluble

C.I. acid yellow 23 ~ water — soluble (yellow)

ethanol — sl. soluble

C.I. acid yellow 63
ethanol — soluble (yellow)

benzene — v. sl. soluble

C.I. acid orange | water — soluble

water — soluble (lemon-yellow)

Mineral acid (decomposes)

Conc. NaOH (decomposes to brown
oxide)

Conc. HNO; (yellow)

Conc. H,SO, (yellow)

Conc. NaOH (redder yellow)

Conc. HNOj (red) changing to (brown)
Conc. H,SO, (red) on dilution (yellow-
red) then (yellow-brown ppt.)

NaOH (yellow-brown) then (brown
yellow ppt.)

Conc. H,SO, (red-violet) on dilution
(brown-yellow) to (olive brown ppt.)

ethanol — soluble (yellow-brown)

acetone — v. sl. soluble

NaOH (yellow-brown) with excess to
(brown ppt.)

at least four years (Watt, 1892). The cows,
however, appeared ill, and the villagers were
reluctant to change their diets fearing a resultant
drop in pigment production. The cow-keepers
were labeled ‘“‘cow-destroyers.” On humane
grounds, the production of Indian yellow was
said by Heaton (1947) to have been prohibited in
1908 although it was probably in use after this
(see 2.3).

4.4 Adulteration and Sophistication

Various types of organic dyestuffs have long
been used to provide the artist with substitutes
for Indian yellow. Azo dyes of similar hue have
occasionally been employed, although they are
structurally unrelated to euxanthic acid (table
5). Simple chemical tests for distinguishing some
modern substitutes from genuine Indian yellow
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are outlined in table 6. Cobalt yellow (aureolin)
was also frequently called Indian yellow in the
nineteenth century (Colour Index, 1971) (see
chapter on Cobalt Yellow, Aureolin).

Mukharji (1883-1884) mentions that piuri
was also derived from a mineral which was
imported from London and that it sold for only
4d per pound. The mineral could very well have
been wilayiti peori, the chromate of lead which
Powell (1868) distinguishes from Hardwari
peorior true Indian yellow. Church (1915) noted
that Indian yellow adulterated with lead chro-
mate turns dark brown when moistened with
ammonium sulfide. If samples of “Indian yel-
low” are incompletely bleached in acid or
change from yellow to orange, lead chromate is
indicated as a significant adulterant.



5.0 IDENTIFICATION —
CHARACTERIZATION
5.1 Characterization by Optical
Microscopy
The character of Indian yellow particles varies.
One of the most striking characteristics is the
presence of needle-shaped (acicular) prismatic
rectangular yellow rods that tend to be bright
green in certain orientations under crossed
polars, the thicker shafts tending toward an
olive shade (fig. 6). Extinction is parallel and
under a gypsum retardation plate the prisms are
seen to exhibit positive elongation. Occasionally
what appear to be prisms of the same substance
appear as short stubby fragments, thick enough
to produce the more olive hue. When these are
viewed in the vertical position under a re-
tardation plate, one vertical section is usually

—
2 i:‘

v R )v
(& O ) ey

/,'1. % )’-‘,I'N:._ ¥
’ :‘ “{“ ,".

Fig. 6. Photomicrograph of Indian yellow showing
needle-shaped particles, concretions, and at lower
left, an olive-hued particle. Purchased from
Roberson, 1914, Edward W. Forbes Collection.
A. Plane polarized light in medium of refractive
index 1.53 with substage shadowing.

B. Same view between crossed polars. 350x.

yellowish, the other greenish in hue — as though
the crystal prisms were twinned on the center
line. The refractive index of these yellow par-
ticles is definitely above 1.52. It should be
pointed out, however, that these acicular crys-
tals are not always seen in Indian yellow from
Indian  paintings (FitzZHugh, private
communication).

An amount of colorless highly birefringent
material is usually present, varying in quantity
and character in different samples. Most charac-
teristic are concretions that under the crossed
polars somewhat resemble starch grains or the
coccoliths in chalk. These must be clusters of
radiating crystallites, for they exhibit an upright
cross between crossed polars (see fig. 7). Under
the gypsum retardation plate the radiating
crystals are seen to exhibit negative elongation

A

Fig. 7. Photomicrograph of Indian yellow with high
concentration of quatrefoil-shaped concretions and
relatively few needles. Purchased from Rowney by
Edward W. Forbes, perhaps in the 1920s. A. Plane
polarized light in medium of refractive index 1.53.

B. Same view between crossed polars. 350x.
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(the upper right and lower left quadrants are
yellow).

Dilute acid dissolves the yellow birefringent
prisms, generating what appear to be oil-in-
water globules as the front of the acid solution
attacks the material. Later, these globules
gradually participate in the formation of fine
needles that exhibit negative elongation. Per-
haps these particles are euxanthic acid, for when
needles of this substance are intentionally pre-
cipitated by the addition of mineral acids, they
also have negative elongation.

5.2 Chemical Identification

5.21 Test for Magnesium with Quinali-
zarin. According to Feigl (1958, p. 225), a drop
of the test solution and a drop of distilled water
are placed on adjoining depressions of a spot
plate and mixed with two drops of an alcoholic
solution of 0.01-0.02% quinalizarin (1,2,5,8-
tetrahydroxyanthraquinone). If the solution is
acid, it will be colored yellow-red by the reagent.
Sodium hydroxide (2N) is added drop by drop
until a change to violet occurs, and then an
excess is added amounting to about % to 4 of the
volume then present. According to the amount
of magnesium present, a precipitate of blue
coloration appears; the blank remains blue-
violet. The difference in shade is intensified on
long standing, because the dyestuff is gradually
decomposed in magnesium-free solutions owing
to oxidation, whereas the colored magnesium
compound is stable.

Interference by other ions is minimal; how-
ever, Feigl discusses the possibilities thoroughly.
5.22 Other Tests. If a large sample is avail-
able, Zerr and Riibencamp (1908) describe a
series of tests for Indian yellow and its possible
adulteration by chromate. Hydrochloric acid
produces a colorless solution while depositing
white flakes of euxanthic acid. Saturating this
test mixture with ammonia should produce a
clear yellow solution.

5.3 Instrumental Methods of Analysis

5.31 X-ray Diffraction. Two types of powder
camera were used to obtain x-ray diffraction
data. A Philips Powder Camera (No. 52056-B)
with a 114.59 mm diameter was used to obtain
the conventional Debye-Scherrer powder pat-
terns. Because lines due to planes with very high
d values are lost with this camera, a Guinier-De
Wolff focusing camera (Guinier, 1963) with a
bent crystal monochromator (Model #11-Y919;
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Enraf-Nonium, Garden City, New York) was
also employed. As was anticipated, the Debye-
Scherrer patterns for Indian yellow samples,
such as that shown in fig. 8, were diffuse with
frequent indications of impurities. In samples
taken from Indian miniatures, the lines of
ground material inadvertently mixed with the
pigment tended to dominate the pattern. The
spacings and relative intensities for the Indian
yellow specimen that gave the best diffraction
pattern (Sample VI) are given in table 7.

In a separate series of experiments, Pollack
(1971) measured the intensity for diffraction
peaks using a Philips diffractometer and xenon-
filled proportional counter. The peaks were
scanned at one-half degree two-theta per min-
ute; the intensities listed in table 7 are peak
intensities above background. Nickel filtered
copper radiation was used in the diffractometer
work. Table 7 contains the dspacings for the two
additional samples. The presence of d spacings
ranging from 5-20 A and the absence of lines
lower than 1.50A suggests the presence of un-
identified compounds, probably organic.

5.32 Infrared Spectroscopy. Infrared spec-
tra of typical samples of Indian yellow prepared
in a KBr pellet (concentration range 0.4-1.0
mg/100g KBr) are shown in fig.9. The spectra of
some four or five samples displayed absorption
peaks characteristic of both glucuronic acid salts
and euxthanthone. Particularly complex spectra
were obtained in the 6.0-8.0 microns
(1650-1200 cm™!) region; these are attributable
to carbonyl, carboxylate anion, and C=C aro-
matic absorption. Broad hydroxyl absorption
3.4-2.8 microns (3000-3500 cm ') was also
observed as were ether, phenol and secondary
alcohol absorptions between 7.2 microns
(1400 cm™ ') and 10.0 microns (1000 cm™1).
Among the several samples examined, the great-
est variation was in the band at 7.35 microns
(1370 cm™ '), which at times was missing al-
together. There were also variations in intensity
and resolution in bands at 6.99, 7.07, 8.62, 9.10,
9.20, and 9.40 microns (1430, 1414, 1160, 1099,
1087, and 1064 cm™'). The complexity of the
spectra did not permit specific assignments to
individual peaks.

Treatment of Indian yellow samples with HCI
and recovery through ether extraction gave
material whose infrared spectra were in general
similar to that of the starting material but with
certain obvious differences. Although the car-



Fig. 8. X-ray powder diffraction pattern of Indian
yellow. Sample from ball of pigment provided by

Winsor & Newton. Photograph not to be used for
measurement purposes.

Table 7. X-RAY DIFFRACTION PATTERNS OF INDIAN YELLOW SAMPLES

E.W. Forbes Collection®
Lump pigment. Freer

Sample VI**© Sample VI>© 1966 Sample® Roberson 1910—-1920° Gallery of Art

d(d) I d(d) 1 a(d) 1 ad) 1 a(d) I
— — — — 20.3 12 — — — —
— — — — 17.7 4 — — — —
— — — — — — 15.6 1 — —

10.0 vwé 9.7 vwé 10.0 8 10.2 12 9.72 10
9.5 VW — — 9.6 16 — — — —
— — 9.0 vw 9.0 43 — — 9.03 100
7.8 \A — — — — 7.70 71 — —
s — — — 7.48 34 — — 7.56 80
7.25  w-i 7.0 w 7.00 100 7.00 44 6.92 50
6.7 VW — — 6.60 37 6.60 90 6.61 80
— s — — — — — — 6.07 <10
595 ww o — 5.79 14 — — 5.72 <10
5.60 vw — — 5.50 22 5.52 16 — —
54 ww — — — — — — — —
5.2 VW 5.2 VW 5.25 36 524 25 — —
4.9 w—i — — 5.05 40 5.06 100 5.07 100
— — 4.82 VW 4.82 34 4.79 15 4.80 <10
— s — — 4.65 10 4.63 25 4.62 <10
=— — — — 4.53 12 — — — —
— — — — 4.41 16 4.41 49 4.42 40
— — — — 4.26 11 4.25 27 4.23 <10
4.1 w—i 4.11 i 4.06 42 4.05 23 4.00 20
393 w-i 3.91 w 3.90 32 3.90 24 3.88 <10
378w 3.72 VW 3.75 32 3.79 50 3.78 80be
3.66 vw — — — — — — — —
355 ww — — 3.52 30 3.53 85 3.53 100
350 w — — 3.46 34 3.48 35 3.48 80
— — 34 VW 3.36 5 3.41 9 — —
330 wvw — — — —— — — — —
— — — — 3.23 8 3.23 29 3.23 20
305 w 3.14 VW 3.035 21 — — — —
3.00 wvw — 2986 20 3.000 48 2.99 90b
— — — — 2.870 4 2.857 9 — —
283 w — — 2.812 20 2.812 26 2.81 40
s — — — 2.764 8 2.760 11 2.75 40
— — — — 2.688 16 2.684 34 2.70 60
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E.W.Forbes Collection'
Lump pigment. Freer

Sample VI*© Sample VI>© 1966 Sample® Roberson 1910—-1920° Gallery of Art

d(d) I d(d) I d(d) 1 d(d) 1 d(d) 1
— — — — — — —— — 2.66 30
— — — — 2.587 8 2.589 10 — —
- — — — 2.527 5 — — 2.55 30
— — — — 2474 11 2473 17 2.47 70
— — — — 2.411 6 — — — —
— — — — 2.325 6 2324 11 2.33 50
— — — — — e — — 2.29 20
— — — — — - — — 2.21 40b
— — — — 2.120 6 — — 2.12 30
— — — — 2.077 5 2072 12 2.08 40b
— — — - — — — — 2.03 30b
— — 1.98 w 1.956 5 1.955 5 1.96 50b
— — — — 1.888 5 — = — —
—_ — — — 1.845 5 — — — —

a. Guinier-DeWolff, copper tube, no filter, 10-hour exposure, 35 KV, 17 ma.
b. Debye-Scherrer, copper tube, Ni filter, 20-hour exposure, 30 KV, 15 ma.

c. See Table | for description of sample.

d. Phillips Diffractometer, Mellon Institute, Research Center on the Materials of the Artist and Conservator, Pittsburgh.

Indian yellow 1966 sample (Pollack, 1971).

e. Phillips Diffractometer, Mellon Institute, Research Center on the Materials of the Artist and Conservator, Pittsburgh.

Indian yellow Roberson 1910-1920 sample (Pollack, 1971).

f. Data kindly provided by E. W. FitzHugh, Freer Gallery of Art, Washington, Film F1841. Debye-Sche:rer technique,

114.6 mm Gandolfi camera. (4 additional lines below 1.81A)

g. Visual estimates of intensity: vw, very weak ; w, weak ; w—i, weak-intermediate; i, intermediate; b, broad line.

bonyl absorption region remained complex, a
principal absorption band was now discernible
at 5.7 microns (1750 cm™!), characteristic of a
free carboxylic acid. Apparently the glucuronic
acid moiety is not readily hydrolyzed by warm
HCl.

Drying of the KBr pellet at 105°C slightly
improved the spectrum quality. Reduction of
the concentration of Indian yellow in the pig-
ment below 0.4 mg pigment/100 mg KBrledtoa
considerable loss of spectral detail. At 0.1 mg
sample/100 mg KBr virtually no details of the
spectrum were recognizable.

The high resolution (2 cm™ ') Fourier trans-
form infrared spectrum (Low and Baer, 1977)
reveals no major new structural details.

5.33 Spectrochemical Analysis. Arc-
excited emission spectra were obtained for
samples II1-VI with a Jarrell Ash 21" Grating
Spectrograph. The true Indian yellow specimens
(Samples III, V, and VI) gave good magnesium
spectra with traces of calcium. As was expected,
the aluminum lake (Sample I'V) gave only strong
aluminum lines. In a separate analysis, Hodge
(1971) observed magnesium (major), silicon,
calcium (1,000 ppm), and sodium in a specimen
kindly supplied by Winsor & Newton.
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5.34 X-radiography. In ordinary x-
radiographs, the pigment can be expected to
exhibit very low density. Fig. ID shows a radio-
graph of an Indian miniature taken with Kodak
Type M Industrial x-ray film, a 60-second
exposure at 5 MA and 30 KV. Whereas paints
that contain heavy metal elements show clearly
in the radiograph, paints containing Indian
yellow are highly transparent.

5.35 Ultraviolet Fluorescence. Feller
(1968) (fig. 2) reported details of the spectral
distribution curve of the fluorescence, indicating
that the strongest emission is stimulated by 435
nm radiation. Nevertheless, fluorescence can be
conveniently observed by use of a long wave-
length ultraviolet lamp (365 nm). The results of
the examination of a number of specimens under
the usual ultraviolet lamp are presented in table
3. The modern imitation did not give the typical
yellow fluorescence of true Indian yellow. If
necessary, the spectral excitation and emission
characteristics can be used to distinguish genu-
ine Indian yellow from modern fluorescent dyes.

The examination of a series of Indian minia-
tures of known provenance, all more than 100
years old, demonstrated the liberal use of the
pigment in areas of yellow, green, and orange



(see 2.4 and 6.0). Modern miniatures are re-
markable for the absence of the characteristic
fluorescence associated with Indian yellow.
Thus, examination with an ultraviolet hand
lamp provides a convenient method for dis-
tinguishing potentially genuine older works
from possible modern ones (FitzHugh, private
communication). Fig. 1B shows the typical
appearance of Indian yellow under an ultra-
violet lamp, the bright yellow areas indicating
the pigment.

5.4 Criteria for Positive ldentification.
As a mixture of materials, Indian yellow can be
expected to vary slightly in character from
sample to sample. The following four character-
istics would make the identification highly prob-
able: a) yellow pigment that fluoresces yellow-
to-orange under long wavelength ultraviolet

Fig. 9. Infrared spectra of Indian yellows.

A. Roberson, 1914 sample, Edward W. Forbes
Collection. B. From ball supplied by Winsor &
Newton. Upper curve plotted against linear
wavelength; lower curve is linear in wavenumber.

light; b) particles of intense yellow color when
examined microscopically under plane polar-
ized light; c) highly birefringent particles of a
refractive index about 1.67, yellow in transmit-
ted light and yellow-to-green under crossed
polars, showing olive hues in the thicker par-
ticles, usually rather coarse in particle size and
irregular-to-prismatic in shape exhibiting paral-
lel extinction and positive elongation (samples
from Indian paintings do not show such par-
ticles); d) all yellow particles should dissolve in
dilute mineral acids. The above characteristics,
accompanied by an infrared curve similar to that
in fig. 9, may be considered to provide positive
identification. The last is the most conclusive
objective evidence available through normal
analytical methods.

Although not necessarily present in every
sample, the occurrence of highly birefringent
colorless materials, particularly rosette-shaped
concretions, would provide supplementary sup-
porting evidence, as would a test for magnesium
and an appropriate x-ray diffraction pattern.
Excitation and fluorescence spectra would pro-
vide strong supporting evidence, while the de-
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tection of euxanthic acid by chromatography or
the preparation of suitable derivatives would
provide excellent additional evidence.

6.0 NOTABLE OCCURRENCES

Kiihn (1969) cites two examples of the use of
Indian yellow in nineteenth-century paintings
(Ernst Willers, Hain bei Aniccia im Abendlicht,
1873; August Wolf, Madonna after Giovanni
Bellini, 1873). His reference (Kiihn, 1968) to the
occurrence of the pigment in 4 Woman
Weighing Gold, painted c. 1662-1663 by Jan
Vermeer, has subsequently been found er-
roneous, complicated by the unusually small
sample available at the time (Feller, 1976,
unpublished results).

Carlson and Krill (1978) tentatively identified
Indian yellow in a Reeves and Inwood box
of nineteenth-century watercolors in the
Winterthur collection. Weston (1977, p. 70,
Table 11, R4) reported an investigation of a box
of watercolors owned by Winslow Homer con-
taining the commercial pigments of Winsor &
Newton. The yellow, analyzed by emission
spectroscopy is listed as ‘‘organic possibly
Indian yellow or gamboge.” The yellow in the
watercolor box of Winslow Homer has been
identified (Newman, et al., 1980) as Indian
yellow using Debye-Scherrer x-ray diffraction
and microscopy.

SOUTH ASTAN PAINTINGS on paper from
the Freer Gallery of Art, Washington

Artist or School

Title, Date Method of
Accession No. Identification
Mughal, Indo-Persian UV, Opt.,
A Shahnamah MS, Micr.,
late 16th—early 17th XRD*
century 07.276

Mughal UV, Opt.
Mongol Chieftain with

Attendants

c. 1600 52.2

Agra UV, Opt.
The Beloved and the Confidant

from a Rasikapriya MS

1617 31.5

Agra UV, Opt.

The Lover Receiving a Message
from a Rasikapriya MS
1617 31.6
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Mughal, School of Jahangir UV, Opt.
Love Scene

1605-1627 29.80

Mughal, School of Jahangir, by UV, Opt.,
Hashim Micr.,
Portrait of Khan Khanan XRD*
17th century  39.50a

Mughal, School of Jahangir, by ~ UV, Opt.
Ab’ul Hasan

Jahangir Standing on a Low

Dais

17th century 48.28

Jaipur UV, Opt.,
Scenes from the Micr.,
Markandeya Purana XRD*
1799 07.602

Late Mughal UV, Opt.
A Ruler Seated on a Terrace

19th century  07.261

Late Mughal, same artist as UV, Opt.,
07.261 Micr.,

A Prince with an Attendant XRD*
19th century  07.621

Nepalese (?) UV, Opt.,
Portrait of a Maharajah Micr.
19th century 07.218

Burmese or Siamese (?) UV, Opt.

Figure of a Man with a Sword
19th century  07.225

Analyst, Elisabeth West FitzHugh.

XRD* = x-ray diffraction; UV = ultraviolet light; Opt. =
optical properties; Micr. = chemical microscopy.

*X-ray diffraction did not supply confirmation of the
presence of Indian yellow. It did support microscopic
evidence of the presence of pigments which were mixed with
Indian yellow : lead white (07.276 and 07.602), vermilion in
a brown area (39.50a), and red lead in an orange area
(07.621).
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Cobalt Yellow (Aureolin)

MAURA CORNMAN

NOMENCLATURE IN VARIOUS
LANGUAGES

English: cobalt yellow (aureolin)
German: Kobaltgelb (Aureolin)
Russian: KOOQJIBTUHUTPUT KaJus
French: jaune de cobalt (aureolin)
Italian: giallo di cobalto

Spanish: amarillo de cobalto

1.0INTRODUCTION

Cobalt yellow, or aureolin, was introduced as an
artists’ pigment in 1851 and enjoyed popularity
in the late nineteenth century; today it finds only
limited use in the artist’s palette. The name is
derived from the Latin aureus, meaning golden.
Chemically, this synthetic inorganic yellow
compound is based on the precipitation of
potassium  cobaltinitrite, K;[Co(NO,),]
(Durrant and Durrant, 1970; Parkes, 1967).
Almost everyone who has taken an elementary
chemistry course will recall the yellow precipi-
tate formed as a test for potassium.

Because of its moderate refractive index and
its chemical properties, cobalt yellow has been
more important in watercolor than in oil
mediums. In modern usage, either of the terms
aureolin or cobalt yellow may be used to de-
signate the pigment. In the Colour Index (1971) it
is listed as Pigment Yellow 40, No. 77357.

MAURA CORNMAN, assistant professor of art history
and associate curator of conservation, University of
Missouri, Columbia.

2.0 HISTORY

2.1 Archaic, Obsolete, and
Misrepresentative Names

Almost from the outset of its use as a painting
material and extending to modern times, aure-
olin has also been sold under the misnomer
jaune indien (Gentele’s Lehrbuch, 1909;
Mierzinski, 1881) or Indian yellow (Bersch,
1901 ; Hofmann and Burger, 1907; Kittel, 1960).
Although vaguely similar in hue, the organic
colorant Indian yellow is distinctively different
both optically and chemically from cobalt
yellow (see chapter on Indian Yellow).
Coflignier (1924) used the term aurocoline.

2.2 History of Use
Cobalt yellow was first synthesized by N. W.
Fischer (1831) at Breslau during his investi-
gation of nitrite salts. In his 1831 publication he
mentioned that potassium nitrite combined with
many metal nitrites, including cobalt nitrite, to
form what were then considered to be “double
salts,” but he did not describe specific com-
pounds until 1848. Apparently unaware of
Fischer’s work, Saint-Evre (1851, 1852) re-
discovered the pigment in Paris. Thus, while
credit for its invention has been assigned to
Fischer — the pigment frequently being called
Fischer’s Salt (Colour Index 1971; Erdmann,
1866; Sadtler, 1870) — the introduction of
cobalt yellow into the art world is accredited to
Saint-Evre (1851) (Mayer, 1948). We find the
pigment associated with his name in Tschelnitz’s
(1857) contemporaneous text. According to
Winsor & Newton (1910) cobalt yellow was
introduced in England by T. Salter in 1860.
Following the discovery of Fischer’s Salt the
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determination of its chemical formula was the
object of considerable investigation, most no-
tably by Stromeyer (1855), Erdmann (1866),
Braun (1868), Sadtler (1870), and Rosenheim
and Koppel (1898). In addition to the interest in
the compound as an artists’ pigment, its for-
mation by reaction with potassium nitrite was
early suggested for the detection of potassium
and cobaltous ions; the reaction could also be
used to separate cobalt from other metals,
especially nickel (Adie and Wood, 1900;
Bowser, 1909, 1910; Bray, 1909; Burgess and
Kamm, 1912; Cunningham and Perkin, 1909;
Drushel, 1908 ; Erdmann, 1866; Fischer, 1848;
Fresenius, 1909; Rose, 1860; Rosenheim and
Koppel, 1898).

Cobalt yellow is said to have been popularized
as a pigment by the watercolorist Aaron Penley
(Gettens and Stout, 1966, p. 110) and by the
Leipzig artist Arthur Miihlberg (Wehlte, 1967,
p. 105). It was among the pigments investigated
and shown to be satisfactory by Russell and
Abney in their 1888 work on the lightfastness
of watercolors; at the time it apparently was
a moderately popular pigment (Brommelle,
1964).

Partly owing to its high cost of production,
and also to the availability of superior yellow
pigments, aureolin was in vogue only a short
time (Blythe, private communication, 1975;
Eibner, 1909 ; Gettens and Stout, 1966; Wehlte,
1967; Bersch, 1905). Currently many better and
less expensive yellows are available, with the
result that colbalt yellow is only rarely found in
modern colormen’s catalogues. Although the
compound has uses for the painting of glass and
porcelain, where it yields a blue color on firing
owing to the presence of cobalt (Colour Index,
1971; Kittel, 1960), it remains essentially a
pigment for watercolor.

2.3 Terminal Date

The pigment is still available today, manufac-
tured by Blythe Colours Ltd., Stoke-on-Trent,
England.

3.0GENERALPIGMENT PROPERTIES

3.1 Color and Spectral Reflectance

Spectral reflectance curves of the pigment in oil
and in watercolor mediums are shown in fig. 1.
Based on these samples, the 1scC-NBS color name
for aureolin in watercolor is brilliant yellow
(Munsell designation 6Y/8.4/10.9); when the
compound is mixed with titanium white in oil,
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Fig. 1. Spectral reflectance curves for cobalt yellow in
oil and aqueous glue.

the color name is strong yellow (Munsell de-
signation 3Y/7.2/10). These names are also the
hue designations given in Mairz and Paul (Kelly
and Judd, 1976). According to Saint-Evre
(1851), the pigment corresponds to the yellow in
Chevreul’s first circle of chromaticity.

A primrose or more greenish shade is said to
have been introduced by Winsor & Newton in
1889 (Gettens and Stout, 1966, p. 110). Standage
(1896) states “with cobalt blue and rose mad-
der it forms exceedingly pure and transparent
aerial greys.”

3.2 Hiding Power and Tinting Strength
The pigment possesses only a moderately high
refractive index, 1.72 to 1.76, a value similar to
that of emerald green (copper aceto-arsenite)
and blue verditer (Gettens and Stout, 1966). Asa
consequence of its relative transparency in oil
mediums cobalt yellow is most useful when
employed in watercolor, although it can also
serve as a glaze in oil.

3.3 Permanence

The permanence of the pigment has been subject
to question ever since aureolin’s introduction as
an artists’ material. Experimentation over the
years has indicated that cobalt yellow is given



to apparently capricious reactions. Thus, the
evidence in the literature concerning its per-
manence is contradictory — some reports sug-
gest that it is extremely stable while others
indicate that it may turn brown on exposure or
contribute to the degradation of admixed or-
ganic pigments. An inconclusive picture re-
mains, and cobalt yellow’s replacement by more
reliable and less expensive pigments has all but
eliminated interest in further investigation of its
properties and value as an artists’ colorant.

Most of the older literature published con-
cerning cobalt yellow’s permanence refers to its
stability in watercolor, implying thatits use in oil
paints was not considered a major application.
Several writers state flatly that the compound is
not a desirable oil pigment. Martin Fischer
(1930) unequivocably declared that it should not
be a part of the oil painter’s palette. Laurie
(1926) said that if too much oil is used the
pigment will go brown. Ordinarily in the evalua-
tions described, little or no reference is made to
the process by which the particular pigment
discussed was prepared; hence, there is little
documentation concerning the possible pre-
sence of impurities and their effect on the com-
pound’s stability. It seems likely that impurities,
present because of poor washing for example,
would contribute to the inferior performance
reported by some experimenters (Toch, 1911).

The pigment is said to be unaffected by
atmospheric action (Bersch, 1905; Blythe, pri-
vate communication, 1975) and resistant to
hydrogen sulfide attack (Saint-Evre, 1852;
Toch, 1911), although suspensions of it in water
are slowly attacked by the gas (Church, 1915,
p-169; Mellor, 1928; Stromeyer, 1855). It is
sensitive to heat (Colour Index, 1971; Eibner,
1909 ; Mellor, 1928; Stromeyer, 1855), decom-
posing at 200°C to give cobalt oxide; hence, the
pigment cannot be used in an enamel. It can,
as the manufacturer suggests, be used in
temperature-indicating paints. Cobalt yellow is
not limefast (Eibner, 1909) and is consequently
unsuitable for fresco.

From all reports, cobalt yellow is lightfast in
most mediums and considered to be a per-
manent pigment in watercolor (Laurie, 1926).
The account published by Russell and Abney in
1888 spoke highly of the compound; their
specimen faded only very slowly (Brommelle,
1964). There is some indication that the pigment
may decompose over time (Rose, 1860), but no
modern studies have investigated the question.

While reports of the stability of cobalt yellow
have varied somewhat through the years, today
it is generally considered to be a relatively
unstable pigment, particularly in its reactivity
toward organic substances. Standage (1896)
cautioned against the use of a steel spatula in
blending cobalt yellow with another pigment,
especially when the latter is impure. Such an
action, he felt, might cause the reduction of
cobalt yellow by the metal and thus accelerate its
deterioration.

3.4 Compatibility

Aureolin appears to blend well with other
inorganic pigments, but mixing it with organic
colorants may prove disastrous. Winsor &
Newton caution against its use with traditional
organic pigments. The compound is known to
accelerate the decomposition of such pigments
as indigo, cochineal, and many lakes. In the
process, cobalt yellow itself turns brown
(Gettensand Stout, 1966; Toch, 1911 ; Winsor &
Newton, 1910). The reaction with indigo was
noted by Standage (1896): “Indigo is oxidized
. . . by admixture with it, the yellow of the
aureolin becoming brown.” In watercolor,
where the relative concentration of vehicle
would be at a minimum, the pigment apparently
is quite stable. In 1910 Blockx stated that he
had been experimenting with cobalt yellow since
1879 and that several specimens in his posses-
sion had been exposed to air and summer sun for
seven years and had “perfectly stood this severe
test.”

3.5 Chemical properties

While the results of testing are often disputed,
the pigment appears indeed to be a relatively
reactive substance on the basis of its reported
chemical properties. It is only slightly soluble in
water, 0.89 g/1 at 17°C, whereas the correspond-
ing sodium salt is readily soluble (Mellor, 1928).
It is also sparingly soluble in alcohol, ether, and
carbon disulfide (Saint-Evre, 1851). At 25°C the
solubility in alcohol is about one-tenth that in
water, 0.026 g/1 in alcohol versus 0.21 g/1 in
water (Pierrat, 1921).

Decomposition of cobalt yellow in boiling
water, with the evolution of nitric oxide fumes,
leaves an alkaline, rose-red colored liquid
(Mellor, 1928; Saint-Evre, 1851; Stromeyer,
1855). While the pigment resists the action of
H,S, ammonium and sodium sulfide cause
immediate decomposition yielding a black resi-
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due (Mellor, 1928; Laurie, 1930). Cobalt yellow
is decomposed by concentrated nitric acid and
by both dilute and concentrated bases; the latter
turn the remaining substance dark (Kittel, 1960;
Laurie, 1930; Saint-Evre, 1851). When warmed
with dilute nitric or hydrochloric acid, the
pigment dissolves, producing a pink-colored
solution.

3.6 Oil Absorption and Grinding
Qualities

As an oil color, the pigment requires 6 parts oil

to 4 parts dry powder for mixing and grinding

(Uebele, 1913). The manufacturer states that

severe grinding will cause the pigment to darken

(Blythe, private communication, 1975).

3.7 Toxicity

The toxicity of cobalt salts ingested by mouth
is low, although soluble nitrites ingested in
large amounts by mouth are extremely toxic.
Repeated small doses cause rapid pulse, fall in
blood pressure, headache, and visual distur-
bances. Principal results are from experiments
on animals, however, and no information with
respect to humans is considered valid (Sax,
1963). If handled with care, this relatively in-
soluble salt should be reasonably safe; ingestion
should be regarded as requiring medical advice
and attention.

4.0COMPOSITION

4.1 Chemical Composition

From the time of cobalt yellow’s discovery, its
composition has been in dispute. The accepted
formula for the salt is K;[Co(NO,),], with a
degree of hydration considered to vary from 0 to
4 molecules of water, depending on the con-
centrations of the solutions used (Church, 1915;
Rosenheim and Koppel, 1898; Sadtler, 1870).
X-ray powder diffraction work by van Driel and
Verweel (1936) showed the anhydrous salt to
have a cubic unit cell containing four
K;Co(NO,),. Ferrari et al. (1955) determined
the unit cell edge a to be 10.505 A. The Adie and
Wood method of preparation, as noted by
Church (1915), produces an especially brilliant
yellow precipitate having the formula
K,Na[Co(NO,),] (Adie and Wood, 1900;
Kittel, 1960). Blythe Colours (private com-
munication, 1975) states that this is the formula
of the substance now being marketed. From the
limited information available, it appears that
this compound is at least equal in pigmentary
properties to the tripotassium salt and may even
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Fig. 2. Regular octahedral coordination of Co (I11I)
by six NO, groups in the complex anion of cobalt
yellow [Co(NO,),] 3.

oe superior because it is less soluble (Adie and
Wood, 1900; Church, 1915).

These and related salts may be considered
derivatives of the complex acid, H;Co(NO,),
(Kittel, 1960). X-ray crystallographic measure-
ments demonstrate that the molecule is stabi-
lized by the formation of the complex anion
[Co(NO,)¢] 3, in which six nitro groups are
coordinated about the central Co (I11) ion at the
vertices of a regular octahedron, as shown
schematically in fig. 2. Thus the earlier concept
of potassium cobaltinitrite as a double salt was
erroneous. The six Co-N bond lengths are
identical, 2.04 A, and the bond lengths within
the NO, groupsare N-O =1.11 A and 0-O =
2,10 A (Bailar et al., 1973; van Driel and
Verweel, 1936; Durrant and Durrant, 1970).

Hexanitrocobaltates of this structure are
strong oxidizing agents, tending to revert to the
more stable cobalt (IT) forms. Hence, we expect
and indeed find that this complex is reactive with
many substances. The distinctive yellow color
of the potassium compound and other cobalti-
nitrites, compared with the perhaps more
familiar reds, pinks, or blues of other cobalt
compounds, is the result of the octahedral
coordination.

4.2 Sources

There is currently only one manufacturer of the
pigment, Blythe Colours Ltd., Stoke-on-Trent,
England.
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Fig. 3. Photomicrographs of (A) typical
rhombohedral-type cobalt yellow, and (B) dendritic

4.3 Preparation

The pigment is principally produced by the
acidification of solutions of cobaltous salts with
acetic acid, followed by mixing with a con-
centrated solution of potassium nitrite. Cobalt
yellow then slowly precipitates as a yellow
crystalline mass (Bearn, 1923; Gentele’s
Lehrbuch, 1909; Kittel, 1960; Rose, 1860).

Developed by Hayes, another method of
production directs the vapors of nitric acid,
derived from its action on copper, into a solution
containing cobalt nitrate and potassium, the
latter preferably present as the hydroxide or
acetate (Gentele’s Lehrbuch, 1909; Mierzinski,
1881). Itis necessary to add further potassium to
the mixture from time to time until no additional
precipitation occurs.

More recent than either of the above-
mentioned methods is one probably first used by
DeKoninck as a means of detecting potassium,
and later published by Adie and Wood (1900)
(Bowser, 1909). The yellow salt is precipitated
by mixing solutions of a potassium salt and
sodium cobaltinitrite, acidified with acetic acid.
However, there are some problems with this
method, because the relative concentrations of
the solutions are critical to the salt’s formation.
If the potassium is in great abundance, the
tripotassium salt is formed, but if the sodium
cobaltinitrite is in excess, the dipotassium
monosodium salt is formed. The latter is con-
sidered by the current manufacturer to be the

g, A

variety. Sample in mounting medium of refractive
index 1.53, with substage shadowing. 450x.

salt produced (Blythe, private communication,
1975). However, atomic absorption analysis for
sodium does not confirm this composition (see
5.33).

Following its preparation by any of the above
procedures, the salt must be thoroughly washed
to achieve maximum stability (Weber, 1923).

4.4 Adulteration and Sophistication
Owing to its translucent quality, cobalt yellow is
often adulterated to give better hiding power
and to enrich the hue. The most frequent adul-
terants are chrome and cadmium yellows
(Church, 1915; Gentele's Lehrbuch, 1909;
Standage, 1896). A simple means for the de-
tection of adulterants is to place a sample in a
crucible with sulfuric acid, and to heat until the
acid evaporates; if the sample is free of barium
and lead contaminants, no residue will be seen
when water is added to the crucible (Gentele’s
Lehrbuch, 1909). Another simple test involves
mixing the sample with alcohol and adding a few
drops of ammonia; if the pigment contains
chromate, the liquid will turn orange or yellow
(Church, 1915).

5.0 IDENTIFICATION

5.1 Characterization by Optical
Microscopy

Cobalt yellow crystals, although belonging to

the cubic system, appear as rhombs or diamond

shapes terminated with four triangular facets

(see fig. 3) (Gibbs, 1874; Mellor, 1928; Saint-
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Fig. 4. Scanning electron micrograph of well-formed
rhombs of cobalt yellow. 2500x. Compare with fig.
3A to see the appearance of these same particles
under an optical microscope.

Fig. 5. Photomicrograph of a variety of commercial
aureolin having high concentrations of dendritic
particles. Samples in mounting medium of refractive
index 1.52, with substage shadowing. 650x.
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Evre, 1852). Fig. 4 shows the appearance of
these well-formed rhombs under the scanning
electron microscope. Being cubic (Bailar et al.,
1973), the crystals have the distinction of being
one of the few isotropic inorganic pigments.
Therefore, the polarizing microscope can fre-
quently provide an immediate indication of the
presence of true cobalt yellow rather than one of
its birefringent substitutes (Gettens and Stout,
1966).

Occasionally, particles of dendrite fragments
can be seen under the microscope, which pro-
vides further indirect evidence that the pigment
is cobalt yellow. The photomicrograph in fig. 5
indicates the appearance of one commercial
product that was dendritic in character.

5.2 Chemical Identification

The presence of cobalt can be demonstrated by
means of several spot tests, two of which deserve
particular mention, one employing a-nitroso- -
naphthol and the other, rubeanic acid reagent
(Plesters, 1956; Feigl, 1958). The procedure
using the latter is as follows: the sample is heated
in a porcelain crucible to burn off the organic
matter, and while still warm the residue is
treated with dilute HCl or HNO,. A spot of this
solution on filter paper is placed over a beaker
containing ammonium hydroxide, and a drop of
1% solution of rubeanic acid in ethanol is added.
The development of an orange-brown color-
ation indicates the presence of Co*™. It is advis-
able to run a control test with a known sample of
cobalt yellow.
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Fig. 6. X-ray diffractometer trace of cobalt yellow
using Cu K, radiation. The d-spacing in A
corresponding to the diffraction peaks is shown
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Fig. 7. X-ray powder diffraction pattern of
commercial cobalt yellow pigment (Blythe Colours,

Ltd.). Photograph not to be used for measurement
purposes.
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Fig. 8. Infrared absorption spectrum of typical cobalt yellow pigment.

A blue glass bead is formed when a sample
is heated with borax on a platinum wire
(Stromeyer, 1855; Weber, 1923).

5.3 Instrumental Methods of Analysis

5.31 X-ray Diffraction. Fig. 6 contains a
diffractometer trace of Blythe cobalt yellow. The
reported d-spacings appear in table 1. The

Debye-Scherrer powder diffraction pattern of a
representative sample appears in fig. 7.

5.32 Infrared Spectroscopy. The infrared
spectrum of cobalt yellow, shown in fig. 8, has
several sharp, distinctive absorption bands, in
particular two at about 1337 and 1398 cm™!,
followed by a somewhat weaker one at 832
cm !. This pattern has been verified on samples
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Table 1. X-RAY DIFFRACTION DATA
FOR POTASSIUM NITROCOBALTATE
(IIT) (POTASSIUM COBALTINITRITE,
CUBIC), K,Co(NO,),? (Diffractometric Data,
CuKa, = 1.5405 A)

d(4) I
6.07 30
5.257 35
3.718 60
3.035 25
2.628 100
2.412 14
2.352 45
2.1464 75
2.0234 16
1.8585 18
1.6622 20
1.4576 12
1.4046 30
1.3145 12
1.2390 10
1.1752 16
1.1204 20

45cpps Powder Diffraction File, 9-404. Courtesy of JcPDS
International Centre for Diffraction Data (1982).

acquired from three artists’ supply houses.
Similar bands, at 1430, 1335, and 847cm™ !, have
been reported for the trisodium salt by Miller
and Wilkins (1952).

Minor absorption bands appear at 1632,
2660, and 2720 cm™ ! in the spectrum of the
pigment. The absorption at about 3450 cm™ ! is
probably due to hygroscopic water. Miller and
Wilkins (1952) report corresponding bands for
the sodium salt at 1645, 2665, 2780, and 3450
cm™ ! respectively.

5.33 Spectrochemical Analysis. The pro-
minent lines of sodium at 5889.9 and 5895.9 A,
potassium at 7664.9 and 7698.9 A, and cobalt at
3453.5, 3465.8, and 3529.8 A were observed in
the test samples of modern cobalt yellow burned
in a direct current arc.

Atomic absorption analysis gave the follow-
ing values: potassium 24.54, cobalt 13.89, so-
dium 0.93%. which may be compared with the
respective values 25.93, 13.63, 0% for anhy-
drous K,;Co(NO,), (courtesy, E. S. Hodge,
Carnegie-Mellon University, Pittsburgh). This
was an unexpected result because the current
suppliers believed to the best of their under-
standing that they were preparing the mono-
sodium-dipotassium salt (Blythe, private com-
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munication, 1975). The detection limits are
approximately 0.1, 1.0, and 0.01 ppm, respec-
tively, for potassium, cobalt, and sodium.

Small amounts of cobalt yellow might be
difficult to detect when mixed with lead white or
barite because of the high x-ray absorption of
lead and barium. In addition, one of the two
strongest lines of cobalt yellow superimposes
on the strongest line of each of these white
pigments.

5.4 Criteria for Certain Identification
The identification of isotropic yellow particles
with a refractive index between 1.72 and 1.76
provides a reasonably good indication of co'alt
yellow. X-ray diffraction or infrared spectro-
scopy must also be used, particularly if the
particles are too small for optical study. Either
of the two latter techniques can show that the
pigment is a cobaltinitrite, but some form of
elemental analysis, such as emission spectro-
scopy, is required to establish the presence of
potassium and/or sodium. If the infrared bands
are weak because of contaminants or diluents, it
may not be possible to distinguish cobalt yellow
positively from potassium and sodium nitrate or
nitrite.

Positive identification of cobalt yellow, es-
pecially distinguishing the tripotassium from the
dipotassium-sodium cobaltinitrite, is best ac-
complished through a combination of x-ray
diffraction to identify the basic compound pre-
sent and elemental analysis to identify cobalt
and the alkali metals.

6.0 NOTABLE OCCURRENCES

We have been able to find only one technically
documented occurrence of cobalt yellow, that
reported by Kithn (1969) in a work by August
Wolf painted between 1874 and 1880. It is of
interest to note, however, that of the forty-six
watercolor artists who reported the pigments
they used to Russell and Abney (1888), eighteen
reported the use of aureolin. Moreau-Vauthier
(1923) quotes from the artist Dagnan, who says
that he occasionally employed aureolin for
special subjects such as flowers and fruit.

One also finds Huish (1904), in a summary of
the pigments used by thirty-two British water-
color artists of the period 1804 and 1904, report-
ing that half the artists used this yellow.
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Barium Sulfate — Natural and

Synthetic

ROBERTL. FELLER

NOMENCLATURE IN VARIOUS
LANGUAGES

Pigment —

Language Mineral Natural, Synthetic

English  barite barytes, blanc fixe

French barytite, blanc fixe, sulfate de
barytine barium

German Baryt, Barytweiss,
Schwerspath ~ Permanentweiss

Italian  barite sulfato de bario

Spanish barita blanco fijo

Russian  Gaput nanduKce GapuToBasi

cyabpar

1.0INTRODUCTION

For more than one hundred years, barite, the
naturally occurring barium sulfate mineral
(BaSO,), CI Pigment White 22, and the syn-
thetic product CI Pigment White 21 (Colour
Index No. 77120, 1971) have provided the paint
formulator with a reasonably priced white pig-
ment of moderate hiding power. The pulverized
natural mineral is traditionally called barytes in
English-speaking countries; the synthetic pro-
duct, blanc fixe. The natural product was first
suggested as an artists’ pigment about 1782, but
the major introduction of both natural and
synthetic materials into commerce probably
took place in the period 1810 to 1820.

The principal virtues of barium sulfate white
have been its chemical inertness and its non-
poisonous character. The primary uses in the

ROBERT L. FELLER, director of the Research Center on
the Materials of the Artist and Conservator, Mellon
Institute, Carnegie-Mellon University, Pittsburgh.

paint industry have been as an extender for lead
white and as a base for the preparation of lakes.
Barium sulfate presently finds extensive appli-
cation in industrial undercoats, particularly
automotive primers. The primary use of crude
barytes, however, is in oil-drilling muds.

The compound barium sulfate is also en-
countered in paints and colorants known as
“lithopones.”” Lithopone is a white pigment that
is a mixture of zinc sulfide and barium sulfate
made by the following double-decomposition
chemical reaction:

BaS + ZnSO, = ZnS + BaSO,.

There is also a “cadmopone” type based on
coprecipitated CdS and BaSO,. Thus, the in-
vestigator of decorative paints may expect to
encounter BaSO,in three principal types of
white pigment: the natural mineral, the syn-
thetic pure substance, and the synthetically
prepared mixture of BaSO, and ZnS known as
lithopone.

2.0 HISTORY

2.1 Archaic, Obsolete, and Mis-
representative Names

2.11 The Mineral. The names barite (mineral)
and barytes (pigment) are derived from the
Greek word barys meaning “heavy.” It is said
that Agricola described the mineral in the six-
teenth century. Other citations of the period
refer to Lapis Solaris (a name used by
Casciorolus in 1602) and to Lapis Bononiensis
(used by Licetus in 1640). An outline of the early
history of the mineral can be found in Mellor
(1923). Fine examples of barite are shown in
fig. 1.
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Fig. 1. Examples of Barite. The large specimen in the
center is from Marienberg, Saxony. The blocky form
on the right is from Felsobanya, Hungary. Specimens
courtesy the Carnegie Museum of Natural History,

In the eighteenth century Werner gave the
mineral the name Schwerspath (heavy spar), and
Bergman called it Terra ponderosa vitriolata. 1t
was also known as Bolognian spar and spath
pesant. Cauk (or cawk) was the name used by the
Derbyshire miners for the white, opaque ag-
gregates of the mineral familiar to the workers in
those mines since at least 1668 (Percy, 1870). Tiff
was also used, apparently by French-speaking
miners. In the great barite mining area of
Washington County, Missouri, a crossroads
that once marked the village of Tiff still is known
by that name.

The terms baryta and baryta white are en-
countered in the nineteenth-century literature.
Coftignier (1925) mentions baratine and Tyrol
white.

It was Scheele, in 1774, who first identified
barium as a new element occurring in magnesia
nigra (Urdang, 1942). In the early 1800s the
name barytes may have referred to the oxide.
This usage, found in Parkes’ (1816) discussion of
the substance, is apparently the meaning of the
early chemical symbols shown in fig. 2 (Coward,
1927; Caven and Cranston, 1928). For example,

48 BARIUM SULFATE

Carnegie Institute, Pittsburgh. The fine-grained
white specimen on the left is a high-grade white
mineral often used by pigment manufacturers; this
sample is from a German source, probably Meggen.

Fig. 2. Early chemical symbols for barytes taken
from Caven and Cranston (1928). A. After
Hassenfratz and Adet. B. After Dalton. The symbols,
although labeled ““barytes,” probably represented
barium oxide.

the triangular-shaped symbols of Hassenfratz
and Adet, with appropriate letters inside, are
used for silica, alumina, magnesia, and lime as
well as “barytes.”



2.12 The Synthetic Product. Precipitated
(synthetically prepared) barium sulfate is tradi-
tionally referred to as blanc fixe, a name said to
have been proposed by Kuhlman (Coffignier,
1924, p. 87). The early popular names employed
for barium sulfate in artists’ colors were process
white and permanent white. We also find ref-
erences to an ‘“‘elegant and permanent white” for
watercolors sold in London around 1832 under
the name mineral white. At the end of the
nineteenth century, enamel white, schneeweiss,
mineralweiss, and neuweiss were also familiar
names (Mierzinski, 1881). Baryta is an obsolete
term that may have been used both for the
synthetic and the natural substance.

One must be on guard in reading the older
literature because zinc white at times was also
called “permanent white” (Toch, 1911, p. 150).

2.2 History of Use

2.21 Barytes. The history of the use of barite
as an artist’s pigment formally begins in 1782
with Guyton de Morveau’s report of investi-
gations into alternatives to lead white (Harley,
1982). It is true that the natural mineral was
known in the sixteenth and seventeenth cen-
turies, but there is no indication that barium
sulfate was considered a possible pigment until
de Morveau’s investigations. Reference to per-
manent white appeared shortly thereafter in the
sixth edition of Bowles’ Art of Painting in Water-
Colours, printed in 1783 (Harley, 1982). Hence,
the earliest probable date for the introduction of
natural barium sulfate into paints seems to be
17821783, close to that of the early studies on
zinc white by Guyton de Morveau.

The natural mineral was not always available
in a high quality deposit of white mineral, and
because of this, its extensive use in paints
apparently did not begin prior to the early
nineteenth century. The widespread practice of
adulterating lead white with barytes at that time
has been noted by Leuchs; lead white thus
adulterated was called Venice white at 1/1
barite/lead white, Hamburg white at 2/1, and
Dutch white at 3/1 (Leuchs, 1825; Ure, 1853).

Production from mineral sources in the
United States began in Virginia in 1845 and in
Missouri in 1860 (Hill, 1917). Nevertheless, a
booklet published by the DeLore Baryta
Company (Clark, 1920) states that not until
after the Civil War was the use of barite in paints
fully appreciated in the United States. The

composition of some of the paints of this period
is cited by Heckel (1928) and by Holley and
Ladd (1908). The pigment also found its way
into wallpapers, linoleum, oil cloth, flannel, and
shoddy cloth (Mellor, 1923, p. 802).

In 1937, over half the natural mineral con-
sumed in the United States (350 million pounds)
went into the manufacture of lithopone via the
intermediate, barium sulfide. However, with the
decline in the application of lithopone that has
taken place in succeeding years, this use of the
mineral has been reduced to minor importance
(Patton, 1973).

Almost three-quarters of the modern pro-
duction of barite goes into oil well drilling muds,
only about 47 into paint. A major use in paints
today is in the formulation of industrial under-
coats, especially automotive primers. The chemi-
cal inertness of barytes recommends its use in
designing chemically resistant coatings that
must withstand the attack of acids, alkalis, and
corrosive gases.

2.22 Blanc Fixe. It may at first seem curious
that in an industrial manufacturing process,
natural barium sulfate is regularly converted to
barium sulfide, only to be reconverted into
barium sulfate. The reason is simple; by this
procedure a very pure product can be produced
from relatively impure starting materials. The
Cyclopedia, published in the period 18101824
(Rees) stated, for example, that native barytes
was never found pure; it is probably more
correct to say that pure grades are found only
rarely. The Cyclopedia entry discusses a number
of methods of preparing barium sulfate cheaply;
in particular, a process published by Dr. Hope
in the Edinburgh Transactions of 1793 is
mentioned.

The use of blanc fixe probably remained
almost entirely limited to watercolors until the
1820s when production may have been stimu-
lated to provide an adulterant for lead white. 4
Practical Essay on the Art of Flower Paintings
(Burgess, 1811) mentions a Constant White
being prepared by a Messrs. Newman and
Parkes. Nonetheless, five years later Samuel
Parkes (1816) stated that the pigment had ‘“‘not
yet been used much in the arts except by limners
as a most excellent water colour.” The author
added further that many years ago Mr. Hume
had discovered a method of making a color from
this earth ‘“sold under the name Hume's
Permanent White.” Harley (1982, p. 175) also
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mentions the pigment having been brought
forward by a Mr. Hume of Long Acre.

There is extensive mention of the synthetic
product in the technical literature of the period
1825-1827. According to Rabaté (1964),
Kuhlman’s manufacture of blanc fixe began
about 1830. As noted above, Coffignier (1924)
states that it was Kuhlman who proposed the
name blanc fixe.

A product developed in America by Henry M.
Toch in 1895 was called Lake Base. Maximillian
Toch (1925) reports that in 1905 not over 100
tons of Lake Base per year were sold to the paint
industry, but that this figure rose to 3,000 tons in
1915. As an interesting detail, he mentions that
between 1910 and 1915, the Navy experimented
with a change in the formula of the famous
“Battleship Grey,” finally developing a com-
position based on 45% ZnO, 45% blanc fixe, and
10% lamp black. Doerner (1949) suggests the use
of blanc fixe as an inert filtering aid for the
purification of oils. This chemical compound
may also be occasionally encountered in another
aspect of modern conservation science; it has
been suggested that barium sulfate can be pre-
cipitated within porous and friable stone to
facilitate the preservation of buildings, monu-
ments, and sculpture (Sayre, 1970).

2.3 Terminal Date

Both the natural and the synthetic mineral are
still being used today as white pigment and as a
base for lakes; however, the use of blanc fixe has
declined sharply since 1950. The Raw Materials
Index (1975) lists five manufacturers for barytes,
three for blanc fixe.

3.0 GENERAL PIGMENT PROPERTIES

3.1 Color and Spectral Reflectance
Native barium sulfate is often of poor color
owing to impurities. Hence, in early industrial
practice, ultramarine and undoubtedly other
blue pigments were frequently added to subdue
the pinkish cast, caused principally by iron
oxides (Heaton, 1947, p. 93). However, excellent
white deposits exist. The author has also en-
countered commercial samples of blanc fixe with
added ultramarine.

The synthetic product can be made with such
purity that it is currently the working standard
white for the reflectance spectrophotometry of
colored paints, textiles, and other industrial
products (Moser, 1973). A curve for the re-
flectance of barium sulfate relative to that of
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magnesium oxide is shown in fig. 3. More than
thirty years ago, Vesce (1946) published the
reflectance curves for both the natural and
synthetic pigment in the range from 400 nm to
940 nm. Both products are also widely used for
the white in photographic papers, largely be-
cause their very low solubility minimizes the
possibility that impurities, which may be copre-
cipitated in the formation of the product, will
later be released in sufficient concentration to
react with the silver salts in the emulsion
(Russell, 1958).

Partly because of its low hiding power the
color of barium sulfate can be easily shifted by
the addition of dyes and toners; it is commonly
shifted toward the blue in photographic papers
to offset the yellowness of the gelatin.

3.2 Hiding Power and Tinting Strength

Owing to its moderate refractive index, barium
sulfate does not hide well in oil-based paints, a
fact noted in the eighteenth century by Guyton
de Morveau (Harley, 1982) in his original dis-
cussion of the possibility of using the mineral as
a pigment. Consequently barium sulfate found
its greatest early application in watercolors and
other traditional water-based paints such as
those involving casein and glue binders. The
early study of Stutz (1926) on the transmittance
of various pigments revealed that barium sulfate
transmits ultraviolet radiation from 400 to
below 300 nm, practically without diminution.

3.3 Permanence

The natural and synthetic barium sulfate pig-
ments are highly stable toward color change,
both with respect to exposure to light and to
interaction with other pigments. Because of
their poor hiding power in oil paints, however,
paints formulated with these pigments may tend
to increase noticeably in translucency with age.
That is, they may show a greater tendency to
develop pentimenti than will paints based on
lead, zinc and titanium white. Oil paints con-
taining barium sulfate may also tend to chalk as
a consequence of the deeper penetration of
visible and ultraviolet radiation, relative to that
in paints formulated with whites of higher
hiding power (Stutz, 1926) (see remark on
barium sulfate’s presence in a blanched paint
under 6.0 Notable Occurrences).

3.4 Compatibility
Extremely inert, barium sulfate is chemically
compatible with all other pigments.
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Fig. 3. Spectral reflectance of synthetic barium
sulfate relative to that of magnesium oxide: technical
and spectral reflectance grades (after Moser, 1973).

3.6 Chemical Properties

Barium sulfate is inert to both acidic and al-
kaline environments. Its solubility in strong
acids is only slight (0.01 to 0.02%). Because it is
not darkened by sulfide in the atmosphere,
barium sulfate was popularly introduced as a
“permanent white” for the artist. To obtain
sufficient water soluble material for chemical
tests, one usually fuses the sulfate with car-
bonate or chlorides (see 5.21).

3.6 Oil Absorption and Grinding
Qualities

According to Patton (1973) natural barium
sulfate is an attractive extender pigment owing
to the following qualities: chemical inertness,
reasonably high refractive index, low abrasive-
ness, ready wettability by vehicles, easy grinding
(dispersing) properties, and low oil absorption.
The Barium Bibliography (1961, Paint reference
No. 32, p. 244) gives the oil absorption of blanc

fixe as 14-21 1bs. of oil per 100 1bs. of pigment.
The Raw Materials Index (1975) gives the oil
absorption of barytes as being between 7-13.
Bearn (1923) cited a value of 8.5.

3.7 Toxicity

Partially owing to its extreme insolubility in
water (less than 3 ppm), the compound is not
poisonous. Thus, the traditional antidote for
swallowing a toxic, relatively soluble barium-
containing substance is to drink a solution of
sodium sulfate thereby converting the metallic
ion to the insoluble sulfate. Barium sulfate (USP
XVII) is widely utilized in medical exam-
inations as an opaque contrast medium for x-ray
purposes; its low solubility results in its passing
harmlessly through the body (Patton, 1973).
The compound’s lack of poisonous qualities was
one of the chief reasons for its introduction as a
white for the artist.

4.0COMPOSITION

4.1 Chemical Composition
The natural mineral used as a white pigment is
essentially pure barium sulfate (at least 947
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BaSO, ; see 4.33 on Pigment Grades). Silica and
iron compounds, the latter particularly giving
rise to color in the natural pigment, are perhaps
the major impurities to be expected, but varieties
of barytes are also encountered that contain
significant quantities of fluoride. One notes, for
example, a study made more than forty years
ago demonstrating that heavy spar containing
fluorspar was less effective in preventing rusting
of iron during outdoor weathering than was the
mineral containing silica (Wolff and Zeidler,
1937). Coffignier (1924) reported over thirty
chemical analyses of barytes from a variety of
sources, pointing out that some minerals could
be expected to be high in silica, others high in
fluoride. Typical analyses are given in Table 1.

Table 1. SOME CHEMICAL ANALYSES
OF BARYTES (COFFIGNIER, 1924)

Italian German French Spanish

Barium Sulfate  90.10 95.15 92.55 98.97
Loss on ignition  0.18 0.38 0.24 0.64
Calcium Fluoride — 195 3.9 -
Iron Oxide 0.25 040 0.20 0.20
Alumina 0.45 045 0.70 0.20
Silica 890 1.65 2.35 —

4.2 Sources

4.21 Barytes. Barite is found in many places in
Germany: Saxony, the Harz, and Meggen in
Westphalia (Stock, 1925). The Minden Mine in
Hunterhausen is well known (Muddiman,
1942). Gentele’s Lehrbuch (1909) mentions
Lohr am Main, Thiiringen bei Konigsee, and
Waldshut. Prior to World War Il Germany
provided half the world supply of barite, pri-
marily from Meggen, the renowned source
discovered in 1845. Bearn (1923, pp. 27-31)
stated unequivocally that the best barytes came
from Germany. It is said that the mineral from
the Hartz is contaminated chiefly with quartz
(Kittel, 1960).

Important deposits occur at Felsobanya in
Hungary, Kapnik in Roumania , and at Meis
and Schemnitz in Czechoslovakia. Barite is
found at Kitzbiihel in the Austrian Tyrol and in
France, especially in the Limagne district in
Puy-de-Dome (Neédéy, 1955). Large deposits
occur in Castile and Andalusia in Spain. Bearn
(1923), pp. 27-31) reports that the Spanish
product was often associated with a certain
proportion of sulfate or carbonate of lime.
There are many long-known localities in
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England: the Dufton lead mines in West-
morland; Alston Moor, Frizington, Cleater
Moor, and elsewhere in Cumberland; the
mineral veins of Cornwall; and the Settling-
stones mines, Northumberland (Hurst, 1906).

Native barytes occurs in large quantities in
China, and in the early twentieth century it was
used there chiefly, in purified form, for mixing
with other pigments (Watson, 1930).

In the United States, barite has been found in
Connecticut at Cheshire, New Haven County;
in New York at De Kalb in St. Lawrence
County, at Pillar Point and near Chaumont in
Jefferson County. The mineral is also associated
with strontianite in limestone near Schoharie in
Schoharie County, New York. Commercial
deposits occur in veins and residual deposits
in Paleozoic limestones in the southern
Appalachian and central states, especially
Georgia, Missouri, Tennessee, Kentucky,
Virginia, North Carolina, and Alabama. The
mineral is common in the lead ores of Missouri
and Wisconsin. Deposits are also found in New
Mexico near Barton and elsewhere in Bernalillo
County, and in various districts in Dona Ana,
Socorro, and Grant Counties; in Nevada; and
in Yuma County, and elsewhere in Arizona
(Dean and Brobst, 1955). According to Toch
(1925) the sources in Virginia and Kentucky
contained more than 1% lime and fluoride. It is
reported that production began in Fauquier and
Prince William Counties, Virginia in 1845, and
in Missouri in 1860 (Williams, 1949). Figure 4
illustrates the simple method of barite surface
mining practiced in Washington County,
Missouri, about the time of World War I (Clark,
1920).

In the years 1964-1968, the world output
of barite remained relatively stable. Approxi-
mately 60% of the mineral consumed in the
United States was supplied from domestic
sources in 1968 ; imports made up the difference,
mainly from Ireland, Mexico, Canada, and Peru
(Patton, 1973). Five states account for nearly all
the United States’ domestic barite production
(Missouri, Nevada, Arkansas, Georgia, and
Alaska). Washington County, Missouri, and the
Ouachita Mountains of Arkansas have been
cited as the principal barite-producing areas of
the United States.

4.22 Blanc Fixe. Prior to 1900, all barium-
sulfate-coated photographic paper used in the
United States was imported, but in that year the



first U.S.-based coating operation was begun
(Russell, 1958). Before this, blanc-fixe-coated
paper was manufactured by such concerns as
Felix Schoeller in Germany, Rives and
Montgolfier in France, and Wiggins-Teape in
England. From 1900 until World War I the
blanc fixe used in manufacturing baryta-coated
paper in the United States was still primarily
imported from Germany, England, or France.
At the time of World War I, however, it was
considered desirable to start manufacturing
blanc fixe at home. This venture was pursued for
about ten years but was later dropped in favor
of importing a more suitable product from
Germany. Then, in the early 1930s, manufacture
was resumed in the United States and has
continued up through the present without fur-
ther interruption.

The use of blanc fixe is currently diminishing.
The annual United States’ consumption of
precipitated barium sulfate as a pigment de-
clined from over 30 million poundsin 1950 to an
estimated less-than-10 million in 1968 (Moser,
1973).

4.3 Preparation

4.31 Barytes. A booklet published by De Lore
Baryta Company (Clark, 1920) is extensively
illustrated with reproductions of paintings and
drawings describing the mining practices in
Washington County, Missouri, following the
turn of the century. Figs. 4 and 5, taken from
that publication, show typical surface-mining
operations at the time in the region of Potosi,
Missouri; fig. 5 shows the simple “‘rattle box™
used to remove superficial debris. A description
of the mining practices in Shropshire at about
the same date has also been published
(Malehurst Barytes Co., 1926).

The manufacture of barytes begins with a
sorting of the coarsely mined barite mineral
according to color. The coarse product is then
crushed and wet-ground to obtain the required
degree of fineness (Patton, 1973). The ground
barytes is levigated, sometimes with water,
sometimes by a jet of air. Traces of iron discolor-
ation may be reduced by “bleaching,” which
usually consists of treatment with hydrochloric
or sulfuric acid. After being bleached, the par-
ticles are again washed with water to remove
residual acid; they are then dried, screened, and
packaged. Trace amounts of ultramarine blue
are occasionally added to improve whiteness.

Fig. 4. Surface mining of barite in the early 1900s at
Potosi, Missouri (from Clark, 1920).

Fig. 5. Cleaning ore with the “rattle box” (from
Clark, 1920).

Barytes of very fine particle size (micronized
grade) can be obtained by processing in a jet
mill. Material with an average particle size on
the order of 1.0 to 2.0 microns is available
(Patton, 1973).

4.32 Blanc Fixe. Precipitated (synthetic) ba-
rium sulfate is made by the reaction of a soluble
barium salt with a soluble sulfate. To begin the
manufacture, barytes is conventionally heated
with coal, leading to the formation of barium
sulfide and the gaseous products, carbon mon-
oxide and sulfur dioxide. The barium sulfide so
formed is dissolved in water, the solution fil-
tered, and the filtrate converted to the sulfate by
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the addition of a solution of sodium sulfate. The
precipitated barium sulfate is filtered, washed,
dried, and packed for shipment (Moser, 1973).

Another manufacturing method employs bar-
ium chloride, obtained as the hydrated crystal.
This is put in solution, filtered, and then reacted
with sulfuric acid under suitable conditions. A
third possible method involves the use of the
insoluble barium carbonate, which may be
dissolved in hydrochloric acid and then reacted
with sulfuric acid to form the barium sulfate.
Patents representing a variety of procedures for
the preparation of blanc fixe are briefly de-
scribed by Kittel (1960, pp. 165-171).

4.33 Pigment Grades. Barytes: There are es-
sentially four grades of barytes. The three
principal types are: (1) coarsely ground ( < 20-
mesh), employed in the glass industry; (2) finely
ground ( <325-mesh), used mainly in the for-
mulation of oil-well drilling muds; and (3) finely
ground, bleached ( < 325-mesh), utilized in paint
and similar applications where freedom from
color is an important factor (Patton, 1973).
There is also a fourth grade of very fine particle
size: micronized. Individual companies often
prepare a wide range of pigments; for example,
the Deutscher Baryte-Industry, Bad Lanterberg,
at one time offered twelve classes varying in
degree of fineness from 15 to 2 micrometers
(Kittel, 1960). The Raw Materials Index (1975)
lists six suppliers, each offering three or four
varieties. Fig. 6 shows the particle-size distribu-
tions that are typical of coarse barytes, pigment
grade, and the finest grade of blanc fixe (Moser,
1973; Sachtleben Chemie, 1975 and 1976).

An American standard specification covering
barytes and blanc fixe pigments, ASTM D602-
42 (Reapproved, 1955), calls for 947 minimum
barium sulfate content in barytes, 27 maximum
content of free silica (in quartz, clay, or other
foreign matter), and 0.057% maximum ferric
oxide. Water and other volatiles must not exceed
a maximum 0.5%; matter soluble in water must
be less than 0.27% (Patton, 1973).

The pH value for uncontaminated barium
sulfate is close to 7.0, but the standard ASTM
specification permits an acid reaction down to a
pH value of 3.5 (Patton, 1973).

Blanc Fixe: Moser (1973) states that the syn-
thetic product is manufactured in four principal
grades: pigment, photographic paper, pharma-
ceutical, and reflectance standard. The particle-

54 BARIUM SULFATE

50— TTT T T T T 17T T

30

=

w A O ® O
T TTTTTT

Ll tratl

1

N
I
I

Particle Diameter, Micrometers
T TTTTT

L LIl

o o
Now
I I

1

| | L 11 I |

12 510 20 40 60 80 90 95 98

Cumulative Undersize Particles
Weight Percent

Fig. 6. Approximate cumulative particle size
distribution for typical barium sulfate pigments
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1976).

size range is 0.1-5.0 microns with an average of
0.5-2.0 microns (Bradley, 1942, p. 433).

4.4 Adulteration and Sophistication
Barytes traditionally has been a very low-cost
product. Rarely are other materials added to
change its properties, although one can expect to
find calcium carbonate in the cheaper fillers.
Heaton (1947, p. 96) also mentions a product
called “Blancophone,” an extender made by
coprecipitating barium sulfate and calcium
carbonate in the proportion of about 70/30; it
was used mainly in water-based paints and to
some extent in the preparation of lakes. The
addition of ultramarine to improve color has
been mentioned earlier.

When mixed with pigments other than white,
barium sulfate “cannot be regarded simply in
the light of an adulterant, since by its use in, for
example, Brunswick green, the tones of the
associated pigments (chrome and blue) are
thereby much enhanced, and at the same time a
paint is produced of much superior working
properties and at considerably less cost” (Bearn,
1923, p. 29). For other specific purposes, such



as providing increased resistance to corrosive
attack, barium sulfate’s presence in paints is
recognized to be specifically beneficial. Early
forms of titanium dioxide were often caused to
crystallize and coalesce on a base of blanc fixe
(Heaton, 1947, pp. 91-96).

The investigator, when examining tiny speci-
mens of paint, must always be alert to the
possibility that he is dealing with lithopone
(BaS0O,/ZnS) rather than blanc fixe. Lithopone
may contain 30 to 607 zinc sulfide combined
with barium sulfate.

5.0 IDENTIFICATION —
CHARACTERIZATION

5.1 Characterization by Optical and
Scanning Electron Microscopy

5.11 Optical Crystallography. Barite is or-
thorhombic, dipyramidal and tabular parallel to
the base. The crystal habit in the natural min-
eral, with respect to the particular faces that are
developed, varies considerably as many stan-
dard mineralogical texts illustrate. However, the
appearance is generally tabular with prismatic
development less frequent, the basal plane
usually being strongly developed (Milner, 1922).
Cleavage is perfect parallel to the base (001) (see
fig. 7), good on (010), and poor parallel to the
prism (211).

The optic plane is (010), with the acute
bisectrix perpendicular to (100); biaxial positive
with 2V = 36-40°; (010) yields a flash figure
(Heinrich, 1965), but this is not observed in the
usual tablets, as fig. 7 indicates. The dispersion is
r <v weak. The refractive indices are moderate,
birefringence low; a = 1.634-1.637, B =
1.636-1.638, y = 1.646-1.648. Birefringence as
seen in the usual tablets is low, y— g = 0.010.

Fig. 7. Optical and crystallographic characteristics of
a common crystal habit of barite.

Between crossed polars, the usual cleavage
fragments in barytes are pale gray in ap-
pearance. With a first-order-red-plate, the blue-
violet/orange change, particularly the orange
color, is reasonably characteristic. In the usual
fine particles of blanc fixe, the above optical
properties can scarcely be observed; only a low
degree of birefringence under crossed polars, or
a faint glow owing to edge depolarization, may
be apparent.

Moser (1973) states that the rhombic crystals
grow along the (100) plane and that the short
and long axes are the b and c crystallographic
axes respectively. An elongation of the particles
of blanc fixe can be seen under the scanning
electron microscope (see fig. 10). In one special
product manufactured in Germany, regular-
shaped rhombs can be observed under the
optical microscope (Sachtleben Chemie, 1975).
However, normally the rhombs are irregular in
shape.

5.12 Optical Microscopy.Toch (1925) and
the Malehurst Barytes Company (1926) have
published photomicrographs illustrating the
appearance of barytes. Kittel (1960) has photo-
micrographs of three types of blanc fixe: large
lump-shaped synthetic “Kugelspat,” that could
be mistaken for the natural mineral, material of
fine particle-size, and a more rarely produced
needle-shaped variety that he claims is the
monoclinic modification. The author (Feller,
1971) has published photomicrographs at 800x
to illustrate the normally expected difference
between barytes and blanc fixe. Pictures of
typical particles are shown in fig. 8.

The natural product is usually recognized by
(a) the general rectangular or blocky character
of many of the tablets as well as their relatively
large size and rounded edges, (b) the low bi-
refringence, and (c) the intermediate character
of the refractive index, which results in a good
contrast in Canada balsam and Permount®.
Under crossed polars, many of the cleavage
fragments 5-20 micrometers in diameter are
seen to have rather sharp edges, the consequence
of conchoidal fracture. Particles below S micro-
meters tend to have many of the above charac-
teristics obscured, but their low birefringence is
still strikingly reminiscent of that of the larger
particles. The principal characteristics can
usually be seen even in lakes; particularly ap-
parent are the relief and low birefringence.
The colorant in lakes is usually clustered primar-
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Fig. 8. Photomicrographs of typical (A) barytes and fixe, from Chemetron, 1971, National Gallery of Art
(B) blanc fixe pigments. The barites sample is Foam Pigment Bank, Mellon Institute, Pittsburgh. 450x
A, National Lead DeLore Division, 1966 ; the blanc with substage shadowing.

Fig. 9. Appearance of a typical lake pigment; in this ~ Mounted in medium of refractive index 1.53 with
case, a blue organic colorant struck on barytes. substage shadowing 650x.
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ily on the surfaces and at the edges of the barite
particles (fig. 9).

The recognition of blanc fixe of particle size
below 2 micrometers poses problems. The pig-
ment can easily be overlooked in mixtures with
other pigments, although advantage can some-
times be taken of barium sulfate’s insolubility in
strong acids; zinc or lead white, if present in a
mixed white, dissolve away. The compound’s
birefringence is frequently undetectable.
However, the effect of its intermediate refractive
index may sometimes alert the microscopist to
the presence of blanc fixe because the tiny
particles can act as miniature lenses, focusing
the transmitted light alternately in shadows and
bright spots when the microscope objective is
raised or lowered. This may be observed even
though the characteristic contrast may not be
apparent owing to the fineness of the particles.
Lithopone (BaSO,/ZnS) should exhibit a higher
birefringence and profile in Canada balsam
owing to the zinc sulfide constituent, but it
would take experience to recognize and to
distinguish lithopone and blanc fixe under the
microscope.

5.13 Electron Microscopy.Figs. 10A and B
are scanning electron photomicrographs of
blanc fixe particles at 5000 and 20,000x. An
electron microscope equipped with an x-ray
fluorescence analyser can be used to detect the
barium in barium sulfate and possibly zinc in
some of the neighboring particles, alerting the in-
vestigator to the presence of intimately copreci-
pitated zinc sulfide (in lithopone) or of added
zinc white. Titanium, lead, and calcium should
also be sought, for barium sulfate is frequently
used in combination with other whites.

5.2 Chemical Identification

5.21 Conversion to Soluble Salts. Barium
sulfate is so insoluble that in order to obtain
sufficient ions in solution for microchemical
tests, it must be converted to a carbonate,
chloride, or sulfide. A tiny portion of the ma-
terial to be tested can either be first ignited to
burn off any vehicle (probably the preferable
procedure) or treated with 1 or 2 drops of 10%
sodium carbonate solution, evaporated to dry-
ness, and then ignited in a microcrucible. The
cooled mass is treated with a drop of dilute nitric
acid to put the barium carbonate into solution.
Alternatively, Feigl (1958, p. 476) suggests that
the bits of sample can be mixed with 0.5 g of

Fig. 10. Scanning electron micrographs of blanc fixe
at (A) 5000x and (B) 20,000x. Chemetron Blanc Fixe
No. 1, 1971, National Gallery of Art Pigment Bank
sample B-377, Mellon Institute, Pittsburgh.
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ammonium chloride and heated until fumes are
no longer evolved, after which the sample can be
dissolved in a few drops of water prior to testing.
The formation of barium chloride in this man-
ner will lead to the volatilization of zinc and
cadmium chlorides if salts of these metals have
been present.

5.22 Sodium Rhodizonate Test for
Barium Barium and strontium ions form red
to reddish-brown precipitates with sodium
rhodizonate; calcium does not. The usual me-
thod of using this reagent is in the form of filter-
paper test strips prepared by impregnating the
papers with a dilute solution of sodium rhodi-
zonate, drying them in a vacuum over con-
centrated H,SO,, and storing them in the dark.
When carrying out tests with these treated
papers, one may draw the following con-
clusions. If no brown fleck is formed when a
drop of the unknown solution is placed on the
treated test paper, the absence of both barium
and strontium is indicated; the formation of a
brown fleck may mean that either ion is present
or that both are. If the fleck disappears on
treatment with dilute hydrochloric acid (1:20),
only strontium is present. (Strontium rhodi-
zonate is soluble in dilute hydrochloric acid.) If
the fleck turns red, barium is present (Feigl,
1958, p. 217). The possibility that strontium may
also be present in the latter instance must not be
discounted, because dissolution of a strontium
portion of the brownish red precipitate in the
dilute acid may scarcely be noticed.

Alternatively, a drop of the neutral or slightly
acid test solution may be placed on a piece of
untreated filter paper, and a drop of a 0.2%
aqueous solution of sodium rhodizonate added.
According to the amount of barium or stron-
tium present, a more or less intense red-brown
stain is formed (Feigl, 1958). Limit of detection:
0.2 to 0.5 micrograms of barium.

Barium may be detected by this reagent in the
presence of 50x as much molar concentration of
strontium. In pigments, strontium is usually
present only as a trace material, butif there is the
possibility that a significant amount of the
element may be present, the sample should be
further examined. This is most readily done by
emission spectrographic or x-ray fluorescence
analysis. Neutron activation analysis can also be
used.

5.23 Tests for Sulfate. A highly sensitive test
for sulfate is based on the ability of barium
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sulfate to entrap potassium permanganate upon
precipitation from solution. While this pro-
cedure usually is employed as a test for sulfates,
it can also be used as a test for barium sulfate
itself, providing no other sulfate is present. The
test is performed by converting the mineral first
to barium carbonate (through fusion with so-
dium carbonate) and then reprecipitating the
BaSO, after first adding the permanganate.
Next, one acidifies the solution and adds hy-
droxylamine hydrochloride to decolorize the
brownish precipitate of manganese dioxide that
may form (Feigl, et al., 1964).

Feigl (1958, p. 315) also suggests that, to
detect sulfate in the absence of insoluble sulfides
or free sulfur, the sample can be reduced to the
sulfide by intimately mixing it with charcoal,
and four times the bulk of NaKCOj,, sulfur free.
The mixture is fused in a magnesia spoon with a
blowpipe and alcohol flame and while still warm
is transferred to a glass tube and dissolved in a
drop of water. The sulfate having been reduced
to the sulfide by the charcoal, an iodine-azide
test for sulfides can be made (see description of
latter test in the chapter on Cadmium Yellow,
Oranges and Reds.)

5.3 Instrumental Methods of Analysis

5.31 X-ray Diffraction. The d-spacings and
intensities of the principal x-ray diffraction lines
of barium sulfate are given in table 2. Those
characteristic of beta-zinc sulfide (sphalerite
structure), likely to be present in lithopone are
given in table 3. Typical Debye-Scherrer powder
diffraction patterns are shown in fig. 11. Pattern
D is the beta (sphalerite) form which Wood
(1930) said was the type of the zinc sulfide of
lithopone. It can be seen that the presence of zinc
sulfide is practically undetectable in the pattern
of lithopone (BaSO,/ZnS) because only two
lines, at 1.912 A and 1.561 A, are distinctive of
the zinc sulfide component alone. Other zinc
sulfide lines coincide with those of barium
sulfate. In x-ray diffractometer traces, a doublet
at3.101 A (BaSO,) and 3.123 A (B-ZnS) should
be detected if the sample is lithopone rather than
blanc fixe.

Although natural barium sulfate pigment
gives the same diffraction pattern as the syn-
thetic, one can expect to find some broadening
of the lines, particularly in an x-ray diffracto-
meter trace; also possibly some impurities could
be detected in the barytes.



Table 2. X-RAY DIFFRACTION DATA FOR
BARIUM SULFATE (BARITE)*
(Diffractometric data, CuK o, = 1.5405 ,&,
26°C)

d(A) I d(A) )i
4.44 17 1.947 <1
4.34 36 1.930 7
3.90 57 1.857 16
3.77 12 1.787 3
3.576 31 1.760 9
3.442 100 1.754 9
3.317 67 1.726 5
3.101 97 1.723 6
2.834 53 1.681 7
2.734 16 1.673 14
2.726 47 1.669 10
2.481 14 1.636 8
2.444 2 1.593 8
2.322 15 1.590 7
2.303 6 1.534 18
2.281 7 1.526 11
2.209 27 1.495 3
2.120 80 1.474 10
2.104 76 1.457 3
2.056 23 1.426 8

? jcpps Powder Diffraction File 5-0448, Courtesy of jcpps
International Centre for Diffraction Data (ycpps 1982).

Fig. 11. X-ray powder diffraction patterns using
114.6 mm diameter Gandolfi camera. A. Blanc fixe
Chemetron, B. Barytes DeLore Foam A. C.
Lithopone Sherwin Williams 60N. D. Beta zinc
sulfide, mineral sphalerite, Spain, USNM 134545
(Department of Mineral Sciences, Smithsonian
Institution). Patterns courtesy of the Freer Gallery of
Art, Washington. (Photographs not to be used for
measurement purposes.)

Table 3. X-RAY DIFFRACTION DATA FOR
BETA-ZINC SULFIDE?

(Present in Lithopone, BaSO,/ZnS, CuKa, =
1.5405 A, 26°C)

d(A) 1
3.123 100
2.705 10
1.912 51
1.633 30
1.561 2
1.351 6
1.240 9
1.209 2
1.1034 9
1.0403 5

* Sphalerite (cubic) structure. Stable below 1020°C. jcPDS
Powder Diffraction File 5-0566, Courtesy of Jcpps
International Centre for Diffraction Data (Jcpps 1982).

5.32 Infrared Spectroscopy. Barium sul-
fate has a distinctive and sharp set of absorption
bands in the infrared that permit it to be readily
differentiated from other white pigments. Most
distinctive are the strong bands at 1075, 1120,
and 1185 cm™ ! and the small sharp band at 985
cm™ ! (Infrared Spectroscopy, 1980; Tarte and
Nizet, 1964; Newman, 1979). The natural and
synthetic barium sulfates cannot be distin-
guished conclusively by infrared although, as
can be seen in fig. 12, the absorption bands of
the natural product tend to be broader. The
two cannot be distinguished from lithopone
(BaSO,/ZnS) unless the spectra is examined in
the region of wave numbers lower than 400 cm™?
(wavelengths longer than 25 nm) (Nyquist and
Kagel, 1971). Fig. 13 indicates the distinctive
bands in this region that one may expect to find
in lithopone. If zinc oxide rather than zinc
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Fig. 12. Principal absorption bands of barium sulfate
pigments in the infrared spectrum. Note broadening
of the bands in the natural product, barytes.

sulfide were present, the distinctive absorption
band would fall between 500 and 400 cm™ ! (see
chapter on Zinc White). Because the infrared
spectrum of barium sulfate might be confused
with that of basic lead sulfate, a control should
be run if the latter is suspected on the basis of
an emission spectrographic or microscopic
examination.

5.33 Spectrochemical Analysis. The prin-
cipal lines in the arc emission spectrum of
barium are at 5535.55, 4554.04, 5777.67, and
4934.09 A in descending order of intensity. The
sensitivity is on the order of 1 to 5 ppm. The
barium line at 4554.04 is freer from interference
than are 5535.55 and 4934.09, both of which are
prone to interference from iron (Ahrens and
Taylor, 1961). There are also intense lines for
barium in the ultraviolet at 3345.02, 3302.59 and
3282.33 A. The principal sulfur line, at 4815.51
A, is only 80% as strong as the two strongest
barium lines, and there are two other fairly
strong lines for sulfur at 4694.13 and 4162.70 A.
The green color of the flame, indicat-
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ing the presence of barium, is often readily
noticeable.

Analysis of the minute samples of barium in
the air by atomic absorption spectroscopy has
been described by Magyar (1971).

The main x-ray fluorescence lines for barium
are Ka at 32.1 kV and KB at 36.6 kV (Hanson,
1973).

5.34 X-Radiography. The presence of ba-
rium, a heavy metal, results in the white pigment
dense to x-rays, with a mass absorption coef-
ficient of 210 cm?g ! for CuKa radiation.
Because of its great chemical purity and inert-
ness and high density to x-rays, the pigment is
used extensively for medical radiography of the
alimentary canal.

5.4 Criteria for Positive Identification
Although, like all crystalline compounds, ba-
rium sulfate gives a distinctive x-ray diffraction
pattern, care must be taken to differentiate the
Debye-Scherrer pattern of barium sulfate from
that of lithopone (BaSO,/ZnS) (See 5.31).

Owing to the insolubility of the sulfate, there
are no simple microchemical tests that can be
made and x-ray diffraction will perhaps usually
be relied upon for positive identification of
barium sulfate. Aninfrared curve frequently can
provide supporting evidence.
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Fig. 13. Distinguishing features of barium sulfate and
lithopone (BaSO,/ZnS) in the long wavelength
region of the infrared spectrum. Curves displaced
arbitrarily on the vertical axis for convenience.

Under the microscope, the natural pigment is
usually recognized by its particle shape, profile,
refractive index, and characteristic low birefrin-
gence. Even so, some coarsely ground synthetic
products could be confused with the natural
material (see Kittel, 1960). The colors under a
sensitive-tint retardation plate, particularly the
orange hue, are reasonably distinctive. Finely
divided barite and blanc fixe are much more
difficult to recognize. Emission spectographic
or x-ray fluorescence analysis is absolutely
necessary to detect not only barium but the
presence or absence of zinc, lead and titanium.

The analyst must continually be alert to the
difficulty in differentiating between lithopone

(BaSO,/ZnS) and blanc fixe. Positive identifi-
cation can be made only by x-ray diffraction,
although the absence of zinc or the presence of
only very minor amounts of zinc would mini-
mize the possibility of the sample being litho-
pone. The infrared spectrum in the region
400-100 cm™ ! would also be helpful to detect
significant quantities of zinc oxide or sulfide.
The detection of significant quantities of zinc is
not a sufficient basis for establishing the presence
of lithopone because zinc white (zinc oxide),
rather than zinc sulfide, could be present.

Barium sulfate is widely used in mixture with
other white pigments. Titanium barium whites
and titanated lithopones are also manufactured
that may contain 15 to 30% titanium dioxide
(Moser, 1973); hence, considerable caution
must be exercised before the analyst can claim
positive characterization of a barium-sulfate-
containing white.

6.0 NOTABLE OCCURRENCES

Barium sulfate can be expected to occur rather
widely, particularly in paints made after the
1820s and throughout the 1900s. Nonetheless,
because there are no simple microchemical tests
for this very insoluble pigment and because
museum scientists in the past have not regularly
had x-ray diffraction at their disposal, positive
identifications have been rare.

Kithn (1969), in his examination of 140
nineteenth-century paintings in the Schack-
Galerie, found barium sulfate in almost 60% of
the grounds and in better than 207 of the whites,
greens, blues, yellows, and reds.

Barytes and cerulean blue were found in a
blanched area of Léger’s The City, Fragment,
Third State, 1919 (Philadelphia Museum of Art,
Arensberg Collections 50-134-124) (Siegl, 1967)
and in a green in Picasso’s Guitar of 1919
(Museum of Modern Art, New York) (Feller,
1967).

Barytes, possibly used in lake pigments, has
been observed in World War I airplane camou-
flage colors (Toelle, et al., 1972). Blanc fixe was
an important ingredient in “Battleship Grey”
(Toch, 1925).

In forgeries, Gettens (1954) found lakes on
barytes in vermilion-hued colors on Chinese
ceramics. Riederer (Fleming, et al., 1971) found
the pigment in some purportedly Etruscan
paintings on terracotta.
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Cadmium Yellows,

Oranges and Reds

INGE FIEDLER and MICHAEL A. BAYARD

NOMENCLATURE IN VARIOUS
LANGUAGES

English: cadmium yellow
German: Cadmiumgelb
Russian: »xearblil KagMui
French: jaune de cadmium
Italian: giallo di cadmio
Spanish: amarillo de cadmio

1.0INTRODUCTION

The yellow compound cadmium sulfide was first
recommended as an artists’ pigment in 1818 by
its discoverer, Stromeyer (1819), but its use on a
reasonably wide scale had to await the com-
mercialization that began in the mid 1840s.
Cadmium yellow is fundamentally cadmium
sulfide, CdS, although various chemical and
physical modifications have been developed in
order to produce shades ranging from very light
lemon yellow to medium orange. There are two
principal types of the yellow: the pure com-
pound and the lithopone variety, consisting of
coprecipitated cadmium sulfide and barium
sulfate.

Greenockite and hawleyite are natural cad-
mium sulfide minerals which frequently occur as
a yellow coating on sphalerite (zinc sulfide) (fig.
1). Although the statement has been made that
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artists have found use for greenockite for nearly
two thousand years, the authors know of no
evidence to support the claim (Curtis & Wright,
1954 ; Patton, 1973).

The hue of the sulfide is altered toward orange
and red by the inclusion of an increasing amount
of selenium. A further development in the
manufacture of these hues has been the in-
troduction of the cadmium/mercury sulfides.
Because of their close chemical relationship, the
oranges and reds are included herewith, al-
though the principal emphasis will-be on the
yellow.

1.1 Brief Description of Pigment

The cadmium sulfide class of pigments includes
the cadmium yellows and light oranges (CdS),
the light cadmium yellows which contain added
zinc in solid solution with CdS [(Cd, Zn)S], and
the sulfoselenide deep oranges and reds [Cd(S,
Se)]. These can be extended with the inert
pigment BaSO, to give the lithopone varieties. A
variant substitutes mercury for some of the
cadmium to yield cadmium/mercury oranges
and reds [(Cd, Hg)S]. The pure cadmium sulfide
yellow is designated CI Pigment Yellow 37, No.
77199, while the yellow cadmium lithopone is
CI Pigment 35, No. 77117. The sulfoselenide
orange is CI Pigment Orange 20, and the end
member (CdSe) is Pigment Red 108, both CI No.
77196, although the latter is also given CI No.
77202. The mercury/cadmium oranges are CI
Pigment Orange 23, while the red varieties are
listed as CI Pigment Red 113, both CI No.
77201. The CI designations for the oranges and
reds include the lithopones (Colour Index, 1971).
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Fig. 1. Typical light coating of greenockite on surface
of other mineral (here sphalerite). Specimen,
approximately 8 x 6 x 4 cm, courtesy of Carnegie
Museum of Natural History, Carnegie Institute,
Pittsburgh.

1.2 Current Terminology

Cadmium sulfide is a relatively recent addition
to the artists’ palette; as a result the pigments are
usually referred to by their generic names rather
than by fanciful terms: cadmium yellow prim-
rose, lemon, light, medium, and dark; and
cadmium oranges and reds in light, medium,
and dark shades. Names introduced in the
nineteenth century, Aurora yellow and jaune
brilliant, are still used by Winsor & Newton, Inc.
With barium sulfate as an extender, the pigment
is termed cadmium lithopone (or cadmopone)
or described as a cadmium-barium shade, while
trade names, such as Cadmolith (Glidden), are
also in use.

2.0 HISTORY

The observation by Stromeyer in 1817 that a
sample of zinc carbonate from the Salzgitter zinc
factory in Germany gave an iron-free oxide with
a yellow color led to the discovery of a new

element. Because of its close association with
zing, the element, a metal, was named cadmium,
derived from cadmia fornacum, the designation
applied to the furnace used in smelting zinc ore
(calamine or cadmia). Concurrently, Hermann,
Roloff, Meissner, and Karsten also noted the
existence of this yellow substance in association
with various processes for producing zinc pro-
ducts (Budgen, 1924; Gregory & Burr, 1926;
Weeks & Leicester, 1968). Cadmium is not
found in a free state and only rarely occurs as
a relatively pure cadmium bearing mineral such
as greenockite or hawleyite. The commercial
source of the metal is the refining of zinc ores
that contain cadmium as an impurity. Precipita-
tion of the yellow-colored sulfide from solutions
of cadmium salts by the use of hydrogen sulfide
was one of the chemical phenomena first observ-
ed involving the newly discovered element (Gay-
Lussac, 1818; Curtis & Wright, 1954).

2.1 Archaic, Obsolete and
Misrepresentative Names

From the time of its introduction as an artists’

pigment, cadmium sulfide has been, with few

exceptions, known as cadmium yellow. At first

this designation referred essentially to a single
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shade, comparable to a medium yellow of today.
Later the term cadmium orange was used to
refer to a darker hue. Because of the desire for
lighter shades, jaune brilliant or brilliant yellow,
a mixture of lead white and cadmium yellow,
was offered soon after the commercialization of
cadmium sulfide. At that time the addition of a
white pigment was the only way to achieve a
lighter color. Doerner in 1949 described brilliant
yellow as “‘a very light mixture of cadmium
yellow and either Cremnitz or zinc white; it is
durable but wholly superfluous.”

Other names for cadmium yellow were: cad-
mia, radiant yellow, daffodil, Aurora yellow
(introduced in 1889), Orient yellow (the latter
two being trade names of Winsor & Newton),
and neutral orange (Standage, 1886; Parry &
Coste, 1902; Mayer, 1975). Church (1915, p. 166)
described daffodil as being ““a variety of cad-
mium sulfide prepared at a red heat and contain-
ing a small quantity of magnesia.”” He described
Aurora yellow as “‘a bright, beautiful pigment
consisting essentially of cadmium sulfide, more
opaque than most other varieties of cadmium. . .
and (it) possesses a pure yellow hue. Its stability
is greater than many other varieties of this
pigment.” Neutral orange, he stated, was “a
mixture of cadmium yellow and Venetian red.”

A number of mixtures using cadmium yellow
can presently be found; examples are: jaune
brilliant (cadmium yellow and lead white, some-
times with vermilion added) and cadmium green
(cadmium yellow and viridian). An imitation
Naples yellow hue is available as either a mix-
ture of cadmium sulfide, ferric oxide, and zinc
oxide for watercolors or cadmium yellow, lead
white, light red, and yellow ochre for oil paints
(according to Winsor & Newton, n.d.). Because
of toxicity, true lead antimonate (Naples yellow)
has been largely replaced by the cadmium sul-
fide based substitute (see chapter on Lead
Antimonate Yellow).

2.2 History of Use

Cadmium yellow, under the name of sulphuret
of cadmium, was suggested for use as an artists’
pigment by Stromeyer shortly after his discovery
of the metal. Referring to experiments done in
1818, he had this to say: “This sulphuret, from
its beauty and the fixity of its color, as well as
from the property which it possesses of uniting
well with other colors, and especially with blue,
promises to be useful in painting. Some trials
made with this view gave the most favorable

results” (Stromeyer, 1819). Though this early
reference indicated the possibilities, little use
could be made of the suggestion until suitably
large sources of the metal became commercially
available. The metal was being produced about
1829 in Upper Silesia (the main producer of
cadmium until the mid 1840s), but the small
quantity of cadmium metal and its sulfide then
available was, according to R. Wagner (1872)
and Budgen (1924), mainly employed in type-
metal, fusable alloys, and as a blue flame col-
orant in fireworks. The artist had to wait for the
expanded commercialization in the 1840s.

Parnell (1846, p. 429) provides an interesting
comment on the early interest in this colorant:
“Sulphuret of cadmium may be fixed on silk by
first impregnating the goods with chloride of
cadmium and afterwards passing them through
a weak solution of hydro-sulphate of potash or
soda. It is easy to perform this operation.”
Further on Parnell notes that ““the facility with
which silk may be dyed by the process above
mentioned, leads us to believe that if cadmium
was to become more common, its sulphuret
would be employed in paintings as well as in
dyeing.”

There is very little information available
about the early history of the pigment. Further-
more, most of this information concerns its
manufacture rather than application. Melandri
is said to have introduced the pigment into the
technique of oil painting in 1829 (Munkert,
1905; Eibner, 1909; de Wild, 1929). Reference
has also been made to limited use in France and
Germany beginning that same year (Kelley,
1970). According to Harley (1982) cadmium
yellow was not found in any English color lists
before 1835. Bachhoffner (1837) in a paragraph
on cadmium states: “Its oxide is of an orange
color, and would no doubt form a good pigment
did there exist a sufficient supply of the metal.”
(Oxide in this case was a misidentification of the
sulfide). Apparently cadmium was imported
into the United States in 1842, but no infor-
mation is given as to amount or use (Kelley,
1970). Harley (private communication) reports
that George Field, in his Practical Journal 1809,
had a watercolor sample of cadmium yellow on
folio 385, with the comment “cadmium yellow
works well — acts slightly on knife — not more
changed than the paper by suspending in damp
and foul air more than five months.” Although
the folio is not dated, on its reverse Field made a
notation on native ochres, dated November 28,
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Fig. 2. Claude Monet, Bordighera, painted 1884; oil
painting showing the use of cadmium yellow (Potter
Palmer Collection, Art Institute of Chicago,
1922.426).

1844. This suggests that the cadmium sample
predated 1844. There are several authors
(Laurie, 1914; F. W. Weber, 1923; Kelley, 1970)
who allude to the pigment’s commercial in-
troduction in England by 1846. We know that it
was shown by Winsor & Newton at the 1851
Exhibition held at the Crystal Palace in London
(Great Exhibition . . ., 1851).

The scarcity of the pigment apparently con-
tinued for many years. An American artist
(Handbook of Young Artists ... 1865) mentions
cadmium sulfide in a footnote as a matter of
current interest. In 1870, Field had this to say:
“The metal cadmium affords, by precipitation
with sulphuretted hydrogen, a bright warm
yellow pigment, which passes readily into tints

with lead white, appears to endure light, and
remains unchanged in impure air; but the metal
from which it is prepared being hitherto scarce,
it has been as yet little employed as a pig-
ment, and its habits are, therefore, not fully
ascertained” (Field, 1870).

Exact statistics on the early production of the
metal were not kept, though Chizhikov (1966)
refers to less than 250 pounds as the maximum
world production for any year prior to 1871.
Wagner (1872) gives the more optimistic figure
of 700 pounds of metal for Europe in the same
years. Even if the higher figure were correct,
the supply would still have been limited.
Metallurgy, medical uses and pyrotechnics com-
peted with the pigment trade for the available
metal.

In a Devoe and Co. catalog of 1878, published
in New York City, cadmium yellows and cad-
mium orange cost fifteen dollars per pound as
compared to chrome yellow at seventy cents per
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pound, a twenty-fold difference in price.
Guignet (1888) considered cadmium ““a perfect
color if not so expensive.”” Apparently the
pigment appealed to Monet, for we find it used
in a number of his works, including the painting
titled Bordighera of 1884 (fig. 2). Cadmium
pigments from various manufacturers (Weber,
1890) are summarized in table 1.

A modest 300 pounds of the metal (and no
sulfide) were produced in the United States in
1906; by 1911, 2,392 pounds of cadmium sulfide
were manufactured. Nonetheless, owing to its
continued high cost, cadmium yellow remained
limited in its use by artists until around 1917,
when the amount employed in industry began to
increase rapidly. Manufacturing techniques also
improved, thus removing most of the problems
associated with the early pigment. Instead of a
material “‘variable in trustworthiness’ as stated
by Hunt in 1880, cadmium sulfide became by the
1920s a reproducible, permanent, bright pig-
ment available in a wide variety of shades and
compatible with most other materials. As in
other cases, the artist benefited from the fallout
of industrial technology. By 1922, production
had reached 134,774 pounds, the price had come
down to one dollar and thirteen cents a pound,
and the pigment was currently used for such
mundane applications as paint for streetcars, a

colorant for soap, and an ingredient in rubber
(Budgen, 1924; Toch, 1925).

The lowering of the cost of the pure material
and the introduction of cadmium lithopones
perhaps were the most important factors in
bringing cadmium pigments into widespread
industrial use. In the United States, Marston, in
1921, patented the first lithopone as a cadmium
yellow with about 5% admixture of barium
sulfate. By 1927, cadmium lithopones with over
607 sulfate were produced at about half the cost
of the pure pigment (Ward, 1927). A wide
variety of shades were available, and their
tinting strength, heat and chemical resistance
were only slightly less than those of the pure
substance. With the price one-half to one-third
that of pure cadmium sulfide, the lithopones
provided better hiding power on a cost basis.
Both types of pigment were widely employed in
the ceramics, rubber, and glass industries and as
colorants in the new plastics; however, only the
pure pigments were recommended for use by
artists. According to Chizhikov (1966), total use
of the metal in Great Britain increased from 375
tons in 1943 to 1,040 tons in 1958; pigment
production for the same period increased forty-
fold, from 4.9 tons to 207 tons.

Present day use of cadmium pigments is
concentrated mainly in the plastics industry,

Table 1. CADMIUM PIGMENTS LISTED IN F. WEBER AND CO. TRADE CATALOGUE

OF 1890
Winsor & Newton

F. Weber DR. FR. Schoenfeld and Co. Newman Catalog No.

Oil Colors (Class H)

No. 380. Cadmium yellow, = Cadmium No. 1 citron 780 Cadmium yellow
light Cadmium No. 2 light pale

No. 381. Cadmium yellow, = Cadmium No. 3 medium 781 Cadmium yellow
medium Cadmium No. 4 deep deep

No. 382. Cadmium yellow Cadmium No. 5 orange 782 Cadmium orange
deep Also:

No. 383. Cadmium orange 789 Orient yellow

Watercolors (moist and cakes)
Cadmium yellow
Cadmium orange

Pastels

Cadmium yellow No. 1
Cadmium yellow Nos. 2, 3
Cadmium yellow Nos. 4, 5, 6

Cadmium yellow, light
Cadmium yellow, deep
Cadmium orange

793 Aurora yellow

Cadmium yellow Cadmium yellow

(In cakes) Cadmium yellow, pale
Cadmium orange
Aurora yellow
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with about 75% of the approximately 9,000 ton
annual (world) production devoted to this appli-
cation. The ceramics and surface coatings in-
dustry account for another roughly 10% each.
Under ceramics is included cadmium’s use as a
colorant for metal enamels and in glasses; for
instance, the red glass used for railway, marine,
and other signalling purposes is colored with
CdSe 335 46 suspended in the glass. The
remaining 5% of production is spread among
such applications as cellulose laminates for
work surfaces, printing and silk-screen inks,
cosmetics, leather, and rubber (Cadmium
Association, 1978). At present, the cadmium
yellows, oranges, and reds are still one of the
most important classes of pigments.

2.3 Terminal Date

The pigment continues in use. At the present
time, there are five manufacturers in the U.S.A.
listed in the Raw Materials Index (1975).

3.0GENERAL PIGMENT PROPERTIES

3.1 Color and Spectral Reflectance
Though it is a single chemical entity, cadmium
sulfide can be made in various shades ranging
from very light yellow to deep orange. At one
time it was thought that there might be a range of
polysulfides from CdS to CdS;, that impurities
were the main cause of color variance, or that
different polymers of CdS formed the different
shades (Buchner, 1887; Eibner, 1909). These
ideas seemed partially verified by some early
density measurements such as those conducted
by Church (1915), but the difficulty of achieving
accuracy on such finely divided material was not
appreciated at that time. It is now known that
the main factor influencing the color of cad-
mium sulfide, as with many pigments, is the
particle size, with the lighter shades having the
smaller size distribution. In addition, color is
affected by crystal structure, crystal perfection,
particle shape and size, state of agglomeration,
and the presence of other materials (Bersch,
1901; Milligan, 1934). In older samples, Weiser
(1928) states that imperfect crystals 0.1 to 1
micrometer in diameter are yellow, while those 4
to 7 micrometers (usually consisting of agglo-
merates) are bright orange. Modern material
usually consists of fine to very fine particles, with
most in the submicrometer range. This is the
result of precise control during precipitation and
calcination.

Pure cadmium sulfide provides a yellow pig-
ment of high chroma, with the introduction of
zinc sulfide in solid solution forming a series of
pigments with decreasing redness. A maximum
of about 25 mole percent zinc sulfide is used
(Huckle, et al., 1966). Sulfoselenide oranges and
reds form a second series of pigments based on
cadmium sulfide. They have the same hexagonal
structure but with replacement of some of the
sulfur by selenium. As selenium increases, deep-
er reds are produced, up to a maximum useful
cadmium selenide content of 50 mole percent.
Fig. 3 shows the family of reflectance curves
which can be obtained from this series of pig-
ments, published by Huckle, et al. (1966). In
addition, Curtis and Wright (1954) show the
location of the cadmium sulfide and sulfo-
selenides on the CIE chromaticity diagram.
Johnston and Feller (1965) have published the
reflectance, scattering, and absorption co-
efficients of cadmium red light, and Barnes
(1939) reported spectral reflectance curves for
cadmium yellow, orange, and red.

A third series of pigments is based on solid
solutions of mercuric and cadmium sulfides:
cadmium/mercury sulfide. These were de-
veloped despite earlier published work that re-
ported CdS-HgS mixed crystals to be black and

Fig. 3. Typical spectrophotometric reflectance curves
of cadmium sulfide and sulfoselenide pigments (after
Huckle, et al., 1966).
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lacking in useful color value. In present com-
mercial use the maximum amount of mercuric
sulfide is about 20 mole percent for the deep
maroon. The pigments became available in
1955, and the original patentee, Hercules (now
Ciba-Geigy Corporation), gave them the trade
name Mercadium® (Huckle, et al., 1966). The
General Color Company, a division of H.
Kohnstamm and Company, called them
Cadmere® pigments; this line has been dis-
continued. Moore (1973) has published spectral
reflectance curves for cadmium/mercury sul-
fides and a table giving the relation of hue to
composition.

Lithopone extensions of all of the above
mentioned pigments may be regarded as a
fourth variety.

Typical Munsell values for light yellow
are: 8.0Y/9.2/9.0 (hue-8.0Y, value-9.2, and
chroma-9.0); dark yellow 9.0YR/7.8/9.0. The
dominant wavelength varies from 575 nm in the
light yellows to 587 nm in the medium oranges.
The present day lemon yellows and darkest
oranges obtained without the addition of se-
lenium extend in dominant w=velength from
about 550 nm to 595 nm. In the light yellow, the
purity is 81.9% and in the medium orange, 86.9%
(Barnes, 1939). With an ICI illuminant type C,
the tristimulus values of masstones range from
X =71.58, Y =76.66, and Z = 10.83 (for light
yellow) to X =51.94, Y =42.18, and Z =4.90
(for medium orange).

3.2 Hiding Power and Tinting Strength

The combination of high refractive index and
small particle size imparts good hiding power
and light scattering ability to the pure yellows
and oranges. The lighter shades are somewhat
more opaque because of the smaller particle size.
As would be expected, the lithopones possess
considerably poorer hiding power and lower
tinting strength, though the presence of barium
sulfate does not materially affect the spectral
reflectance curve, owing to the relatively low
refractive index of the latter. In terms of cost for
a given degree of hiding power, the lithopones
are competitive with the more chemically pure

types.

3.3 Permanence

William Holman Hunt (1906, p. 456) considered
that

Cadmium indeed at the best is very capricious, and if

trustworthy, as many good authorities declare it to be,
it is only so when exceptional care is spent on its

preparation. Some specimens painted on a trial canvas
in 1860, had in 1880 sunk to the colour of dirty
beeswax, and some prepared by Mr. Dawson (and
therefore above suspicion as to its genuineness), soon
after became greatly vitiated, while chromes put on the
trial canvas in 1860 are still incomparably superior in
brilliancy to cadmium, lemon and strontian yellow of
the same date.

Certainly the stability of cadmium pigments
in the early days was dependent on the care and
knowledge utilized in their preparation. The
medium yellow (pure cadmium sulfide) of the
past was usually quite stable; however, in the
early preparations of light shades the presence of
free sulfur was said to be common. Exposure to
moist air was thought to cause bleaching owing
to the formation of sulfurous acid which could
act on the cadmium sulfide to form the colorless
sulfate (Friend, 1910). Pigments containing
cadmium oxalate or carbonate also faded when
exposed to light and air. Certain lighter pig-
ments of the past, though supposedly free of
sulfur, would sometimes bleach with the for-
mation of hydrates and sulfates owing to the
presence of small sulfur crystals with highly
reactive surfaces. Calcining tended to eliminate
this action. Darkening was another common
transformation with time, usually caused both
by uncombined sulfur and the presence of iron,
copper, lead, or arsenic. Even 0.1% of one of
these impurities would cause noticeable change.
Thus, much of the poor reputation of past
cadmium yellows was due to impurities, ad-
ditives, and adulterants rather than to any
inherent instability in the cadmium sulfide
(Church, 1915). Martin Fischer (1930) con-
sidered the cadmiums to be suitable for The
Permanent Palette. They were also included in
the German list of permanent pigments, “Die
Normalfarben,” established in the late nine-
teenth century (Munkert, 1905).

By the 1940s, the pigments’ stability had been
greatly improved. Toch (1946, p. 100) reports his
experience upon examining a bright yellow
indicator, placed on top of a gas tank, which
pointed the way to an air field. “It was painted
with lemon cadmium,” he said, “‘not mixed with
oil, but with a spar varnish so that each succeed-
ing rain storm would wash away any dust or dirt
that might be collected. At the end of six months
aclose examination showed the lemon cadmium
in as brilliant a condition as the day it was
applied.” Toch considered that this probably
would not have been true of any other yellow
pigment. He had indeed been informed, he said,
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that the Department of Commerce had adopted
the use of cadmium yellow as an airplane signal.

Outdoor exposure can lead to bleaching by
oxidation of the sulfide to sulfate, usually caused
by the combined action of air, moisture, and
ultraviolet radiation. Any two of the above
factors do not necessarily produce severe
bleaching, and an impervious vehicle will
minimize or eliminate this effect. In addition,
there is a tendency for paints formulated with
the pigment to chalk; this behavior can be
minimized by the use of a suitable binder (Curtis
& Wright, 1954). Sulfoselenide reds, especially
the deeper varieties, are more resistant to
weathering than are the yellows. The mercury-
cadmium reds are not as resistant, though they
are used extensively for plastics and auto uphol-
stery (Huckle, et al., 1966). All cadmium pig-
ments possess good resistance to alkalies and
as such can be employed in water-dispersed
polymer emulsions. Because of calcining they
display excellent heat resistance at the tempera-
tures of enamel baking and plastic processing
(Patton, 1973).

Fig. 4. Microscopic evidence of reaction between
cadmium yellow and emerald green. The cadmium
sulfide was freshly precipitated and uncalcined.
There is darkening of the cadmium yellow particles
due to formation of copper sulfide, with the reaction
taking place only on the cadmium grains because
they are less soluble than the copper acetoarsenite.
Aroclor 5442 mount; refractive index 1.66.500x.

3.4 Compatibility

Lead- and copper-based pigments are the main
source of incompatibility with cadmium yel-
lows. Authors such as Church (1915) and
Standage (1886) refer to formation of black
sulfides of lead or copper, leading to gray, green,
or brown discoloration. Darkening in the pre-
sence of lead pigments was the slower process.
Such interactions were undoubtedly more pre-
valent in older pigments. The most rapid dark-
ening apparently occurred with emerald green
(Schweinfurt green), a form of copper aceto-
arsenite. Hunt (1880) refers to this as “‘an
example of a well-known misalliance, cadmium
and emerald green. When put on, the tint was
brighter than this at the side. It is now as it was
within two weeks of'its first application — nearly
black.” Cadmium yellow with a small amount of
sulfur, prepared by the authors, reacted im-
mediately to form a dark brown substance upon
heating with emerald green (fig. 4); modern
commercial samples did not react immediately,
though this does not preclude long-term inter-
action. The nominal reactions with emerald
green and lead chromate are as follows:

4CdS + Cu(C,H,0,),"3 Cu(AsO,),

= 4CuS + Cd(C,H,0,), + 3 Cd(AsO,),
CdS + PbCrO, = CdCrO, + PbS

The type of medium influences the rate of
reaction, the most rapid being in watercolors
and the slowest in oil. The vehicle itself could
cause change if the oil were ‘“‘rancid” with
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organic acids present. Interactions through use
ofiron palette knives are also said to have caused
darkening owing to the formation of iron
sulfide.

The amorphous form of cadmium yellow used
by Monet sometimes darkened considerably in
areas where it was mixed with chrome yellow.
Macroscopically, areas with the mixture ap-
peared as a yellow-brown (ochrelike) discolora-
tion, darker than the surrounding yellows.
Optical microscopy and electron probe analysis
indicated that the darkening occurred only when
the chrome yellow and cadmium yellow were in
close contact; the unaltered yellow areas of these
paintings did not reveal as close an association
of the two components. The vehicle used may
have some influence on the changes, although
further studies on the mechanism of incom-
patibility are needed.

In the past, cadmium yellow was not recom-
mended for use in fresco painting. This was
particularly true of the lighter shades, since
these contained cadmium oxalate or carbonate
or perhaps a surfeit of free sulfur. In the alkaline
fresco medium, reactions would occur that led
to rapid fading of the light yellows. The normal
medium yellow would not be subject to this, but
the poor reputation of the cadmiums may have
restricted their use (Laurie, 1911; F. W. Weber,
1923).

Not all past material was incompatible, as is
illustrated by jaune brilliant, a reasonably stable
pigment based on a mixture of cadmium sulfide
with lead white. Even here, caution was advised,
because in some cases this light pigment was not
prepared from pure cadmium sulfide (Hurst,
1917). Although much of the incompatibility in
early samples was attributable to impurities,
very little problem remained with commercial
pigments by the mid 1920s.

3.5 Chemical Properties

Cadmium sulfide is a partially covalent com-
pound with a stoichiometric composition of
77.8% Cd and 22.2% S. Formation energy
amounts to 34 K cal/mole. At normal tempera-
tures the compound is essentially inert to air,
humidity, hydrogen sulfide and sulfur dioxide. It
readily dissolves in concentrated hydrochloric
acid and in dilute or concentrated nitric acids
with the evolution of hydrogen sulfide, form-
ing cadmium chloride or cadmium nitrate.
Solubility in water is very low, a saturated
solution at room temperature containing 0.2

ppb (parts per billion). Alkalies, acetic acid, and
temperatures up to 300°C have little or no effect
on cadmium sulfide. Above 300°C gradual
oxidation occurs in air with conversion to oxide
and sulfate. Concentrated solutions of SO,
(sulfurous acid), ammonium chloride, and acid
chlorides and iodides will dissolve the com-
pound (Chizhikov, 1966; Budgen, 1924;
Handbook of Chemistry and  Physics,
1970-1971).

The zinc-cadmium system must also be con-
sidered; up to 25% of many of these pigments
consist of zinc sulfide in solid solution with the
cadmium. Chemically and physically the two
elements behave similarly. The presence of zinc
in the cadmium lattice increases its solubility
and decreases its acid resistance, though only
marginally; solubility in water will still be in the
parts per billion range (Huckle, et al., 1966).

Another consideration is the presence of up to
627 barium sulfate in the cadmium lithopones.
The water solubility of barium sulfate is on the
order of 0.0002%. While the compound is
slightly soluble in most strong acids, it is other-
wise inert, with no appreciable changes on
exposure to air, humidity, hydrogen sulfide, or
sulfur dioxide (see chapter on Barium Sulfate).
Temperatures up to 300°C and alkalies likewise
have little effect.

3.6 Oil Absorption and Grinding
Qualities

Qil absorption ranges from 18% for the pale
yellows to 22% for the pale orange (Patton,
1973). The Raw Materials Index (1975) lists oil
absorption for Pigment Yellow 37 at 19.5 to
267%; Pigment Orange 20 at 28 to 32%. For
lithopones (Pigment Yellow 35) the values given
are 14 to 20%. The low oil absorption for barium
sulfate, 8 to 167, is reflected in the decreased oil
requirement for lithopones. Partially because of
this relatively low absorption value, lithopones
readily disperse into most binders and plastic
systems. The cadmiums do not retard drying,
exhibit no abnormal settling tendencies, and
may be regarded as slow but reliable driers
(Toch, 1911; Curtis and Wright, 1954).

3.7 Toxicity

Most reported cases of cadmium poisoning
involve ingestion of soluble cadmium salts,
inhalation of cadmium vapor, or ingestion of
acid foodstuffs which have had contact with
cadmium-plated articles. Curtis and Wright in
1954 had not been able to trace any case of
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poisoning which had arisen through the inges-
tion of paint or pigmented plastic. Fortunately,
the pigments are sufficiently insoluble to be safe
for most uses. Rat feeding tests showed toler-
ances of 5 grams per kg in single doses and 1
gram per kg per day in 44-day feeding tests
(Huckle, et al., 1966). The LD,, in rats was
greater than 10 g/kg which compares with a
value of 13.7 g/kg for ethyl alcohol and 5.14 g/kg
for boric acid (Merck Index, 1976). As long as
they are properly encapsulated in a plastic
matrix, cadmium colorants are permitted in toys
and food containers by the French government
and several other European countries (Dunn,
1974).

Plastic water pipes formulated with cadmium-
containing pigment have passed strict heavy-
metal ion migration tests carried out by the
National Water Council in the United Kingdom
(Dawes, 1978).

At the present time the toxicity of cadmium
sulfide is being investigated by the Dry Color
Manufacturers’ Association (1978), and the Art
Hazards Project, Center for Occupational
Hazards, Incorporated, New York City (private
communication). The toxicity rating of most of
the cadmium pigments for contact with the skin
is considered not significant; the rating of
cadmium/mercury sulfides is moderate
(McCann, 1979). A possible risk does exist if
cadmium coated (enameled) metal or ceramic is
heated in excess of 700°C. At brazing or welding
temperatures, cadmium vapor could be evolved
in relatively high concentrations. Recom-
mendations are being considered for warning
labels on the paint to protect users of cadmium
pigments from a suspected though not yet
proven hazard.

4.0COMPOSITION

Cadmium pigments can be divided into three
major categories based on composition. These
are the pure sulfide and zinc-modified CdS
yellows and light oranges, the sulfoselenide deep
oranges and reds, and the cadmium-mercury
reds. Lithopones of these categories can be
considered another variation.

4.1 Chemical Composition

411 Cadmium Sulfide. Cadmium sulfide
occurs in two crystal forms, hexagonal, a (den-
sity 4.8261), and cubic, B (density 4.835). The
densities are those based on calculations from x-
ray diffraction data. The normal form which

results from precipitation by hydrogen sulfide is
the cubic one as demonstrated by Bohm and
Niclassen in 1924. At an early date, an amor-
phous form, considerably softer than the crys-
talline ones was considered to exist. Investi-
gations of Allen and Crenshaw (1912) reported
the presence of much amorphous material.
However, the morphology visible under the
microscope in small particles would not have
permitted these workers to characterize the
internal crystal order with confidence.

Modern x-ray diffraction indicates that most
pigments are at least partially crystalline. All
forms can coexist at normal temperatures,
though heating slowly converts the cubic into
the hexagonal. Densities given for cadmium
pigments in the older literature range from
about 3.9 to 4.8; this range is due in part to the
extreme variability of substances labeled cad-
mium yellow which sometimes contained ma-
terials such as zinc oxide, cadmium carbonate,
and cadmium oxide in addition to the sulfide.
Also, undoubtedly, experimental errors in
measuring density on such finely divided ma-
terials led to a spread in values.

In many present-day light yellows the sub-
stitution of zinc for some of the cadmium results
in a range of densities from about 4.40 to 4.82
(Hercules, 1976). Chemically, there can be a
complete series of substitutions ending with
pure zinc sulfide (density 3.98), though a maxi-
mum of 257 zinc is employed in commercial
pigments (Huckle, et al., 1966).

412 Cadmium Selenide and Sulfo-
selenides. The sulfoselenides result from re-
placement of some of the sulfur by selenium in

. the hexagonal cadmium sulfide lattice. The

terminal density of this system (CdSe) is 5.81;
the densities of the intermediate materials fall
between this and the 4.82 value of the pure
sulfide. The crystal-lattice dimensions also
change as selenium is substituted. Since sulfur
and selenium are close congeners in the periodic
table, the chemical properties of the two com-
bined with cadmium are almost identical with
those of the pure sulfide. Properties such as
refractive index, crystal structure, hiding power,
particle size, and morphology are all similar.

4.13Cadmium Lithopones.Cadmium litho-
pones are usually made by coprecipitation from
solutions containing cadmium sulfate and
barium sulfide. Equimolar quantities would
yield a pigment containing 38.2% cadmium
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sulfide and 61.8% barium sulfate by weight. As
with other cadmium pigments, a calcining oper-
ationis then performed. Lithopones are physical
mixtures rather than crystallographic ones and
have densities similar to those of the pure CdS
pigments. Dark orange and red lithopones can
be prepared in a similar manner, with selenium
included in the precipitation solutions.

414 Cadmium/Mercury Sulfides. In the
manufacture of cadmium/mercury pigments,
the initial step is a coprecipitation of cadmium
and mercury sulfides in solution. If alithopone is
desired, barium is generally added at this time.
Following the precipitation, a calcining oper-
ation in an inert atmosphere is employed to
convert the cubic form to the hexagonal. As
with the cadmium-zinc mixtures, the cadmium/
mercury substances are solid solutions with
variable Cd-Hg ratios and variable lattice con-
stants. The composition range from deep orange
to maroon involves 11 weight percent HgS in the
orange to 26 weight percent in the maroon
(Huckle, et al., 1966; Moore, 1973).

4.15 Natural Cadmium Sulfide. One of the
natural forms of cadmium sulfide was first noted
by Connell (1840) in the Edinburgh Philosophical
Journal. 1t was named greenockite, after Lord
Greenock who found the mineral in the course
of excavating the Bishopton tunnel near Port
Glasgow. A Mr. Brown of Lanfyne apparently
found a large crystal of natural cadmium sulfide
in 1810 but misidentified it as sphalerite
(Jameson, 1840; Weeks & Leicester, 1968).

Greenockite commonly occurs as a fine pow-
dery coating on various zinc minerals, parti-
cularly sphalerite and wurzite (figs. 1 and 5).
More rarely, quartz, smithsonite and magnetite
are substrates for the mineral. It has also been
discovered as larger crystals associated with
zeolites. Greenockite can be found in Scotland,
Bohemia, France, Greece, Bolivia, and parts of
the United States.

Properties of the mineral greenockite (Dana,
1944) are as follows: hexagonal crystal system,
space group Cémc with a =4.42 and ¢ =6.724
(fig. 13). It forms hemimorphic pyramids with a
more complex positive end (fig. 6). Greenockite
is brittle, with conchoidal fracture, hardness 3 to
3.5, density approximately 4.9, orange yellow to
brick red streak, adamantine to resinous luster,
and color yellow to orange. Optically it is
uniaxial, positive for red to blue green, negative
for the rest of the spectrum. It exhibits weak

Fig. 5. Photomicrograph of greenockite found on
sphalerite, between crossed polars. Grant County,
New Mexico. Aroclor 5442 mount; refractive index
1.66. 500x.

Fig. 6. Hemimorphic pyramidal habit of greenockite.
This is the ideal form, mainly seen in the large
crystals of the mineral (after Dana, 4 Textbook of
Mineralogy, 4th ed. rev. [New York, 1932]).

pleochroism, with indices of e = 2.529 and w =
2.506. Winchell (1951) lists a distinctive cleavage
on 1010 and a dispersion of 0.023.

Several authorities claim that greenockite has
been widely used as a pigment during the past
2,000 years (Curtis & Wright, 1954; Huckle, et
al., 1966; Patton, 1973; Cadmium Association,
1978). However, the rarity of the mineral and the
difficulty of separating it from its normally dark
substrate seem to preclude this. So far as the
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authors know, no one has reported the finding of
cadmium sulfide in paintings before the mid
1800s, after the date of its first artificial
synthesis.

The cubic form of cadmium sulfide was dis-
covered as a mineral by Traill and Boyle in 1955.
It was named hawleyite after Professor Hawley
of Queens University, Kingston, Canada. Like
greenockite, it tends to form yellow to orange
incrustations on zinc minerals and as such
cannot be readily distinguished visually from the
former. The properties of hawleyite are: cubic
space group F43m, lattice constant ¢ =
5.818+0.005 A, sphalerite structure, calculated
density 4.87, and refractive index above 2. It has
been found in the Keno-Galena Hill area,
Yukon Territory. Traill and Boyle (1955) be-
lieve that many specimens identified as greenoc-
kite by ‘“‘casual hand-specimen examination
may prove to be hawleyite when identified by x-
ray diffraction.”

In general, the two minerals are similar chemi-
cally and physically to their artificial counter-
parts. Except perhaps if the crystals are un-
usually large, there is little chance that mor-
phology and optical properties could be used to
differentiate natural from man-made samples.
The method of deposition of the minerals ap-
parently is similar to the precipitation utilized in
manufacturing. As the cadmium minerals are
normally associated with zinc, this element is a
common impurity in samples scraped off a
sphalerite or wurzite substrate, and there is a
possibility that some zinc may be included in the
crystal of the cadmium mineral. X-ray fluores-
cence analysis on two mineral samples removed
by the authors from ZnS by scraping gave the
following compositions in weight percent:

Greenockite

Hawleyite Grant County,
Eureka, Nevada New Mexico

Cd 66.9% 27.3%

S 24.5 18.6

Al 3.0 3.7

Si 2.2 28.8

Zn 1.4 5.3

Ca — 4.1

Fe — 10.1

Total 98.0% 97.9%

The sample of greenockite was impure, partially
due to the difficulty of removing the mineral
from its substrate.

Fig. 7. A. Scanning electron micrograph of
greenockite. The smaller irregular particles are the
CdS mineral, while the folded background structure
is that of the sphalerite substrate. Complete
separation of the two was impossible in this instance.
Sample from Grant County, New Mexico. 3500x.

B. Scanning electron micrograph of hawleyite. In this
case almost complete separation of the mineral from
its substrate was possible. There are some individual
particles and agglomerates which are similar to the
man-made pigments; others appear as elongated
single crystals or agglomerates grown in whiskerlike
or dendritic fashion. Sample from Eureka, Nevada.
3500x.

Impurities would be expected to vary greatly
from sample to sample (fig. 7). Nonetheless,
upon comparing the x-ray fluorescence data and
optical properties of hawleyite with those of
artificial samples, it would be difficult to differ-
entiate the natural from the synthetic.
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4.2 Sources

The supply of cadmium, a by-product of zinc
refining, is entirely dependent upon the rate of
operation of the world’s zinc smélters. The
U.S.A., Canada, and Australia are the chief
producers of cadmium metal.

At the present time, in the U.S.A., there are
five manufacturers of cadmium yellow listed in
the Raw Materials Index (1975): Ferro,
Kohnstamm, Glidden, Harshaw, and Hercules.
Kohnstamm supplies the plastics industry and
Ferro the ceramics manufacturers; the other
three sell pigments to the various artists’
suppliers.

4.3 Preparation

Outlines of the two major methods of making
cadmium sulfide — the wet and the dry process
— were published by Stromeyer as early as 1819.
Although there have been many refinements and
improvements, the basic techniques have not
changed to the present time. Modern quality
control and pure starting materials now permit
each method to yield reproducible colors of
assured permanence and compatibility; in the
past this could not always be guaranteed.

Dry Process
The dry process originally involved heating
cadmium metal, oxide, or carbonate with sulfur
out of contact with air at temperatures of
300-500°C. These reactions are represented in
the following equations:
Cd + S = CdS
2CdO + 35S =2CdS + SO,
2CdCO; + 3S =2CdS + SO, + 2CO,
Either a stoichiometric mixture or one with an
excess of sulfur was employed. Temperature,
time of reaction, purity of materials, and oxygen
abundance all had some effect on the final
properties of the material. In many cases the
operation was performed in stages with more
materials added from time to time, and if the
color did not appear ‘‘right,” more heating
could be arranged or more of one or another of
the ingredients could be added according to the
experience of the operator. Obviously, it was not
a precise process in the modern industrial sense
(Remington and Francis, 1954).

After completion of the reaction, a wet grind-
ing operation was performed to give final size
and shape to the particles. Both of these para-
meters have been demonstrated as important in
determining the color attributes of the pigment,
and hence, grinding had to be well controlled.

Experiments done by the authors show that
grinding of fusion-prepared sulfides will result in
any shade from light yellow to deep orange
depending on the thoroughness of the size
reduction. While any shade could in theory be
produced by varying the grinding, in many cases
a dull pigment was the result of the experiments
(Zerr & Riibencamp, 1908).

Compared to the older methods of manufac-
turing by the dry process, the major differences
in present-day practice are the use of calcining
(heating to 700-800°C in an inert or sulfur
atmosphere), purer raw materials, better control
over temperature and oxygen content, and re-
finements in the grinding operation. Calcining is
probably the most important difference as it
establishes the crystalline conditions needed for
a bright pigment. Nonetheless, little use is
presently made of the dry process.

Wet Process

The wet process precipitates cadmium sulfide by
the reaction of a soluble cadmium salt with a
soluble sulfide. The cadmium salts generally
used are the chloride, nitrate, sulfate, or iodide,
while the source of sulfur may be hydrogen
sulfide, barium sulfide, sodium sulfide, or vari-
ous thiosulfates. The time of reaction, tempera-
ture, concentration of reactants, impurities, pH
and the rate of addition of one reactant to the
other all affect the color and permanence of the
resulting pigment. Representative equations are
as follows:

CdCl, + H,S = CdS + 2 HCI
CdSO, + Na,S = CdS + Na,SO,
Cdl, + BaS = CdS + Bal,

In the earliest practice, hydrogen sulfide was
the source of the sulfide ion. For the dark shades
the gas was bubbled through a porous plate in
the bottom of an earthenware reaction vessel
(Woulfe vessel or equivalent). The mixture was
constantly stirred at elevated temperatures to
ensure formation of the relatively large crystals
and agglomerates needed for dark shades. The
salt concentration was high, and the precipitate
always in contact with the hydrogen sulfide
(Remington and Francis, 1954). When lighter
shades were desired the cadmium concentration
was lowered, and the hydrogen sulfide bubbled
through just below the surface. It was important
to keep the precipitate out of contact with the
gas as much as possible (Budgen, 1924). In
another method used to create light hues cad-
mium metal was dissolved in acid at the same
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rate as it reacted with a stream of hydrogen
sulfide bubbled through the resulting solution.
Because of the acidity, the low concentration of
cadmium salt, and the necessarily minimal
contact of the precipitate with the sulfide gas, a
light shade (material with small particle size)
resulted. The precipitated medium yellow of the
past was made by the complete or almost
complete reaction of a cadmium salt (generally
sulfate or chloride) with sulfide ion in neutral or
slightly acid-concentrated solutions.

By the 1870s, hydrogen sulfide gas was being
supplanted by sodium sulfide because of the ease
and precision of handling and of maintaining
the desired concentrations of both the cadmium
and the sulfide ions (Wagner, 1872). Cold dilute
solutions gave a yellow product, while hot
concentrated neutral or acid solutions yielded
a darker hue which was the normal medium
yellow of the time. In most cases the pigment was
used without calcining, the particle size, shape,
surface, and hence color and brilliance being
determined entirely by the precipitation re-
action. Table 2 presents an outline of the colors
and crystal forms precipitated from the various
salts at different temperatures and degrees of
acidity (Milligan, 1934).

No subsequent heating was employed. When
properly washed, made from pure starting ma-
terials, and reacted so as not to produce free
sulfur, the pigments produced by this procedure
were stable. Unfortunately, lighter yellows were
popular, and many attempts were made to
produce them without complete success. For
example, pale shades could be prepared by
partial precipitation from cold dilute solutions
of cadmium salts or by rapid precipitation from
acid solutions, although at the expense of lower
stability as compared to that of the “normal”
medium-yellow to light-orange pigment. Very
light hues could be readily attained using cad-
mium nitrate and sodium sulfide or ammonium
thiosulfate as reactants. These methods pro-
duced a light shade ; however, having up to 20%
free sulfur content, the resultant pigments were
rarely stable.

Laurie (1914) mentions a light yellow based
on a calcined mixture of cadmium sulfide with
zinc sulfide and either zinc or magnesium oxide.
Mixtures with lead white were also attempted,
but the cadmium portion had to be very pure to
avoid rapid darkening through formation of
lead sulfide. Even the best of these would pro-
bably not stand the test of time.

Another common way in which light cad-
mium yellow was made in the early days of
manufacture involved either cadmium car-
bonate or cadmium oxalate. In extreme cases
over 307 oxalate was present and only 1.57%
cadmium sulfide. When mixed with this much
white (the oxalate or carbonate), cadmium
yellow was indeed light, but it was none too
stable, exhibiting a tendency to fade spon-
taneously. Analyses by Eibner (1909) of repre-
sentative pigments were as follows:

Cd  46.5%  54.2%  34.9% 70.2%
S 1.5 6.7 9.4 19.7
C,0, 31.9 24.1 25.6 6.3
H,O0 14.9 10.7 9.5 3.7
Zn — — 16.3 0.4
Total 94.8%  95.7%  94.7%  100.3%

It is not known if the z:nc in these samples was
combined as sulfide or oxide, though the latter is
probable. The abundance of water recorded in
the analyses may have been due to the water of
crystallization in the calcium or cadmium
oxalate.

When commercial precipitation was finished,
thorough washing and filtering was done to
eliminate the soluble reaction products.
Washing was accomplished with distilled or soft
water, followed by filter pressing. In some cases
digestion with carbon disulfide was performed
to remove the last trace of free sulfur (Church,
1915).

In investigations similar to those of Milligan
(table 2), involving solutions of 0.1 normality
cadmium salt, the authors found that rapid
precipitation from dilute acid solutions gave a
light yellow; an almost red shade was obtained
from more concentrated solutions (fig. 8). The
rate of addition and amount of agitation proved
important; slow mixing produced a darker
color. It was possible to have both an almost red
shade and a medium orange in layers in the same
solution, acid or neutral, depending on the rate
of addition of sodium sulfide. In many cases the
color of the precipitate in the reaction liquid
would be grossly different from experiment to
experiment. Upon drying, however, a group of
pigments with approximately the same light
orange shade resulted. Moderately hard water
yielded a darker pigment.

The present-day wet processing is an exten-
sion and refinement of older practices. The
temperature, reactant purity, and other para-
meters that affect precipitation are known and
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Table 2. COLOR AND CRYSTALLINE FORM OF PRECIPITATED CADMIUM SULFIDE

(MILLIGAN, 1934)

Without the Addition of Acid

In the Presence of Added Acid

Cadmium salt

At 30°C At 100°C At 30°C At 100°C

used at 0.1 N
concentration Crystalline Crystalline Crystalline Crystalline

Color  form Color  form Color  form Color  form
Sulfate....... Yellow Hexagonal* Yellow Cubic Yellow Cubict Red Cubic
Nitrate ...... Yellow Hexagonal Yellow Hexagonal* Yellow Cubict Red  Cubic
Chloride.... Yellow Hexagonal* Yellow Hexagonal Yellow Hexagonal Red Hexagonal
Bromide.... Yellow Hexagonal* Yellow Hexagonal Orange Hexagonal Red  Hexagonal
Iodide........ Orange Hexagonal Orange Hexagonal Orange Hexagonal Orange Hexagonal

*Trace of cubic beta ( f) cadmium sulfide.
tTrace of hexagonal alpha (a) cadmium sulfide.

Fig. 8. Reaction product of CdCl, and Na,S. The
cadmium sulfide formed here would be similar to that
initially formed in the wet process before grinding.
Reaction was carried to completion using slightly
acid 0.1N solutions of both reactants. Aroclor 5442
mount; refractive index 1.66. 800x.

are well controlled. As in most commercial
procedures there is an abundance of proprietary
processes and trade secrets. For example, in the
making of the lighter shades, precipitation
modifiers such as cobalt, nickel, phosphate,
potassium alum, aluminum hydrate, organic
esters, and sodium carbonate have been added
to the reactants.

A major modification over the old practice of

making light pigments is the direct addition of
zinc to the cadmium sulfide lattice by simul-
taneous precipitation of zinc and cadmium. If a
soluble zinc salt, usually with the same anion as
the cadmium salt, is added before precipitation,
a mixed sulfide, Cd,_4Zn,S, is formed with the
proportion of zinc controlled by the concen-
tration of zinc ion in solution. Up to 25% zinc is
incorporated to yield the lightest shades; be-
yond this amount, the resulting pigment takes
on a distinctly greenish hue (Patton, 1973). The
zinc-cadmium solid solution is as durable as the
pure cadmium sulfide. There are electrolytic
processes that make use of a cadmium anode, an
aluminum or sulfur-copper sulfide cathode, and
an electrolyte of either sodium thiosulfate, iron
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sulfide in acid, or sodium chloride solution with
hydrogen sulfide bubbled through. The iron
component of the FeS electrolyte is not in-
corporated into the resulting CdS. Alternating
current can also be used with cadmium elec-
trodes in a thiosulfate solution. These processes
produce a good, finely divided pigment, but at a
greater cost than the more conventional pro-
cesses, and therefore are not much used (Zerr &
Rubencamp, 1908; Remington & Francis,
1954).

In both old and new preparations the presence
of impurities must be considered. Elements such
as copper, iron, lead, and nickel, which form
colored or unstable sulfides, must be avoided.
Thallium, even in trace amounts, promotes
adverse reactions to light. The purity level of all
reactants employed today is in the range of
99.6-99.87%. Attainment of this level, easily
achieved by 1920, presented problems in the past
(Budgen, 1924). The final factor responsible for
the reproducibility and permanence of today’s
product is the almost universal use of calcining
to enhance the brilliance of the pigment by
establishing the desired crystal structure and
surface (fig. 9) (Eibner, 1909; Budgen, 1924;
Remington & Francis, 1954; Wagner, 1960;
Taylor & Marks, 1966).

4.31Cadmium Lithopones. Cadmium litho-
pone yellows developed out of economic neces-
sity because the cost of the pure pigments was
prohibitive for most industrial applications.
Lithopones were introduced by Marston in

Na,Se or HgS(Reds)

o Washing;
@ Preclpntatlon\k Filtraticf* Calcining

Na,S(Yellows)

Dissoluti
issolution BaS(Lithopones)

¥

S Washing; .
B tat F . ) k
recipitation Filtration Calcining

]

Hg or Se(Reds)

Fig. 9. General outline of present day manufacturing
practice based on the wet method.

1921. By 1927, with a cost less than half that
of the pure pigment, extended cadmiums were
being used extensively in industry. The best
product was obtained by coprecipitation; either
barium sulfide was added directly to cadmium
sulfate solutions, or a soluble barium salt was
reacted with sodium sulfate in the solution from
which cadmium sulfide was being precipitated.
The reactions involved are:

BaS + CdSO, = CdS + BaSO,

BaS + CdCl, = CdS + BaCl,

BaCl, + Na,SO, = BaSO, + 2 NaClL
The first method results in a product with 61.87;
barium sulfate by weight. The second procedure
can be made to give any amount of extender
desired. Early lithopones contained only 5%
barium sulfate, although modern types tend
toward the 61.87; value. Even the so-called pure
cadmium sulfides today sometimes contain a
few percent of this extender.

Zinc sulfide can also be added as a lightener,
resulting in the greenish lemon and primrose
types of cadmium yellow. Typical samples of
this variety analyzed as follows (Curtis &
Wright, 1954):

Cadmium Sulfide 31.6% 37.1%
Zinc Sulfide 5.1%  0.8%
Barium Sulfate 63.3% 62.0%

Though the sulfide and sulfate are precipi-
tated at the same time in the same solution, there
is no crystallographic mixing of cadmium into
the barium sulfate lattice or vice versa (Ward,
1927; Taylor & Marks, 1966; Patton, 1973).
X-ray diffraction shows that the cadmium
lithopones are strictly a physical mixture,
although scanning electron microscopy reveals
the mixture to be an intimate one.

While extension of pure pigments can be
achieved by mechanically grinding barium sul-
fate with cadmium sulfide, the tinctorial
strength and durability of the product is inferior
to that of coprecipitated varieties, and there is
some possibility of separation of the com-
ponents when dispersed in a vehicle, even
though the densities of the two pigments are
similar (Curtis & Wright, 1954).

4.32 Cadmium Reds. The sulfoselenide reds
were first commercialized in 1910, although this
type of pigment was mentioned in a patent
granted in 1892 (Gettens & Stout, 1966).
Preparation originally consisted of heating cad-
mium sulfide, sulfur, and selenium to about
600°C in an inert atmosphere. In 1919 an im-
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proved process was developed by Bayer which
gave a more consistent product and also did
away with losses of expensive selenium through
volatilization. This method followed the pro-
cedure used in the precipitation of cadmium
sulfide, but utilized a mixture of alkaline sulfides
and selenides. The precipitate from this process
is yellow; the red shade develops upon calcining.
Calcining must be well controlled, with a tem-
perature of about 300°C employed; if overheat-
ed, the pigment becomes brown. The relation-
ship between sulfur/selenium ratios and hue is
given in table 3.

Table 3. COLOR AND SELENIUM
CONTENT OF CADMIUM SELENIDE
REDS (after Curtis and Wright, 1954)

Cd/Se 100/12 Orange
Cd/Se 100/15 Orange-red
Cd/Se 100/20 Light red
Cd/Se 100/25 Bright red
Cd/Se 100/30 Dark red
Cd/Se 100/33 Maroon red
Cd/Se 100/40 Dark maroon

Lithopones are made in a two-step process, as
a coarse pigment is obtained if BaS/Se is sub-
stituted for the sodium salts. The cadmium is
first precipitated as the carbonate, and then the
lithopone formed using barium sulfides and
selenides with an excess of alkali present
(Heaton, 1956).

Another way of achieving orange to maroon
shades involves the substitution of mercury for
cadmium. This type of pigment was developed
because of a shortage of selenium around 1948;
in response the Imperial Paper and Color
Corporation initiated research to find a sub-
stitute material (U.S. Patent 2,878,134). The
group of pigments is practically identical in
behavior and appearance to the sulfoselenides
but is less costly (Moore, 1973).

4.4 Adulteration and Sophistication

The high cost of cadmium resulted in such
extensive adulteration in the past that it was
necessary to forewarn the prospective buyer to
choose only pure materials and to acquire them
from a reliable colorman. Much of the poor
reputation of early pigments was due to the
adulterants, among which were zinc oxide, zinc
carbonate, zinc sulfide, zinc chromate, arsenic
yellow, lead chromate, gypsum, cadmium oxide,

cadmium phosphate, Indian yellow, tin sulfide,
mercury and bismuth compounds, lead iodide,
and barium sulfate. The first three compounds
sometimes constituted as much as 507 of the
material (Budgen, 1924). With the exception
of the coprecipitation with barium. sulfate in
lithopones, the addition of these substances
seldom resulted in a pigment as stable as cad-
mium sulfide itself. When added as lighteners,
cadmium carbonate, cadmium oxalate, and free
sulfur can definitely be considered as adul-
terants, particularly in regard to stability. These
components gave rise to either bleaching or
darkening depending on conditions of use
(Buchner, 1887; Church, 1915).

The presence of adulterants was of such
concern that it was recommended that the artist
perform his own chemical tests to determine the
purity of a cadmium pigment. As recently as
1927, Fox and Bowles suggested several wet
chemical tests to establish the purity of CdS. The
adulterants tested for were lead, arsenic, anti-
mony, free sulfur, barium, silica, and cadmium
oxalate Eibner (1909) earlier recommended the
following standards: (1) dissolution in hydro-
chloric acid should result in a clear solution if
there are no additives present, (2) the addition of
ammonia or calcium chloride to the acid so-
lution should not produce turbidity, (3) a chemi-
cal test for arsenic must be negative, (4) no
extractables should be found upon boiling in
water, nor should there be any acidity or alka-
linity in the water that has been boiled with the
pigment, (5) no water should be evolved when
the sample is heated to 100°C.

Another type of cadmium yellow, cadmium
chrome yellow (CdCrO,), was mentioned by
Bersch (1901). It was produced by a precipi-
tation reaction between a cadmium salt and
potassium chromate and was recommended as a
deep yellow equal to lead chromate yet stable
under atmospheric attack, though no references
to its use are given. A variation, basic cadmium
chromate [Cd,(OH),CrO,], is mentioned in the
Colour Index (1971) as Pigment Yellow 77188.

5.0 IDENTIFICATION-
CHARACTERIZATION

5.1 Characterization by Optical and
Scanning Electron Microscopy

Two crystal forms (hexagonal and cubic), an

amorphous type and a spherulitic modification,

are encountered in cadmium pigments. The
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Fig. 10. Scanning electron micrographs of various
cadmium sulfide pigments.

A. Cadmium Orange Extra Deep, Fezandie and
Sperrle, New York. The structure is typical of the
small rounded particles and agglomerates in a
product of recent manufacture. The size range of
individual particles is narrow (0.2—0.8 xm), and some
apparent fusion of the particles can be seen. 5000x.

B. Cadmium Yellow Dark, Beaverhall (Edward W.
Forbes Collection, Art Institute of Chicago). Some
large, fused agglomerates are present, in addition to
the smaller varieties. The larger ones could give rise
to a pseudospherulitic appearance by optical
microscopy. 5000x.

C. Primrose Cadmium Yellow X-2272 (Standard),
Imperial Hercules, Inc. There is no discernible
difference between this cadmium lithopone and pure
CdS which has uniform particle size. 5000x.

hexagonal is the type most commonly found,
but all forms have refractive indices consider-
ably greater than 2. In general, the morphology
observable by optical microscopy is nondescript
due to the small particle size encountered, with
the pigment particles ranging from crystallites of
0.1-0.2 micrometers in their longest dimension
to single particles 3—4 micrometers in diameter.
Often there is a tendency to form agglomerates
which are difficult to break up. Under high
magnification some samples appear to have
rounded grains while others are angular, al-
though their true shape can only be seen by
electron microscopy (fig. 10 A,B,and C). When
viewed in ordinary light or plane polarized light
the color transmitted by the particles appears
yellow to orange, depending on shade and grain
size, and this coloration is visible even in the
smallest grains. The small size of the individual
crystallites coupled with their intense absorp-
tion color can be used as an identification key,
though this can be masked by the secondary
spectrum of some microscope optics. Because of
their high refractive index, the Becke-line effect
causes many of the symmetrical or smaller
particles to have a bright center spot when the
microscope is slightly defocused by increasing
the distance between objective and object. When
examined in crossed polars both the isotropic
and anisotropic modifications usually are visible
in the yellow to orange absorption color, though
the lighter yellow shades may be distinctly
greenish (fig.11 A and B). The high refractive
index, small size, and generally rounded shape
give rise to anomalous polarization effects at the
edges of the particles (edge depolarization), and
in many instances only the edges of the grains
will be visible.

The lithopones generally have the same ap-
pearance microscopically as the pure cadmium
shades from which they were derived. The
sulfoselenides and cadmium-mercury pigments
appear essentially the same as the yellow sul-
fides, though the absorption color is necessarily
shifted toward the red. Regrettably, cadmium
pigments are variable with no single set of
parameters applicable to all (fig. 12 A and B).

5.11 Hexagonal (Greenockite). Hexagonal
cadmium sulfide (fig. 13) has two principal
indices of refraction, w 2.506 and € 2.529. The
birefringence is 0.023. If zinc has been added to
the crystal lattice the refractive indices will be
lowered depending on the amount of zinc, with
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Fig. 11. Photomicrographs of typical specimens from
paintings.

A. Crushing from watercolor by Alexander Calder,
Untitled, Art Institute of Chicago, 1965.258.
Between crossed polars these cadmium yellow
particles have a distinct green coloration typical of
the lighter shades. Aroclor 5442 mount; refractive
index 1.66. 650x.

F gl N

Fig. 12. A. Cadmium Yellow Dark, Beaverhall
(Edward W. Forbes Collection, Art Institute of
Chicago). A wide range of sizes is present, with the
thinner particles appearing yellow and the thicker
ones deep orange to brown. Most grains are equant
and rounded, with considerable edge darkening due
to high index. Aroclor mount; refractive index 1.66.

450x.

B. Sample from Venice, Palazzo Dario, by Claude
Monet, Art Institute of Chicago, 1933.446, crossed
polars. This is an example of a modern type of
cadmium yellow used by Monet in 1908. Aroclor
5442 mount; refractive index 1.66. 650x.

B. Same area between crossed polars. A few
spherulites are present. 450x.
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Fig. 13. Hexagonal crystal lattice of cadmium sulfide.
Zinc can directly substitute for cadmium and
selenium for sulfur to give mixed sulfides and/or
sulfoselenides (after Technical Notes on Cadmium,
Cadmium Pigments, Cadmium Association, 1978).

the end point of the series having indices of 2.356
and 2.378. The substance is optically positive
and, depending on thickness, exhibits a yellow
to orange color which masks polarization col-
ors. It is slightly pleochroic (Dana, 1944;
Winchell, 1951). Because of the small size en-
countered in commercial pigments, the optical
properties are rarely measurable. Individual
grains sometimes show extinction, though their
number and the perfection of extinction is highly
variable from sample to sample. The facts that
even a one micrometer particle may be an
agglomerate of several randomly oriented crys-
tals, that only a short optical path is available for
the relatively weak birefringence to be revealed,
and that the high refractive index and small size
enhance edge depolarization, all contribute to
imperfect or practically nonexistent extinction.
The same may be said of attempts to measure
birefringence, principal indices, or optic sign.
Even with large single crystals, immersion me-
thods for index determination would entail

sulfur-selenium melts, a procedure that is nei-
ther easy nor accurate (Merwin & Larsen, 1912).
Between crossed polars, hexagonal particles of
cadmium pigments appear mainly in the absorp-
tion color, usually with minimal change on
stage rotation. The edges of the grains are
considerably brighter than the centers owing to
internal reflection and depolarization. There are
no morphological or optical properties that
would indicate the hexagonal internal order
present in most samples, though x-ray diffrac-
tion readily confirms this. Slowly grown large
crystals are prismatic with parallel extinction,
while sublimed CdS exhibits filaments and
needles, stubby prisms and twins after 1011 and
2023 (Mellor, 1923).

5.12 Cubic (Hawleyite). Though only one
example of the cubic variety, hawleyite, was
available for investigation, it was very similar to
both the man-made pigment and the hexagonal
mineral. The refractive index was above 2.0, and
the small particles were bright and unchanging
under crossed polars when the stage was rotated.
The sample apparently tended to grow in linear
agglomerates similar to whisker or dendritic
growth, though this characteristic would not be
adequate as a key for identification of hawleyite
(fig.14 A,B). The cubic form is not common in
pigments, as verified by x-ray diffraction; only
one example was found and that a mixture with
the hexagonal variety.

A specimen of hawleyite examined by Traill
consisted of ““a mixture of massive siderite and
coarsely crystalline sphalerite, with a bright
yellow coating. Microscopic examination re-
vealed that the coating was composed of a bright
yellow mineral . . . admixed with lesser amounts
of fine grained sphalerite and siderite. The grain-
size of the hawleyite was so small that individual
grains could not be discerned” (Traill & Boyle,
1955).

5.13 Spherulitic Forms. In addition to irre-
gularly shaped particles, there are two modifi-
cations of cadmium sulfide which have spherical
symmetry. These have been encountered by the
authors mainly in older samples. One form,
though not truly spherulitic, shows a dark cross
between crossed polars not unlike that seen in
starch grains (fig.15A, B). The particles take on
the absorption color of the cadmium yellow,
usually having the bright edges often seen
associated with the irregular particles under
crossed polars. This pseudospherulitic modifi-
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Fig. 15. A. Cadmium sulfide showing equant
particles with rounded edges, a size range of <0.3 to
1.5 um with agglomerates. Current production,

Fig. 14. A. Hawleyite from Eureka, Nevada. Some of  Winsor & Newton, Inc. Aroclor 5442 mount;

the elongated growth modifications are present. refractive index 1.66. 2000x.

Aroclor 5442; refractive index 1.66. 600x. B. Same sample between crossed polars. Many of the

B. Same area between crossed polars. Although particles show crosses because of the edge
indicating cubic crystal structure by x-ray diffraction,  depolarization associated with the pseudospherulitic
this substance appears to be anisotropic. 600x. modification. 2000x.
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Fig. 16. A. Cadmium yellow, Roberson, 1926
(Edward W. Forbes Collection, Art Institute of
Chicago), seen in plane polarized light. This sample
shows many unusual modifications including large
angular flakes. Aroclor 5442 mount; refractive index
1.66. 600x.

cation may have cubic, hexagonal, or amor-
phous internal order, although the structure
usually associated with spherulites, namely
crystallites radiating from a central point, is not
present. The spherulitic appearance is caused by
symmetrical depolarization due to the com-
bination of round shape and the high index of
the particles compared to the mounting me-
dium. The same phenomenon can be seen in the
back lens of a high aperture objective in crossed
polars or from small, high refractive index glass
beads in a low index medium. The phenomenon
has also been noted in cadmium reds.

Another form of cadmium yellow is truly
spherulitic. In this case the hexagonal variety is
found as crystallites radiating from a central
point. The particles are larger than the “nor-
mal” cadmium sulfide, with a range from 4-10
micrometers. In some cases multiple intergrown
spheres or fragments of spherulites are present.
Under high magnification a faint radiatin line
structure delineating the individual crystallites
can sometimes be seen, along with a small point
from which the material nucleated (fig.16 A,B).
In the size range found, the birefringence color is
usually first order white, though this is masked
by the yellow absorption color. A first-order red
compensator will cause adjacent quadrants of
the particle to appear in different colors (red and
blue) when dealing with the true spherulites; the
other spherical modification will not exhibit this
characteristic.

B. Same area between crossed polars. Several
spherulites are present, with the two upper ones
being fragments, while the center and lower ones are
intact, although of different sizes. 600x.

5.14 Amorphous Type. An amorphous form
of CdS has been found in many of Claude
Monet’s paintings that date from before 1900
(fig. 17). A variety of phenomena associated
with this substance can be demonstrated with
the optical microscope, with particle size and
state of agglomeration markedly influencing
polarization effects. Small individual particles
or loose agglomerates appear the same as the
cubic or hexagonal types. Larger aggregates (to
50 micrometers) have an unusual appearance. In
many cases, edges of the large flat flakes are
composed of small particles, loosely bound
together, that appear bright between crossed
polars regardless of orientation. The centers are
more or less fused with no apparent optical
activity. Occasional intermediate-size flakes
(10-20 micrometers) appear totally isotropic.
They are probably composed of the fused ma-
terial found in the centers of the large agglo-
merates. All stages of agglomeration can be
found in a single sample — from loosely as-
sociated groups of “normal” CdS through large
flakes with fused centers and, finally, single
pieces of the fused substance without the small
particles around the edge. All particle types were
proved to be CdS by electron microprobe ana-
lysis. X-ray diffraction indicated that a sample
of this variety of cadmium yellow was about 107
hexagonal, with the balance amorphous. It is
not known if the fusion is a result of pressure
during grinding, a slow reaction with time, or a
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Fig. 17. Crushing of sample from Claude Monet’s
The Custom House at Varengeville, Art Institute of
Chicago, 1933.1149. This shows the partially fused
amorphous form of CdS used by Monet in 1897.
Aroclor 5442 mount; refractive index 1.66. 600x.

result of some other step in the processing of this
pigment.

Processes are known for creating amorphous
varieties, either by gradual addition of cadmium
oxide to molten potassium thiocyanate or by
heating cadmium thiocyanate with acetic acid in
a sealed tube at 250°C (Budgen, 1924).

5.15 Barium Sulfate.Barium sulfate is or-
thorhombic with indices of 1.637, 1.638, and
1.649 and a birefringence of 0.012 (see chapter
on Barium Sulfate). Because of the small size of
the particles and intimate admixture with the
cadmium component, the optical properties of
barium sulfate are usually completely masked in
lithopones. They thus appear to have much the
same high index as does the pure sulfide, and
only the absorption color of the cadmium is

seen in both crossed and uncrossed polars.
Sometimes it is possible to see isolated 2-4
micrometer-sized particles of barium sulfate,
although this is the exception unless the sample
comprises physically mixed components rather
than being coprecipitated. In mixtures, cad-
mium sulfide particles tend to agglomerate
around the slightly larger barium sulfate grains.
If one wishes to see the barium sulfate, acid can
be used to dissolve the cadmium sulfide, leaving
most of the extender behind (fig 18 A, B, O).

5.2 Chemical Identification

Yellow, orange, or red pigments suspected of
being cadmium based could consist of pure
cadmium sulfide, cadmium sulfide modified
with zinc, cadmium sulfoselenide, lithopones of
these types, or a cadmium-mercury sulfide. The
simplest approach to narrowing down the possi-
bilities is first of all to test for sulfide and
cadmium. The detection of lithopones by chemi-
cal means poses many more problems, although
a simple initial test would involve dissolution in
concentrated hydrochloric acid followed by
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Fig. 18. Cadmium lithopones. Scanning electron
micrographs.

A. An example of bimodal distribution of particles,
the larger particles being BaSO,,.. C.P. Cadmium
Lemon No. 1470, Harshaw Chemical Co. 3750x.

B. Cadmium lithopone pigment. Some large particles
of BaSO, are evident, though these are the exception
rather than the rule. Cadmolith Primrose Pb-407,
Glidden Pigments. 3500x.

C. Cadmium lithopone sample B showing barium
sulfate component remaining after treatment with
concentrated hydrochloric acid. Since BaSO, is not
totally acid insoluble, some recrystallization has
formed the larger particles. The smaller ones
represent the habit found in the original pigment.
2000x.

evaporation and redissolution in dilute hy-
drochloric acid. The residue insoluble in the
dilute acid can then be examined for BaSO,. If
barium is to be detected microchemically, one
may fuse the sample and test for barium ions
with sodium rhodizonate (see chapter on
Barium Sulfate).

5.21 Sodium Azide-lodide Test for
Sulfur. Perhaps the easiest test to make is for
sulfide. Gettens, et al., (1972) described a sen-
sitive test involving the catalytic decomposition
of sodium azide (NaN,). The suspected pigment
is placed in contact with a solution of sodium
azide dissolved in water, often under a cover slip.
The concentration of azide is not critical ; from 5
to 15% will do. Todine is then added either as a
small crystal or as a solution in alcohol or
aqueous potassium iodide. Bubbles of nitrogen
form on the surface of the pigment particle in the
presence of sulfide; in some cases a single 1-2
micrometer particle gives rise to several bubbles
10-20 micrometers in diameter. The reaction is
a surface-induced catalytic one that requires no
dissolution of the sample; thus, if the test is
performed carefully, the pigment can be re-
covered for other procedures. Sensitivity is
better than 10 !2 gram because the bubbles are
so much larger than the particles responsible for
their generation.

5.22 Sulfate Test for Sulfide. Gettens, et
al., (1972) describe the oxidation of sulfide to
sulfate by bromine and its reaction with a
calcium salt to form insoluble calcium sulfate
(gypsum) as needles and clusters of needles (fig.
19). To perform the test the sample is placed in a
1% solution of calcium chloride or acetate and
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inverted over a bromine water bottle. In time the
sulfide is oxidized and reacts with the calcium
salt to form gypsum. Barium sulfate does not
interfere owing to its low solubility; it remains as
a residue.

5.23 Reaction with Potassium Mercuric
Thiocyanate. The sample may be dissolved in
nitric acid and then buffered with sodium or
ammonium acetate ; some free acid is not objec-
tionable. A concentrated drop of potassium
mercuric thiocyanate is mixed with a dilute
droplet of the substance in question. If cadmium
is present, colorless orthorhombic prisms se-
parate slowly, one end pyramidal and the other
beveled or truncated. When a small amount of
zinc is admixed, the prisms are more irregular
and slender; with still higher concentrations of
zinc, “‘arrowheads” of a mixed cadmium-zinc
compound are seen. Zinc salts alone give rapid
precipitation of feathery dendritic crystals, al-
though even a trace of cadmium will inhibit this
form.

Lead, silver, copper, cobalt, and manganese
can give interfering reactions with this reagent
although each precipitate has a distinct mor-
phology or color. Copper produces greenish
yellow dendrites or boat-shaped crystals; cobalt
yields deep blue crystals. Nickel forms yellow
spherulites; manganese crystallizes with an
appearance similar to that of badly formed
cadmium mercuric thiocyanate, but without the
beveled or pyramidal ends. Lead precipitates
either granular or prismatic crystals which may
interfere with cadmium. However, in the case of
lead (and silver) the crystals are smaller than
those formed with cadmium (Chamot & Mason,
1960).

5.24 Reaction with Di-p-nitrophenyl-
carbazide. A test for cadmium used by Plesters
(1956) is as follows: A drop of the unknown in
solution is mixed on a spot plate with a drop of
sodium hydroxide solution (10%) and potassium
cyanide solution (10%), a drop of reagent
(0.1% alcoholic solution of di-p-nitrophenyl-
carbazide), and two drops of formaldehyde
(40%). In the presence of cadmium a blue-green
precipitate or color is formed. The reagent alone
gives a violet color with formaldehyde, and
hence, the color should be compared with a
blank using the reagents only (Feigl, 1958).

5.25 Cadmium Chloride Formation.
When reacted with hydrochloric acid, cadmium
sulfide forms cadmium chloride with the evo-

Fig. 19. Calcium sulfate crystals (gypsum) resulting
from the sulfate test for sulfide. Aroclor 5442 mount;
refractive index 1.66. 300x.

lution of hydrogen sulfide. Even on rather small
samples, the odor of hydrogen sulfide frequently
can be noticed. Crystallization following the
hydrochloric acid treatment yields thin hex-
agonal plates and hexagonal rods or needles
radiating out from a point. The rods are the
preponderant form, with the plates appearing
sparingly or not at all (figs. 20, 21, and 22). The
principal refractive indices of cadmium chloride
are 1.636 and 1.705. When zinc is present the
indices are lowered due to the formation of a
mixed chloride. Barium sulfate is dissolved only
to a limited extent by the acid and is frequently
apparent as 1-5 micrometer transparent par-
ticles after the sulfide goes into solution.

5.26 Reaction with Oxalic Acid. If oxalic
acid is added to a moderately concentrated
neutral or slightly acid drop of the material to
be examined, colorless monoclinic prisms of
CdC,0, 3 H,0 will form if cadmium is present.
They are thin with square or truncated ends, the
acute angle being 60°. The extinction angle is
24°. Single crystals, X’s, and radiates are the
common habits. If more than 10% zinc is present
in relation to the cadmium, spherulites and
pseudo-octahedra with the morphology of zinc
oxalate will form (Chamot & Mason, 1960).
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Fig. 20. Reaction product of cadmium sulfide and
hydrochloric acid. The hexagonal plate morphology
is distinctive, although this form is somewhat rare.
Aroclor 5442 mount; refractive index 1.66. 750x.

Fig. 21. Reaction product of cadmium sulfide and
hydrochloric acid. Aroclor 5442 mount; refractive
index 1.66. 500x.

A. Clusters of hexagonal crystals are the common
mode away from the drop edge.

5.3 Instrumental Methods of Analysis

5.31 X-ray Diffraction. The x-ray diffrac-
tion data for the two crystal forms of CdS are
given in table 4. Skinner and Bethke (1961) have
reviewed the published data on the unit-cell
dimensions for greenockite.

In the pigments that the authors have in-
vestigated, the hexagonal form was the pre-
ponderant one, though in varying degrees of
crystal perfection from an almost glassy state
with weak diffuse lines to well-formed crystals
exhibiting sharp diffraction lines. In only one
instance was the cubic type found and that as a
mixture with about an equal amount of the
hexagonal material. Though the particles are
small, there is no evidence for line broadening
due to size alone. In the case of the lithopones,
the diffraction patterns indicate a physical
mixture of hexagonal CdS and orthorhombic
BaSO, with no evidence for crystallographic
mixing (fig. 23). The x-ray diffraction data for
BaSO, can be found in the chapter on Barium
Sulfate.

A complete series ranging from pure CdS to
pure ZnS can be formed as zinc is added to the

B. Clusters between crossed polars.
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Fig. 22. Reaction product of cadmium sulfide and
hydrochloric acid. Aroclor 5442 mount; refractive
index 1.66. 500x.

A. Radiating prisms of cadmium chloride, the
common habit near the edge of the reaction drop.

cadmium sulfide lattice, the unit cell becoming
smaller as the content of zinc increases. The
change in d-spacing of the three major re-
flections of hexagonal zinc-cadmium sulfide can
be used to indicate the approximate zinc con-
tent, although accuracy is low at zinc con-
centrations below 5% (see table 5 and fig. 24).
Lattice spacings can also be used to determine
whether a sample that shows zinc and cadmium
by x-ray fluorescence contains the zinc as oxide,
sulfide, or Cd, ,Zn,S (Ulrich and Zachariasen,
1925; Smith, 1955; Hurlbut, 1957; Huckle, et
al., 1966).

Pigment samples from Monet’s The Custom
House at Varengeville and Fernand Léger’s
Divers on a Yellow Background in the collection
of the Art Institute of Chicago were analyzed
both by electron microprobe (XRF) and x-ray
diffraction (xrD), with a 57 mm camera used for
the diffraction data. As can be seen in the

B. Same area between crossed polars.

patterns in fig. 25, the Monet pigment is an
example of poorly crystallized material while
that from the Léger is well formed. Principal
lines found and measured, versus percentage of
zinc, were:

Percentage
Principal of Zinc
Sample Linesd (A) Determined by
XRD  XRF
Monet
(Aa1Cc 1933.1149) 3.57 3.35 3.17 O 0
Léger

(a1c 1953.176) 3.53 3.31 3.11 12 10

Curtis and Wright (1954) compared x-ray
diffraction patterns of cadmium sulfide and
sulfoselenide pigments and were able to show
the expansion of the lattice in the red pigment.
The constitution of cadmium-selenium red pig-
ments has been a matter of controversy in the
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Table 4. X-RAY DIFFRACTION DATA FOR
CADMIUM SULFIDES

Diffractometric Data

Diffractometric Data
CuKa, = 1.5405A,25C

CuKa = 1.5418 A

Alpha Cadmium Sulfide,  Beta Cadmium Sulfide,

Hexagonal, Greenockite®  Cubic, Hawleyite®
d(A) I d(A) I
3.58 75 3.36 100
3.36 60 2.90 40
3.16 100 2.058 80
2.450 25 1.753 60
2.068 55 1.680 10
1.898 40 1.453 20
1.791 18 1.337 30
1.761 45 1.298 10
1.731 18 1.186 30
1.679 4 1.120 30
1.581 8 1.028 5
1.520 2 0.985 20
1.398 16 0.918 5
1.3536 6 0.887 5
1.3271 12
1.3032 8
1.2572 12
1.2247 2
1.1940 8
1.1585 12
1.1249 8
1.0743 6
1.0540 2
1.0340 4
0.9934 4
0.9881 6
0.9842 6
0.9827 6
0.9729 2
0.9533 10
0.9265 2
0.9081 8
0.8956 2
0.8878 2
0.8804 4
0.8653 <1
0.8624 <1
0.8315 4
0.8166 4
0.8158 4

a. Jcpps Powder Diffraction File, 6-0314 with major
correction.

b. scpps Powder Diffraction File, 10-454 with minor
correction.

Courtesy of jcpDs International Centre for Diffraction Data
(1982).

past, but the above study clearly indicates the
existence of cadmium sulfide and selenide in
solid solution rather than a separate class of
compounds. Huckle, et al., (1966) demonstrated
the change in lattice dimensions of the
cadmium-mercury sulfide system.

The Encyclopedia of X-rays and Gamma-Rays
(1963, p. 426) outlines a mechanism whereby
ghost diffraction patterns can be formed by the
interaction of CdS and copper radiation.
Copper has a characteristic peak at 1.541 A and
a fairly intense continuum with a peak at about
0.5 A. When this white radiation impinges on a
cadmium sulfide sample, most of the radiation
below 0.4641 A (the K edge of cadmium) is
absorbed. The “white” radiation above this
range is reflected by the crystal lattice, and as
would be expected with such radiation, pro-
duces a series of overlapping diffraction patterns
which would normally lead to a low scattering
angle diffuse halo. However, the silver absorp-
tion edge occurs at 0.4858 A, and at this
absorption edge a silver emulsion will ex-
perience a sudden increase in photographic
sensitivity. The combination of these two
phenomena give rise to a spectrum with an
apparent incident radiation centered at 0.475 A.
The band width of the radiation is merely the
difference between the two K absorption edges
and is 0.0217 A. Thus, an exact replica of the
1.541 A radiation pattern is formed, though with
spacings of 0.31 times those of the “normal”
pattern.

5.32 Infrared Spectroscopy. The absorp-
tion band characteristic of cadmium sulfide
occurs at 250 cm™ ! ; that of zinc sulfide occurs at
290 cm™ . Because most sulfides have absorp-
tion in this range, it may be difficult to dif-
ferentiate the various types with assurance.
Considerable caution must be exercised in the
interpretation of spectra of unknown samples.
Many spectrometers in the past had poor sen-
sitivity in the 30—40 micron region where sulfide
absorption is located. Fig. 26 shows slight
changes in the principal absorption region in a
series of pigments of increasing selenium con-
tent. Barium sulfate shows up well even in
amounts as small as 1%; details regarding its
infrared spectrum can be found in the chapter
on Barium Sulfate. Afremow and Vandeberg
(1966) have published reference spectra of cad-
mium yellow lithopones, cadmium reds, and
cadmium/mercury sulfides.
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Fig. 23. X-ray powder diffraction patterns of
cadmium yellows and minerals taken on a 114.6 mm
Debye-Scherrer camera. A. Greenockite (hexagonal),
Grant County, New Mexico. B. Hawleyite (cubic),
Eureka, Nevada. C. Cadmium Yellow Deep,
Fezandie and Sperrle, Inc., New York, 8 August
1977. This is a mixture of cubic and hexagonal CdS.
D. Primrose Cadmium Yellow X-2822 from Imperial
Pigments/Hercules, Inc. E. Cadmium Yellow C-411,
Ferro Corp. (Zn approximately 20%). F. Pure
Orange, Code No. 3350, Glidden. G. Cadmium
Yellow Dark, Beaverhall (Edward W. Forbes, Art
Institute of Chicago), an almost amorphous pattern.
H. Cadmolith Primrose, Pb-407, Glidden Pigments, a
physical mixture of CdS and BaSO,. (D through H
have the hexagonal crystal structure in varying
degrees of crystal perfection.) Photographs are not to
be used for measurement purposes.

Fig. 24. Values of zinc concentration plotted against
change in crystal lattice dimensions in Angstroms
(A), showing the possibility of measuring zinc
abundance based on x-ray diffraction alone.
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Table 5. CORRELATION BETWEEN ZINC IN CdS LATTICE AND d VALUES FOR
THREE MAJOR CdS LINES

Percentage
ZnS by X-ray
Fluorescence or from
Manufacturer’s Data
Major X-ray Percentage ZnS by X-ray (Corrected for
Sample! Lines,d (A) Diffraction Lithopone)
1. Cadmium Yellow 3.51 20 21
Code C-411, 3.30
Ferro Corp. 3.10
5. Cadmolith, 3.56 3 5.3
Primrose Pb 407 3.35
(c. 20 yrs. old), 3.15
Glidden Pigments
6. Cadmolith, 3.55 ? Pattern Poor 5-10 (by
Primrose Lot-14433, ? manufacturer)
Glidden Pigments 3.10
7. Pure Cadmium 3.53 12 9.8
Lemon, No. 3150, 3.32
Glidden Pigments 3.12
8. Pure Primrose, 3.48 20+ 16 (by
No. 3050, Glidden 3.30 manufacturer)
Pigments 3.10
9. Pure Golden No. 3.57 3 4.5 (by
3250, Glidden 3.35 manufacturer)
Pigments 3.15
10. Pure Orange No. 3.56 6 2.1
3350, Glidden 3.34
Pigments 3.14
12. Cadmium Yellow 3.53 16 18
Light, Fezandie 3.30
and Sperrle, Inc. 3.11
13. Cadmium Yellow, 3.56 5 0
Medium, Fezandie 3.33
and Sperrle, Inc. 3.14
14. Cadmium Yellow 3.51 20+ Mixture 8.7
Deep, Fezandie 3.29 with Cubic
and Sperrle, Inc. 3.10
16. Cadmium Yellow Med., 3.56 10 no data
Permanent Pigments, 3.34
Inc. 3.10
28. Cadmium Yellow 3.54 9 8.1
Lemon, No. 23, 3.33
Harshaw 3.13
(EWF Collection)?
29. Cadmium Yellow, 3.54 7 6
Weber 3.31
(EWF Collection) 3.12
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Major X-ray

Percentage

ZnS by X-ray

Fluorescence or from

Manufacturer’s Data
Percentage ZnS by X-ray (Corrected for

Sample' Lines, d (A) Diffraction Lithopone)
34. Cadmium Yellow 3.56 2 0
(EWF Collection) 3.36
3.16
35. Cadmium Yellow Pale, 3.57 0 0
Beaverhall 3.36
(EWF Collection) 3.17
37. Cadmium Yellow, 3.57 1 0
Winsor & Newton 3.36
(EWF Collection) 3.16

1. Samples used throughout this study were arbitrarily numbered to allow correlation of different analytical methods listed in

the tables.
2. Edward W. Forbes Collection, Art Institute of Chicago.

-
i

O

Fig. 25. X-ray powder diffraction patterns taken on a
57.3 mm Debye-Scherrer camera of samples from
paintings. A. Claude Monet, The Custom House at
Varengeville, Art Institute of Chicago, 1933.1149.
Here the pattern is diffuse due to a large abundance
of the amorphous form. Zinc content indicated zero
both by x-ray diffraction and x-ray fluorescence. B.
Fernand Léger, Divers on a Yellow Background, Art
Institute of Chicago, 1953.176. This is an example of
a well-crystallized CdS with 127 zinc; barium is
present to the extent of 4-6%.

Raman spectroscopy utilizes the shift to lower
energies when a monochromatic beam of light
interacts with the chemical bonds and crystal
structure of a substance. A weak point in the
technique is the possibility of fluorescence,
which is sometimes caused by impurities, com-
pletely masking all Raman information. Several
samples were evaluated by both macro- and
micro-Raman methods. A sample of commer-
cial CdS modified with zinc gave a broad peak

near the literature value (Ross, 1972) of 300
cm™ !, while sulfoselenides were shifted toward
the value for pure CdSe, 209 cm™! (fig. 27).
However, a sample of pure CdS fluoresced
enough to negate Raman, a reaction possibly
caused by trace impurities, while an uncalcined
sample of precipitated cadmium sulfide gave no
spectrum at all. Barium sulfate was easily de-
tected by macro-Raman in manufactured pig-
ments at levels as low as 1%. The application of
Raman spectroscopy to these materials is re-
latively new and more work is needed to enable it
to become a reliable method of characterization.

5.33 Spectrochemical Analysis. The major
visible lines are at the following wavelengths: for
cadmium 6438.47 A and for zinc 6362.35 A ; the
major barium lines are all in the visible region
5777.66, 5535.55, and 4554.04 A. The most
sensitive lines in the ultraviolet region for cad-
mium are 3610.51, 3466.20, 3403.65, and
2288.02 A; for zinc 3345.02, 3302.59, and
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Fig. 26. Infrared spectra of cadmium sulfide and
cadmium selenide pigments in the region of principal
absorption. Increasing selenium content is evidenced
by the band at 180 cm™ !, which can be masked by the
presence of barium sulfate as seen in the spectrum for
the cadmium lithopone. Data courtesy of the
Research Center on the Materials of the Artist and
Conservator, Mellon Institute, Pittsburgh.

2138.56 A ; barium lines are weak (Saidel, et al.,
1955).

Crushings and sections can often provide
sufficient material for emission spectrographic
analyses. However, because samples from paint-
ings will usually be limited, it is best to do all
nondestructive tests before emission spectro-
scopy is used, because this method of analysis
destroys the sample. Emission spectroscopy can
be considered primarily as a semiquantitive tool,
with nominal breakdown into matrix, major
(1-10%), minor (0.1-1%) and trace (less than
0.1%) components. Sensitivity varies consider-
ably for different elements. Use of the laser
microprobe (a method employing a laser to
vaporize 25-50 micrometer samples and to
analyze the resulting light by means of a spectro-
meter) presents an opportunity to extend the
method’s applicability to smaller samples.

Emission spectroscopy is mainly a tool for

detecting metallic (cationic) elements; the sensi-
tivity for anions is low. With 10 mg samples,
trace elements can easily be seen. As the sample
size diminishes, however, these will not be so
readily apparent. Elements detected in six com-
mercial products are given in table 6.

5.34 X-Radiography. The mass absorption
coefficients for cadmium, barium, zinc, and
sulfur are plotted in fig. 28. Barium is generally
considered the most absorbent material, sulfur
the least. The K edges occur at 5.018 A for
sulfur, 1.283 A for zinc, 0.4641 A for cadmium,
and 0.3314 A for barium.

The absorption values are based on the em-
pirical relationship u = CA", where C is a
constant unique for each absorption range of
each element, X is the wavelength of the ra-
diation in A, and n is an exponent unique for
eachrange (i.e.,fromKtoL,;L toL,;etc.)and
common to all elements. For the absorption
edge ranges of the studied elements, n ranges
from 2.83 to 2.65. Accuracy is expected to be
about 5%.

Because of the K-edge locations, the absorp-
tion coefficients at one angstrom are: S (sulfur)
26.3, Zn (zinc) 141.0, Cd (cadmium) 74.4, and
Ba (barium) 116.4. Absorption coefficients for
the primary line of copper (1.542 A) are: S-
89.58, Zn-60.19, Cd-235.68, and Ba-368.76.
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Fig. 27. Raman spectra of (A) zinc modified
cadmium sulfide, (B) medium cadmium sulfoselenide
red, and (C) deep cadmium sulfoselenide red.

Table 6. ELEMENTS DETECTED BY EMISSION SPECTROMETRIC ANALYSIS

Sample

Matrix

Major

Minor

Trace

1. Cadmium Yellow
Code C-411,
Ferro Corp.
5. Cadmolith-
Primrose Pb-407,
Glidden Pigments
7. Pure Cadmium Lemon,
Code no. 3150,
Glidden Pigments
10. Pure Orange,
Code no. 3350,
Glidden Pigments
14. Cadmium Yellow Deep,

Fezandie and Sperrle, Inc.

21. Kadmiumgelb hell,
H. Schmincke and Co.

Cd

Cd

Cd

Cd

Cd

Cd

Zn

Zn, Ba

Zn, Ba

Zn, Ba

Zn, Ba

Zn, Ba

Al, Mg, Ca,Si, B

Ca, Al, Si, Mg, B

Sr

Mg, Mn, Ca, P, Si

Sr, Pb

Sr, Al

Cu, Mn, Fe, Ti, Pb

Fe, Mn, Cu, Ti

Cu, Ca, Al, Pb

Cu, Fe, Pb

Ca, Al, Cu, Fe

Ca, Cu, Pb
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Fig. 28. Absorption curves for sulfur, zinc, cadmium,
and barium between 0.1 and 10 A. Sulfur and zinc
show only the K-edge discontinuity, while cadmium
and barium display the K transition and the three
discontinuities at the L level.

With a molybdenum target (0.711 A) the coef-
ficients are: S-10.01, Zn-53.71, Cd-29.99, and
Ba-46.92, while tungsten (0.24 A) gives: S-0.32,
Zn-1.724, Cd-5.852, and Ba-8.77 (Encyclopedia
of X-rays and Gamma-Rays, 1963).

5.35 Neutron Activation Analysis. Five
samples were analyzed by neutron activation
analysis, with sixteen elements evaluated in two
samples and eighteen in the other three. The
results are reported in table 7, and the method
used is summarized as follows: The matrix effect
due to the presence of large amounts of cad-
mium in the samples was eliminated by prepar-
ing standards containing the various additional
metal ions in approximately the same quantity
of cadmium sulfide and then irradiating them
under the same conditions as the unknowns.
These were prepared from the pure metals in
solution and deposited into the cadmium sulfide
matrix by a micropipetter. Two different irra-
diations were performed: one five-minute irra-
diation in the pneumatic tube system of the Ford
Nuclear Reactor, followed by immediate count-
ing of the sample (or standard) to measure the
elements S, Cd, Ba, Cu, Mn, Al, Na, and Ca, and
a five-hour irradiation, followed by a 1 to 6 week
delay before counting, for the measurements of
the elements Se, Hg, Cr, Ag, Cs, Ni, Fe, Zn, Co,

and Sb. Gamma rays characteristic of the
radionuclides produced were measured using
two matched large volume Ge(Li) detectors
interfaced to a ND-4420 computer analyzer
system. Sample size for this technique may be as
small as one or two milligrams or less (John D.
Jones, private communication).

Although the major components of cadmium
pigments can be accurately analyzed by the
above technique, neutron activation hasits main
application in the characterization or “finger-
printing” of samples based on an analysis of
trace elements. The method is capable of good
accuracy and, in some instances, very good solid
solution sensitivity, though absolute weight
sensitivity is not as high as that in x-ray fluores-
cence. Because of the large number of trace
elements which are quantifiable, activation ana-
lysis should be a good indicator of sample
identity, or lack thereof; though incidental
contamination from the other pigments, vehicle,
etc., however, may complicate this type of
evaluation.

5.37 X-ray Fluorescence. The major cad-
mium lines are: in the K series 0.5643 A (23.11
kV)and 0.4750 A (26.09 kV), and'in the L series
3.9562 A (3.12 kV), 3.7380 A (3.32 kV), and
3.5140 A (3.53 kV). Because electron micro-
probe analysisis generally performed at voltages
of 25kV and below in order to excite x-rays from
small volumes, the high energy K transitions are
not of major interest analytically. The only
important interference is a silver line with a
relative intensity of 50 at 3.9344 A (3.15 kV);
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Table 7. ANALYSIS OF CADMIUM BASED PAINT PIGMENTS FOR MAJOR AND
TRACE ELEMENTS BY INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS

Parts Per Million (micrograms/gram)

Sample No. 10

Sample No. 70

Elements Pure Orange'! Remarks C. P. Golden? Remarks
Sulfur 186,000 + 900 238,000 + 1200
Cadmium 566,800 + 200 799,960 +276
Barium 151,830+ 3000 not detected less than 1800
Antimony 1.25+0.1 3.16+0.17
Copper not detected less than 80 not detected less than 120
Manganese 359+1.1 13.6+1.2
Calcium 16924212 1392 4252
Selenium 783 +86 5390 + 593
Mercury 8.04+1.1 not detected less than 4
Chromium not detected less than 15 17.2+3
Silver not detected less than 3 not detected less than 3
Cesium not detected less than 0.02 not detected less than 0.02
Nickel not detected less than 84 not detected less than 55
Iron not detected less than 100 not detected less than 80
Zinc 10,462+ 192 2184442
Cobalt not detected less than 0.16 not detected less than 0.2
1. Pure Orange No. 3350 Glidden Pigments.
2. C. P. Golden No. 1489 Harshaw Chemical Co.

Sample No. 26 Sample No. 31
Elements Primrose Cadmolith®  Remarks Elements Cadmium Yellow* Remarks
Sulfur 222,000 + 12,700 Sulfur 233,000 + 14,000
Cadmium 235,000+ 2,200 Cadmium 564,000 + 2,900
Barium 426,000 + 11,300 Barium not detected less than 594
Antimony  16.84+0.35 Antimony  2.20+0.15
Copper not detected less than 22 Copper 46.7+7.8
Manganese not detected less than 2.5 Manganese not detected less than 4.5
Calcium 251 +45 Calcium 2,050 +136
Selenium 37.3+3.2 Selenium 29.7+2.8
Mercury not detected less than 5 Mercury not detected less than 4
Chromium not detected less than 18 Chromium not detected less than 15
Silver not detected less than 4 Silver not detected less than 5
Cesium not detected lessthan 1.2 Cesium not detected less than 1.6
Nickel not detected less than 93 Nickel not detected less than 123
Iron not detected less than 581  Iron not detected less than 758
Zinc 24,600 +220 Zinc 42,200 + 373
Cobalt 0.534+0.08 Cobalt 0.76 +0.07
Sodium 333416 Sodium 5,598 + 105
Aluminum 176+2.4 Aluminum 60+1.5

3. Primrose Cadmolith, Sample No. 766, Chemical and
Pigment Co., 1/24/34 (Edward W. Forbes Collection, Art
Institute of Chicago).

4. Cadmium Yellow, Roberson 1926 (Edward W. Forbes
Collection, Art Institute of Chicago).

CADMIUM YELLOWS, ORANGES, AND REDS 99



Sample No. 35
Cadmium Yellow,

Elements Pale’ Remarks
Sulfur 175,000 + 22,000

Cadmium 508,000+ 4,300

Barium 19,500 + 600

Antimony 4,320+ 14

Copper not detected less than 640
Manganese not detected less than 15
Calcium 3,249 + 282

Selenium  41.7+5.9

Mercury  not detected less than 9.2
Chromium 88.9+7.2

Silver not detected less than 6
Cesium not detected less than 2.4
Nickel not detected less than 130
Iron not detected less than 1850
Zinc 1,320+22

Cobalt not detected less than 4
Sodium not detected less than 1000

Aluminum 38,972 + 344

5. Cadmium Yellow Pale, Beaverhall (Edward W. Forbes
Collection, Art Institute of Chicago).

although a crystal spectrometer will separate
this from the cadmium line, there will be some
overlap in an energy dispersive system. Sulfur
has a simple spectrum with only the Kal,2
transition at 5.3728 A (2.31 kV) of analytical
use. The major source of interference is lead with
lines at 5.2986 A (2.34 kV) and 5.2846 A (2.35
kV). The zincK lineisat 1.436 A (8.63kV), while
barium has its main analytical transition at
2.775 A (4.47 kV) (White, 1965).

Samples smaller than the electron diffusion
zone give approximately the correct Cd:S ratios
because the energies, and hence diffusion vol-
umes, for the two are similar. Zinc will not give a
correct ratio in very small samples as its energy is
considerably higher than that of the other two.
Also, since barium sulfate present as an extender
may have larger particles than the cadmium
sulfide component, local variations in com-
position can lead to errors in determining bari-
um sulfate concentration (Bayard, 1973).

Twenty-seven bulk cadmium pigments were
analyzed by electron excited x-ray fluorescence.
The weight percentages, corrected for atomic
number, absorption, and fluorescence, appearin
table 8. (Data on lithopones will be in error
because of their large abundance of undetected
oxygen.)

Sixteen of the samples contained zinc in
amounts ranging from 1.4-22.5%, correspond-
ing to its use as a lightener. Such a broad range
would, in principle, allow for characterization
of the shade of cadmium yellow by using
the microprobe data. However, interference
from zinc oxide would introduce errors.
Unfortunately, it is difficult to measure the
quantity of oxygen in such systems.

Reviewing the information in table 8, we can
describe an average present-day cadmium yellow
as ranging from pure CdS to CdS containing
anywhere from a few percent up to 20% zinc.
Though not containing the abundance of bari-
um sulfate found in lithopones, so-called pure
samples may still contain 1-5% barium. If a
reasonably detailed characterization of a cad-
mium yellow sample is contemplated, zinc,
barium, titanium, and aluminum concen-
trations should be determined as well as those
of cadmium and sulfur.

5.4 Criteria for Positive ldentification
Unequivocal identification of cadmium pig-
ments can be difficult owing to the variety of
materials which are encountered. In general, one
would wish to ascertain the presence (or ab-
sence) of the following: CdS, Cd,Zn,,S,
CdS,Se,,, Cd,Hg S, BaSO,, and possibly
ZnO. The presence of adulterants cannot be
ruled out in older samples (see 4.4).
Examination with an optical microscope may
suggest the presence of a cadmium-based ma-
terial; this analysis, combined with microchemi-
cal tests, may place a sample in the “cadmium
sulfide or possibly sulfoselenide class.” The
sodium azide-iodide test (5.21) provides a sen-
sitive test for sulfide. However, complete charac-
terization requires x-ray diffraction, x-ray
fluorescence, and/or emission spectroscopy,
depending on the amount of sample available.
Even with instrumental analysis the subtleties of
the cadmium pigment system may preclude
unequivocal characterization without the avail-
ability of sufficient sample and without con-
siderable experience on the part of the analyst.
In most cases x-ray diffraction will yield
positive identification of the principal com-
pounds present, based on the crystallographic
parameters of the components CdS, Cd,Zn,_S,
and CdS, Se,_,, either with or without BaSO,.
While this method will permit one to be certain
of the principal compounds, it requires a sample
size three to four orders of magnitude larger
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Table 8. ANALYSIS OF CADMIUM PIGMENTS BY X-RAY FLUORESCENCE

Sample Cd N Zn Other
1-Cadmium Yellow Pigment, Code 411, Ferro Corp. 59.2 246 14.1
3-Cadmium Yellow, ¢. 1950, Winsor & Newton 57.5 359 3.5 Ba 1.1
4-Cadmium Sulfide, current product, Winsor & Newton 709 258 Ti 1.2
5-Cadmolith Primrose Pb 407, 20 yr. old, Glidden 29.9 253 1.6 Ba4l.l
7-Pure Cadmium Lemon 3150, Glidden Lot 13754 62.6 27.1 6.5 Ba 1.8

10-Pure Orange 3350, Glidden Lot 11000 649 263 1.4 Ba 53

12-Cadmium Yellow Light, Fezandie & Sperrle, Inc. 556 243 122 Ti 5.7

13-Cadmium Yellow Med., Fezandie & Sperrle, Inc. 375 343 Ti 26.1

14-Cadmium Yellow Deep, Fezandie & Sperrle, Inc. 653 254 58 Ba 1.4

21-Cadmium Yellow Light, H. Schminke & Co. 51.3  19.1 225 Ba 5.1

23-Cadmium Yellow Dark, H. Schminke & Co. 51.5 299 2.5 Bal4.2

28-Cadmium Yellow Lemon #23 Harshaw (EWF)! 66.3 262 5.4

29-Cadmium Yellow, Weber (EWF) 28.5 254 1.9 Ba42.1

31-Cadmium Yellow, Roberson 1926 (EWF) 67.3 231 7.5

32-Cadmium, Roberson (EWF) 81.2 16.7

33-Cadmium Yellow Pale, Le Franc (EWF)?2 8.2 1.6 Cr 29.0,

Sr 59.1

34-Cadmium Yellow (EWF) 72.4 255

35-Cadmium Yellow Pale, Beaverhall (EWF) 55.2  26.5 Al 16.2

36-Cadmium Yellow Dark, Beaverhall (EWF) 71.7  25.7 3.0 Al 1.0

37-Cadmium Yellow, Winsor & Newton (EWF) 72.5 255

38-Reaction of CdCl, and Na,S 73.3 247

50-Cadmium Orange, Roberson (EWF) 73.2 235 0.5 Ba 0.8

67-CP Cadmium Primrose 1466, Harshaw 61.6 19.7 12.6 Ba 4.0

68-Cadmium Lemon 1470, Harshaw 59.6 21.3 5.8 Ball.2

69-CP Cadmium Golden 1481, Harshaw 73.2  19.2 5.5

70-CP Cadmium Golden 1489, Harshaw 78.0 199

93-Pure Cadmium Red Deep, Lot #14093, Glidden 66.2 10.5 Se 17.3,

P 32,
Ba 0.8
Theoretical Composition, CdS 77.81 22.19

1. ewr = Edward W. Forbes Collection, Art Institute of Chicago.
2. Although labeled cadmium yellow, this pigment is largely strontium chromate.

than that needed for the electron microprobe. In
the case of early pigments of the amorphous
type, x-ray diffraction will be useless.

Electron microprobe analysis will give posi-
tive identification of the elements present in the
major components of cadmium pigments. It will
give at least semiquantitative information as to
the abundance of the elements. However, it will
not tell how they are combined; for example,
while microprobe analysis will indicate the
amount of zinc, it will not show whether the zinc
is combined as a solid solution with CdS, or as
the compounds ZnS or ZnO. The major advan-

tage of the electron microprobe is the small
sample size required (as small as 15 cubic
micrometers), making this method particularly
applicable to the examination of specimens
taken from paintings or objects. Also, it is
nondestructive.

Scanning electron microscopy combined with
energy dispersive x-ray fluorescence will provide
the same elemental information as the electron
probe if there is no interference from the binder.
In addition, the micro-morphological data from
the SEM may give some key as to the sample
origin. Sample preparation will probably re-
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quire low temperature ashing to remove the
medium, though interference from inorganic
components may still partially obscure both
elemental and morphological information.
More work is needed to extend the use of this
method.

Optical microscopy in conjunction with
microchemistry is a reasonable approach in
convincing the investigator that he is dealing
with a pigment that contains cadmium and a
sulfide or selenium, though it will generally not
give specific information as to zinc content, the
amount of barium present, or the method of
chemical combination of these metallic ele-
ments. Most of the chemical methods are de-
structive and require a relatively large amount of
sample.

Far infrared spectroscopy yields information
on the metal-sulfide bonds, but this will usually
not be sufficient for unequivocal identification.
The barium sulfate component can be easily
seen by infrared, however, even at levels of 17%.
In ideal cases the sample can be removed from
the potassium bromide pellet for further tests.

6.0 NOTABLE OCCURRENCES

The use of cadmium was mentioned by William
Holman Hunt, who noted the fact in his diary of
24 March 1855 during the painting of the
Scapegoat. He was not pleased with the effect of
the pigment, noting: “work in default of clouds
at the water of the marsh erasing and repainting
it preferring to rely on a mixture with Emerald
green rather than another I had used containing
cadmium” (Walker Art Gallery, 1969, p. 43).

Standage (1886, pp. 98—99). in documenting
the palettes of several prominent nineteenth-
century English artists, listed those using cad-
mium as: Frederic Leighton, Lawrence Alma-
Tadema, William Quiller Orchardson, John
Pettie, and Colin Hunter. Church (1915, p. 290)
in his chapter on selected palettes lists Samuel
Palmer as painting with cadmium 1, 2, and 3.
From Portfolio 1875-1876 he also quotes re-
ferences to P. H. Calderon and P. G. Hamerton
as cadmium yellow users.

Birren (1965) lists the following artists as
having some form of cadmium yellow on their
palette: Eugene Delacroix, Jean Baptiste
Camille Corot, Paul Signac, Pierre Bonnard,
André Derain, Henri Matisse, Fernand Léger,
and Raoul Dufy. Kiihn (1969) has reported
finding cadmium yellow in paintings by the

nineteenth-century Swiss artist, Arnold Bocklin
in the Schack-Galerie. Analyses conducted by
Richter and Hérlin (1974) on the artist’s own
collection of dry pigments agree with the find-
ings of Kithn.

The majority of Monet’s paintings at the Art
Institute of Chicago have cadmium yellow as
one of the yellows used. Moisse, the dealer who
supplied most of his pigments, stated that
Monet employed three shades of cadmium:
light, dark, and lemon (Tabarant, 1923).
Because only small samples are taken from
paintings and other pigments are frequently
mixed with the cadmium, it was impossible to
identify the shades positively. Based on mor-
phology there were, however, at least two dif-
ferent forms found (see 3.2). Delbourgo and
Rioux (1974), using electron microprobe ana-
lysis, identified cadmium sulfide in La
Cathédrale de Rouen by Monet.

An example of cadmium orange may be seen
in Charles Demuth’s Gladioli : Flower Study No.
4 (fig. 29), in the Art Institute of Chicago.

PAINTINGS from the Art Institute of Chicago

Cadmium Yellow

Artist or School Analyst and
Title, Date, Method of
Collection or Location Identification
Vincent van Gogh Micr.!
Still Life: Fruit (Betty Engel?),
c. 1887 1949.215 E. Probe?
Vincent van Gogh Micr.
Self-Portrait (Betty Engel?),
1886-1887 1954.326 E. Probe
Fernand Léger Micr.
Follow the Arrow (Marigene
1919 1953.341 Butler4),

E. Probe

Fernand Léger
Divers on a Yellow
Background

1941 1953.176
Henri Matisse

By the Sea

1904 77.19745

Micr., E. Probe,
XRD?

Micr., E. Probe

Henri Matisse Micr.

Bathers by a River (Marigene

1916-1919 1953.158 Butler?),
E. Probe

Henri Matisse

Le Chateau Chenonceaux

c. 1918 76.1974°
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Fig. 29. Charles Demuth, Gladioli: Flower Study No.
4, 1925. An example of the use of cadmium orange in
a watercolor (Olivia Shaler Swan Memorial Fund,
Art Institute of Chicago, 1933.472).
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Artist or School Analyst and
Title, Date, Method of
Collection or Location Identification

Claude Monet

Monet’s House at Argenteuil
1873 1933.1153

Claude Monet

Still Life : Apples and Grapes
1880 1933.1152

Claude Monet

The Cliff Walk, Pourville
1882 1933.443

Claude Monet

Etretat

1883 1964.204

Claude Monet

Bordighera

1884 1922.426

Claude Monet

Rocks at Belle Isle

1886 1964.210

Claude Monet

Torrent, Creuse
1888-1889 1922.432
Claude Monet
Grainstacks, Snow, Sunset
1891 1922.431

Claude Monet
Grainstacks, End of Day,
Autumn

1891 1933.444

Claude Monet

The Grainstacks in the Snow,

Overcast

1891 1933.1155
Claude Monet

The Custom House at
Varengeville

1897 1933.1149
Claude Monet
Morning on the Seine
1897 1933.1156
Claude Monet
Vétheuil

1901 1933.447
Claude Monet
Vétheuil at Sunset
1901 1933.1161
Claude Monet
Charing Cross Bridge,
London

1901 1933.1150
Claude Monet
Waterloo Bridge
1903 1933.1163

Micr., E. Probe

Micr., E. Probe

Micr., E. Probe

Micr.

Micr.

Micr., E. Probe

Micr., E. Probe

Micr.

Micr.

Micr., E. Probe

Micr., E. Probe,
XRD3

Micr.

Micr.

Micr.

Micr.

Micr., E. Probe

Artist or School
Title, Date,
Collection or Location

Analyst and
Method of
Identification

Claude Monet
Houses of Parliament,
Westminster

1903 1933.1164
Claude Monet
Venice, Palazzo Dario
1908 1933.446
Claude Monet
Venice, San Giorgio
Maggiore

1908 1933.1160

Micr., E. Probe

Micr.

Micr., E. Probe

Cadmium Orange

Henri Matisse
Le Chateau Chenonceaux
c. 1918 76.19745

Micr., E. Probe

1. Microscopy by Inge Fiedler unless otherwise indicated.

2. Betty L. Engel, 1975.

3. Electron microprobe analysis and x-ray diffraction by

McCrone Associates, Chicago, Illinois.

4. Marigene H. Butler, private communication.
5. On loan to the Art Institute of Chicago from the Robert

R. McCormick Charitable Trust.

WATERCOLORS AND GOUACHES from
the Collection of the Art Institute of Chicago,
Department of Prints and Drawings

Cadmium Yellow

Artist or School Analyst and
Title, Date, Method of
Collection or Location Identification
Léon Bakst Micr.8,
Dieu Bleu: Pretres Agri E. Probe’
1911 1920.2522

Alexander Calder Micr.8,
Untitled E. Probe”
no date 1965.258

Stuart Davis Micr.8,
Electric Lights and Buildings  E. Probe’
c. 1931-1932  1973.711

Fernand Léger Micr.8,
Study for The City E. Probe”
1919 1952.1007

John Singer Sargent Micr.8,
Olive Trees, Corfu E. Probe’
no date 1933.505

John Singer Sargent Micr.8,
An Artist at His Easel E. Probe’
1914 1962.971
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Artist or School Analyst and
Title, Date, Method of
Collection or Location Identification
Cadmium Orange

Léon Bakst Micr.8,
Boutique Fantasque: Woman E. Probe’
in a Red Bonnet

1917 1920.2531

Charles Demuth Micr.8,
Gladioli: Flower Study No.4 E.Probe’
1925 1933.472

WATERCOLORS from the Fogg Art Museum,
Harvard University

Cadmium Yellow

Artist or School Analyst and

Title, Date, Method of
Collection or Location Identification
Charles Demuth Weston%/XRF
Fruit and Sunflower

c. 1924 1925.5.3 (Fogg Art

Museum)

Winslow Homer WestonS/xRrF

Hunter in the Adirondacks
1892 1939.230 (Fogg Art
Museum)

6. Weston, 1977

7. Electron microprobe analysis performed by McCrone
Associates, Chicago, Illinois.

8. Micr. by Inge Fiedler unless otherwise indicated.
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Red Lead and Minium

ELISABETH WEST FITZHUGH

NOMENCLATURE IN VARIOUS
LANGUAGES

Artificial Pigment Mineral
English: red lead minimum
German: Mennige or

Bleimennige Mennige
Russian: CBUHLOBUY  CypUK
Chinese: ch’ien tan or

tan-fen
French: minium or

minium de plomb  minium
Italian: minio or

minio di piombo minio

minio or azarcon, from
Arabic zarqun
(Levey, 1962)

Spanish: minio

Japanese: entan

1.0 INTRODUCTION

Red lead, CI Pigment Red 105, No. 77518
(Colour Index, 1971), was one of the earliest
pigments artificially prepared and is still in use
today. The naturally occurring mineral minium
(from the Latin name minium) was used as a
pigment only at an early date, if at all.

1.1 Brief Definition of Pigment

Red lead is lead tetroxide (Pb;0,), the same
chemically and crystallographically as the min-
eral minium.

ELISABETH WEST FITZHUGH, Conservation Scientist,
Freer Gallery of Art, Smithsonian Institution,
Washington, D.C.

1.2 Current Terminology

Red lead is the name in common use today and
according to the unabridged Oxford English
Dictionary, was known at least as early as about
1450. The term minium was used for the arti-
ficial material from classical times and is still
occasionally employed. See 2.1 for other terms
that are currently in use.

2.0 HISTORY

2.1 Archaic, Obsolete, and

Misrepresentative Names

Pliny the Elder, the Roman writer of the first
century A.D., applied the name minium to cin-
nabar, the naturally occurring form of the
pigment vermilion (mercuric sulfide) and he
called red lead minium secondarium (Bailey,
1929). Cinnabar was often adulterated with red
lead and the name minium was used for the
mixture. Gradually, however, it came to be
applied to red lead alone as recorded by Agricola
in De re metallica (Hoover & Hoover, 1950).
Both Pliny and Dioscorides, the Greek writer of
the same date, used the term false sandarach for
red lead because of its resemblance in color to
sandarach. The latter was their term for realgar,
the naturally occurring red arsenic sulfide.
Vitruvius, the Roman author of the first century
B.C., referred to red lead as sandarach (Hoover
& Hoover, 1950). Other terms applying to the
pigment or to mixtures containing it were also
used by classical writers: sandyx was a mixture
of red lead and red ochre; syricum or siricum
could be synonyms for red lead or litharge
(Smith & Hawthorne, 1974), for sandyx, or fora
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mixture of sandyx and synopis (a red iron
oxide).

Minien is a term for red lead found in a
fifteenth-century  Strasbourg manuscript
(Borradaile, 1966). Menning was used by
Agricola in the sixteenth century. Paris red and
Saturn red (Pariserrot, saturnine, rouge de
Saturn, rosse di Saturno) were sometimes used
for red lead but also appear to be synonyms for
orange lead (see below) (Bearn, 1923, p. 114;
Dunn, 1973). De Massoul lists Saturnine red as
an expensive variety of minium purified by
repeated washing with water (Harley, 1982).

The pigment is also called red lead oxide and
its equivalent in various languages: German,
Saturnrot Bleioxid; French, plomb oxidé rouge;
Italian, piombo ossidato rosso. The designation
bleizinnober has also been used. In both French
and Russian minium de fer and iron minium
(Malevanny, 1968) refer not to red lead but to
ochre. The mineral crocoite (PbCrO,) is some-
times referred to as red ore of lead.

Orange lead or orange mineral (in French
mine orange) can be a synonym for red lead, but
more commonly this term refers to the finest, or
purest, red pigment prepared from lead white
and containing less free litharge than ordinary
varieties (Weber, 1923). D. V. Thompson (1936)
defines minium as orange lead and says that the
medieval pigment is paler and more orange than
the modern material. Oguchi (1969) states that
when Japanese red lead is prepared from lead
white it is called orange mineral or orange lead.
The name orange mineral was first used in the
United States in the nineteenth century and the
pigment was described as being made from lead
white (Candee, 1967). Orange lead is said to
have a finer texture and lighter color than
minium and has been used with organic reds in
printing inks to give opacity (Champetier &
Rabate, 1956). It has been used with dyes and
other materials, including lead acetate and
calcium sulfate, to make rouge universel or rouge
vermilion, and it has served as a base for aniline
colors (Bearn, 1923, p. 117).

2.2 History of Use

A Chinese text of the early fifth century B.C.
refers “unambiguously to the manufacture of
lead compounds from the metal” (Schafer,
1955). The term ch’ien tan, literally “lead cin-
nabar,” was used in the Han Dynasty (second
century B.C.—second century A.D.), indicating
the pigment was prepared artificially from lead
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(Schafer, 1955). Thus it is certain that the
manufactured product was known at this date.
There appears to be no evidence that the natural
mineral was ever used in China.

Vitruvius says that red lead was first produced
from lead white accidentally in a fire and notes:
“A much better result is obtained in this way
than from the natural substance which is pro-
duced from the mines” (Forbes, 1955). This
seems to indicate that the artificial material
replaced the naturally occurring mineral in the
classical world at an early date.

The use of chemically prepared pigments such
as Pb;0, does not appear to have preceded the
introduction of metals (Multhauf, 1967). The
earliest use of red lead thus probably dates to the
time of the development of lead metallurgy in
both China and the Near East (Schafer, 1955).
Mass production of metals in the Near East
through ore smelting began in the fifth and
fourth millenia B.c.; lead was produced exten-
sively in Anatolia by 23001800 B.c. (Wertime,
1973). It has been stated that red lead was known
in ancient Mesopotamia (Forbes, 1955), al-
though direct evidence is lacking. According to
R. C. Thompson (1925), the word s-a-s-u on
Assyrian cuneiform tablets means red lead, and
the substance is described as being made by the
roasting of lead white.

The earliest objects on which red lead has been
found in Egypt were uncovered at the Greco-
Roman site of Hawara (Forbes, 1955; Petrie,
1889). It has been identified on Roman Fayum
portraits of the second to fourth centuries A.D.
(Buck & Feller, 1972; Roy, 1979). It was not
reported in a set of dry pigments from Pompeii
although the author listed cerussa usta (burnt
lead white) (Augusti, 1967). The Greek writer
Theophrastus (fourth—third centuries B.C.) does
not mention its preparation (Caley & Richards,
1956), but later classical writers have described
the pigment. Vitruvius, whose description of
the manufacture of red lead from lead white is
noted above, was apparently the first to record
this process (Hoover & Hoover, 1950). Both
Dioscorides and Pliny describe the preparation
of red lead from lead white, and Pliny also
discusses the heating of unspecified lead ores to
produce the pigment.

In ancient Chinese texts we find the same
confusion in nomenclature between minium and
cinnabar as is found in the works of classical
authors. However, minium was recognized as an
artificial pigment. Oguchi (1969) suggests that



artificial minium was introduced into China
from India or the Near East in the late Han
period (third century A.D.), but it appears that
some Chinese were well aware of the chemical
changes necessary to produce the pigment. The
Chinese alchemical writer Ko Hung was scorn-
ful of those who could not understand these
changes, and in 320 A.D. he wrote, “Theignorant
do not believe that minium and lead white are
products of the transformation of lead, and may
not know that a mule is the offspring of a donkey
andahorse. ... Thereare things that are as clear
as the sky, yet men prefer to sit underneath an
upturned barrel.” (Needham, 1974). In the Sung
dynasty (tenth—thirteenth centuries) a special
government factory supplied minium to official
painters and decorators (Schafer, 1955). Schafer
suggests that minium was imported into India
from China at this period, because the Indians
called it “China flour” (cinapishta).

Red lead has been identified on wall paintings
and paintings on silk from Tun Huang in central
Asia, dating from the tenth to the eleventh
centuries. It has been found on Chinese wood
and stone sculpture of an earlier date, but no
occurrences are presently known on later
Chinese paintings, where vermilion is the com-
mon red pigment. It has been identified on wall
paintings in central China of the fifth—ninth
centuries A.D. (Gettens, 1938b), and of the
sixteenth century (Gettens, 1938c). Further west
it has been found on sixth-century Buddhist wall
paintings in Afghanistan (Gettens, 1938a). The
darkening of red lead on these wall paintings is
discussed in 3.3.

In Japan the roasting of ““black lead,” in open
pans, to obtain “‘red lead” is described in an
eighth-century document, indicating that red
lead was prepared from lead or its ores by
heating (Takamatsu, 1879-1880). Red lead pig-
ment, packaged in paper and preserved in the
Shoso-in, the eighth-century warehouse in
Nara, has a high litharge content, varying from
70.90 to 92.20%; the conversion process from
litharge was clearly inefficient at that date
(Yamasaki, 1959a). (References to litharge in
this chapter are to painters’ litharge, yellow
PbO, unless otherwise indicated. See 4.3.) The
earliest known use of red lead in Japan is on the
wall paintings of the Horyuji temple, dating
from the seventh—eighth centuries. From that
date to the present it has been used in Japan on a
variety of objects, including sculpture, paintings
on silk and paper, and prints.

Red lead has been identified on Indian fif-
teenth- to nineteenth-century miniature paint-
ings and on eighteenth-century Indian wall
paintings and sculpture. It has also been re-
ported on Nepalese-Tibetan thang-ka paintings
of the late eighteenth or early nineteenth cen-
tury. The pigment has been found on Persian
fourteenth- to seventeenth-century miniatures
(see fig. 1) and on Turkish miniatures of the
sixteenth and seventeenth centuries (see 6.0 for
details). The preparation of red lead from lead
white has been described by the chief librarian
of Shah Abbas, the sixteenth-century Persian
emperor (Welch, 1981). Orange lead, prepared
from lead white, is said to have been used by
sixteenth-century Mughal painters, and good
quality minium is still manufactured in Jaipur
(Chandra, 1949). Wulff (1966) illustrates a
modern Persian lead oxidizing furnace used to
prepare lead oxides for ceramic glazes. These
furnaces could equally well be used to make lead
oxide pigments. There are three sets of modern
Persian pigments in the Freer Gallery
Laboratory collection. They are used in present-
day miniature painting and are supposedly
“traditional” pigments. All three sets include
red lead, labelled surandj. The pigment in two of
the sets is described as Russian made. However,
no reference has been found to the use of the
pigment in Russia; on Scythian sites in South
Russia various iron oxide pigments have been
extensively described, but no red lead was found
(Malevanny, 1968).

The Persian alchemist and physician of ninth-
to tenth-century Baghdad, al-Razi, recognized
the two oxides of lead, minium and litharge,
as artificially prepared substances (Multhauf,
1967). An eleventh-century Arabic manuscript
on bookbinding lists red lead as an ingredient of
various inks and dyes (Levey, 1962). The pig-
ment has been found on a fourteenth-century
Arabic manuscript in the collection of the Freer
Gallery. In the Mappae Clavicula, a tenth- and
twelfth-century medieval manuscript which re-
cords the technology of earlier periods, prepara-
tion of red lead is achieved by treating metallic
lead with vinegar and then heating the lead
white thus formed (Smith & Hawthorne, 1974).
Theophilus, the eleventh-century medieval
scholar, describes roasting lead white while
stirring to produce minium on a scale appro-
priate to a small factory (Hawthorne & Smith,
1963). A fifteenth-century German treatise on
the dyeing of textiles describes the manufacture
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of minium by simple melting and oxidation of
lead (Radosavljevic, 1972). Agricola in the
sixteenth century knew that red lead was an arti-
ficial product (Hoover & Hoover, 1950). Slavic,
Armenian, and Azerbaijan recipes of the fif-
teenth to eighteenth centuries involve the mak-
ing of the pigment from lead metal, which is
first converted to lead white by treatment with
vinegar and sal ammoniac (Radosavljevic,
1972).

Red lead was used widely in medieval manu-
scripts, both alone and with vermilion (D. V.
Thompson, 1936); the word miniature comes
from the Latin verb miniare, to write with
minium (Loumyer, 1908). Laurie (1910) says it
was used on illuminated manuscripts and in
miniature painting in Europe from the eighth
century on, and that it was used in Byzantine
manuscripts beginning in the seventh century.
The pigment has been found on polychrome
sculpture and panel paintings from the twelfth,
thirteenth, and fifteenth centuries, and oc-
casionally on mural paintings. It has been re-
ported on English sixteenth-century miniature
paintings, where it was mixed with lead white,
vermilion, and ochre to form the flesh tones
(Murrell, 1976).

Red lead is mentioned frequently in the
literature on easel painting, but was not highly
recommended (Harley, 1982). It is not a com-
mon pigment on European easel paintings, butit
has been found on works dating from 1300 to
1900 in the Doerner Institute (Kiithn, 1973). It
was identified in the bole of a fifteenth-century
Italian painting (see fig. 2) and in a scattering of
other paintings up through the nineteenth cen-
tury. Its occurrence on a painting by Renoir
from 1876 (Butler, 1973) may be only as an
adulterant since it is mixed with vermilion. Red
lead was not popular with artists in the nine-
teenth century, but it has been found in three
collections of nineteenth-century pigments: a set
of painting materials owned by J. M. W. Turner
(N. W. Hanson, 1954), a German set of pigments
(Richter & Harlin, 1974a), and a collection of
pigments used by the Swiss painter Arnold
Bocklin (Richter & Harlin, 1974b). It has also
been identified on one of Bocklin’s paintings
(Kiithn, 1969). Red lead was important as a

Fig. 1. Persian miniature, Portrait of a Prince,
Muhammad Harawi, Safavid period, mid-sixteenth
century. Pigment of orange-red robe is red lead.
Freer Gallery of Art, Washington, 37.8.

decorators’ paint in England and was made on
an industrial scale in the seventeenth century
directly from lead. In the eighteenth century it
was manufactured both from lead and from
litharge (Harley, 1982).

Red lead, imported from England, was avail-
able to painters in America from 1738 on. The
Wetherill Company in Philadelphia first manu-
factured the red pigment in 1809, and the orange
in 1811 (Candee, 1967). It is of interest that the
price of the superior product, orange lead, was
about twice that of the red (Candee, 1967). Asin
England, the pigment was probably used more
as a decorators’ paint than an artists’ pigment,
although there is little evidence on this point.
It has been found on six out of one hundred
American paintings of the eighteenth-century
Hudson Valley school (E. Quandt, Private
communication). Red lead is mentioned as an
artists’ material in late eighteenth- to early
nineteenth-century Quebec (Levenson, 1983).
Like lead white, it has been recommended for
protecting the back of a canvas (Mayer, 1970).

Red lead has been used over vermilion to give
a decorative effect. Cennini (D. V. Thompson,
1960) describes its use as hatching, or as dec-
oration over vermilion to give the effect of silk
cloth. Interestingly enough, a similar technique
is quite common on Japanese paintings of the
Ukiyo-e school (seventeenth—nineteenth
centuries).

2.3 Terminal Date

Although still produced for a number of pur-
poses, red lead is not widely used today as an
artistic or decorative pigment. Lead tetroxide
finds important applications in pottery glazes
and in glass manufacture (Colour Index, 1971).
Perhaps its best-known use is as an ingredient in
anticorrosive paint on iron and steel. The first
patent involving the addition of red lead to a
protective coating for metal was registered in
1852 (Smith, 1978). For many years the pig-
ment’s presence was common in the priming
coat used for this purpose. It would be found
either alone or, more recently, mixed with other
pigments such as siliceous iron oxide or mag-
nesium silicate. Today increased use is made of
other corrosion-inhibiting pigments such as
basic lead silico-chromate, zinc yellow (zinc
chromate) and basic zinc chromate (Fuller,
1968 ; Eikhoff, 1973); see chapter on Chrome
Yellow and other Chromate Pigments. In 1973
the total consumption of zinc chromate was
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Fig. 2. Cross section, approximately 15x. Bole
containing red lead and calcium sulfate, from
Madonna and Child Enthroned with Four Saints,
Andrea di Giusto, first half of fifteenth century. Los
Angeles County Museum of Art, A.5805,47.1.
Courtesy of Norman Muller.

8,000 tons and of red lead, 7,000 tons (Kline . . .,
1975).

3.0 GENERAL PIGMENT PROPERTIES

A dense, fine-textured pigment, red lead contri-
butes excellent body and good hiding power to
drying oil paints, although its tinting strength is
low. The pigment has a tendency to darken in
watercolor and wall paintings, but in oil me-
diums it is quite stable. Its anticorrosive pro-
perties on iron are of major importance in the
commercial market (Dunn, 1946). Red lead
exerts a powerful action on drying oils, es-
pecially if there is a certain litharge content
(Taylor & Marks, 1966). Oil-based paints pos-
sess good adhesion, low moisture absorption,
and low permeability to water vapor and oxygen
(Dunn, 1973).

Many of the good physical and mechanical
properties of red lead in linseed oil can be
attributed to the formation of lead soaps. These
soaps are formed by chemical combination of
the pigment with free fatty acids, present in the
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linseed oil. They produce crystalline aggregates
that mechanically reinforce the paint film so it is
tough and elastic and adheres well to metal
surfaces. As the linseed oil ages, more fatty
acids are freed to continue this reaction. Photo-
micrographs of these lead soaps have been
published (Dunn, 1945; Perera & Heertjes,
1971).

Like most lead-containing compounds, the
pigment is poisonous. This fact was early
known; Dioscorides noted that red lead was
more poisonous than vermilion and described
measures taken to prevent poisoning. Its toxicity
and the possibility of its darkening in some
circumstances (see 3.3) are regularly cited as
disadvantages of the pigment’s use.

Red lead, acting as a repellent to silverfish, has
recently been identified on orange end papers of
Chinese books dating to as early as the four-
teenth century (Reese, 1978).

3.1 Color and Spectral Reflectance
Red lead is usually more orange than red. Slight
differences in color among the various types
can be related to the amount of unchanged
litharge present and to particle size. The pigment
is No. 77578, pigment red 105 in the Colour
Index (1971).

Curves of red lead’s spectral reflectance have
been published (Barnes, 1939; Oguchi, 1969;
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Fig. 3. Spectral reflectance of red lead in oil.

Dunn, 1973, 1975), and the dominant wave-
length, purity, and luminosity have been re-
ported (Yamasaki, 1959a). Spectrophotometric
curves were also published by Kenjo and Toishi
(1964) in their study on the darkening of red
lead. Fig. 3 gives typical curves. The masstone of
Munsell Notation, 0.8 YR/6.40/13.36, may be
designated as a vivid reddish orange (Kelly &
Judd, 1976), while the mixture with titanium
white (at 25.9% TiO, by weight) may be properly
designated as a light yellowish pink. Dunn
(1973) states that the fumed type is not as deep a
red as the furnace type, but instead is more
orange. This variation can be seen from the
curves that accompany Dunn’s remarks.

Red lead absorbs strongly in the ultraviolet
from 200 to 500 nm and reflects in the infrared
region. Dunn (1973, 1975) has published spec-
tral reflectance curves of red lead and photo-
graphs of a dozen lead pigments in ultraviolet,
visible, and infrared.

3.2 Hiding Power and Tinting Strength
Because red lead has a high refractive index,
N(Li) = 2.42, it has good hiding power and
provides relatively opaque paints in oil. The
tinting strength is good (Wehlte, 1975).

The particle size varies greatly. The fume type,

probably the finest modern red lead, has a rela-
tively high percentage of particles under 1.0 um
in diameter and no particles larger than 8—10 um
(Dunn, 1973). A sample of Japanese pigment
dating to the eighth century A.D., probably pre-
pared by heating litharge, had particles ranging
from 5-10 um in diameter (Yamasaki, 1959a).
The four varieties of red lead shown in the
scanning electron micrographs (fig. 4) vary in
particle size from 0.2 to 5 um. Dunn (1975) gives
a table of the hiding power of various lead
pigments showing furnace red lead to be 55,
fumed red lead 70, and lead white 20-25 ft2/1b.

3.3 Permanence

The unsuitability of red lead as a pigment on
frescoes and in watercolor has been noted. In the
early fifteenth century, Cennino Cennini (D. V.
Thompson, 1960) mentioned that red lead on
wall paintings turned black with exposure to air.
Indeed, numerous examples of darkened pig-
ment can be cited.

Dark red lead has been reported on several
medieval manuscripts. Laurie (1910) noted its
occurrence on the eighth-century Irish
Lindisfarne Gospels. In a seventeenth-century
English color catalogue in the London library
the color sample of red lead had reportedly
gone black (Harley, 1982). Whether this is due
to the formation of lead sulfide or to another
cause is not known. The pigment is common
on Japanese paintings of the Ukiyo-e school
(seventeenth—nineteenth centuries). On such
works in the Freer Gallery of Art, Washington,
the orange color is usually retained, probably
because the paintings were originally mounted
as scrolls and were therefore rolled up and
somewhat protected. However a few occur-
rences of brown red lead have been noted on
these paintings (see fig. 5). Darkened red lead is
also present on an Indian fifteenth-century
miniature (FGA 59.1). No black lead dioxide
could be identified in samples from these paint-
ings either in microscope slides or by x-ray
diffraction.

Some examination of darkened red lead on
wall paintings has yielded more concrete results.
On wall paintings from three widely scattered
sites — in central China, Kizil in Chinese
Turkestan, and in Afghanistan — Gettens
(1938a, b, c) noted that red lead had changed toa
color he described as “chocolate brown,” and
suggested that this was due to the formation of
brown lead dioxide. This suggestion has been
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Fig. 4. Scanning electron micrographs of red lead,
courtesy of Walter R. Brown, National Museum of
Natural History, and John Winter, Freer Gallery of
Art, Smithsonian Institution, Washington. Captions
by John Winter.

A. “Furnace” red lead, National Lead Co., 1936.
7500x. Rather irregular particles, no well-defined
habit, edges slightly rounded. Mostly in size range
0.5—-3 um. Except for those of one or two particles at
the top, the surfaces do not appear to be fractured.
Aggregation only moderate.

B. “Fumed” red lead, National Lead Co., 1936.
7500x. Characteristics of individual particles
similar to those in A, except that particles are smaller,
0.3—1 um. However, this characteristic is partly offset
by greater aggregation. Aggregates also appear
“tighter,” with individual particles being physically
joined in several places, rather than simply adhering
together.
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C. Yashiro No. 8, tan. 7500x. Particles are larger
than those in A and B, mostly 2—5 um with only a few
smaller. They are irregular and angular particles with
rounded edges and little evidence of crushing or
fracturing. Many particles are joined to form larger
ones (perhaps crystallographic twinning). Some
particles perhaps show more regular habit than those
in A or B.

D. Turner palette No. 21. 7500x. Wider range of
particle sizes than in A, or B, or C, 0.2-3 um. Except
for greater number of larger particles, looks very
much like B. Particles irregular and angular, with
rounded edges, quite a lot of aggregation. No
particular evidence of crushing or fracturing.




Fig. S. Three Actors Playing a Scene, Torii Kiyonobu
1 (1664-1729), Japanese, detail. The red-brown robe
of actor, lower right, is darkened red lead. Freer
Gallery of Art, Washington, 98.14.

confirmed by recent examination of another
wall painting fragment from Kizil. As identified
by x-ray powder diffraction the darkened red
lead on this fragment is clearly a mixture of
red lead and black lead dioxide (see table 4 and
fig. 17).

Red lead, partially or completely transformed
to black lead dioxide, has also been observed on
several Swiss wall paintings of the thirteenth to

the seventeenth centuries. PbO, was identified
by x-ray diffraction (H. Kiithn, private communi-
cation, 1976). Some black-colored particles,
with red lead, have been observed microscopi-
cally in samples of darkened pigment from
early medieval wall paintings from Eastern
Turkestan, although PbO, could not be iden-
tified by x-ray diffraction (Riederer, 1977). In
Japan, wall paintings of the seventh and tenth
centuries show red lead that has altered to a
brown color (Yamasaki, 1959b).

In films prepared from a glue medium darken-
ing can be produced artificially by exposure to
light and high humidity (Gettens & Stout, 1966).
Test panels with a kaolin priming (the ground

RED LEAD AND MINIUM 117

me

NSOy

aspr

o



used in Chinese wall paintings) on a hardboard
support were exposed to 90% relative humidity
at 40°C; within five days the red color had
become ‘““as brown as the specimens from the
Tun Huang caves” (Gettens, unpublished).
Previously it had been thought that the choco-
late brown flesh color of the Buddhas on central
Asian wall paintings was original (Warner,
1938). Weber (1923) states that dry powdered
red lead turns black on exposure to light. He
suggests, however, that this is not a reaction
produced by oxidation since it will occur in an
evacuated vial exposed to light. Kenjo and
Toishi (1964) tested Pb,O, in atmospheres of
oxygen, carbon dioxide, and nitrogen, in dark-
ness and ultraviolet light, with and without glue
medium, measuring the resulting changes by
spectrophotometer. Slightly more darkening
was evident in oxygen than in the other gases;
slight lightening was noted in carbon dioxide
and nitrogen. The presence of glue seemed to
protect the red lead in oxygen and carbon
dioxide, but not in nitrogen. Litharge was like-
wise found to be protected by the glue medium.
Nikawa, the animal glue used, is the binder
found in Japanese paintings.

The darkening of lead tetroxide may not be a
simple matter of alteration to PbO,. As noted in
4.3, the chemistry of the various lead oxides is
complex. The black PbO, itself is not particu-
larly stable; it decomposes slowly due to the
action of light and is decomposed by low heat —
a-PbO, starts decomposing at 270°C, B-PbO, at
400°C (Pascal, 1963). If PbO,, a strong oxidizing
agent, forms, it may react with the medium or
other organic materials present. The mechanism
of the formation of this black discoloration is
still incompletely understood.

Various authors have pointed out that red
lead in linseed oil medium can alter to a lighter
color. Exposure to the elements — sunlight,
rain, and atmospheric CO, — can cause the
formation of the basic lead carbonate, lead
white, to give a chalky surface (Eikhoff, 1973).
Augusti (1965) has suggested that the red pig-
ment, although listed, was not among the speci-
mens found at Pompeii because it had altered to
lead carbonate. Whitened red lead has been
reported on paintings in Japanese sixteenth-
century temples (Emoto, 1974).

Another defect of the pigment is its suscepti-
bility to attack by hydrogen sulfide or by sulfide-
containing pigments, leading to the formation of
black lead sulfide (PbS).
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3.4 Compatibility

The incompatibility of red lead and orpiment
(As,S;) was noted by medieval writers (Smith &
Hawthorne, 1974). Nonetheless, in oil and in
synthetic resin vehicles the pigment is con-
sidered to be relatively safe from darkening.
Wehlte (1975) does not recommend its use with
sulfur-containing pigments such as cadmium
sulfide, vermilion, or ultramarine.

3.6 Chemical Properties

When heated strongly, red lead decomposes
to form litharge (PbO) (Parkes, 1961). When
heated gently in air, it changes to a dark reddish
brown and then violet, but its red color is
regained on cooling (Bearn, 1923, p. 115). The
mineral minium has a fusibility of 1 (i.e., it will
fuse in a candle flame at about 525°C), and it
gives off oxygen in a closed tube (Palache et al.,
1944).

Red lead is soluble in dilute acids. After
treatment with dilute nitric acid and rapid
evaporation, characteristic colorless dendritic
crystals of lead nitrate form (see figs. 6A and 6B).
Sometimes brown lead dioxide forms with the
lead nitrate; de Wild (1929) points out that this
is most readily observed by reflected light.
Application of concentrated nitric acid will also
cause formation of brown PbO, (Plesters, 1956).
After slow evaporation of the nitric acid solu-
tion, lead nitrate may be observed in the form of
highly refracting octahedra (figs. 6A and 6C). It
has been noted that the presence of a reducing
agent like sugar or alcohol, with or following
the addition of nitric acid, will cause the brown
lead dioxide to dissolve (Champetier & Rabate,
1956), which can constitute a confirmatory test.
The addition of oxalic acid to the nitric acid
solution will also dissolve the PbO,. While red
lead is soluble in acetic acid, de Wild (1929) says
that PbO, will form when the pigment is treated
with acetic acid and moderate heating.

Dilute (3N) HCI1 causes simultaneous for-
mation of white PbCl1, and liberation of Cl1,.
It has been suggested (Parkes, 1961) that lead
dioxide may form intermediately, a reaction that
will also proceed with concentrated HC1. When
red lead is dissolved in dilute HNO,, and dilute
HCl is then added, colorless or white crystals of
lead chloride can be observed in the form of
irregular prisms, feathery dendritic masses, or
most characteristically, tong- or cross-shaped
crystals, like X’s with slightly curving arms
(Chamot & Mason, 1940; see fig. 7). Dilute



Fig. 6. Microchemical tests for lead.

A. Test for red lead with dilute nitric acid. Both
dendritic and octahedral lead nitrate can be seen.
Test was made on several particles of red lead from a
Buddhist stone sculpture, sixth century, Freer
Gallery of Art, Washington, 13.27. One large particle
and one small one remain; the largest dimension of
the large particle is about 0.07 mm. Dry preparation
by reflected light. 125x.

B. Lead nitrate, dendritic, by transmitted light. Dry
mount. 60x.

C. Lead nitrate, octahedral, by transmitted light. Wet
mount without cover glass. 155x. Photo W. T. Chase.
Figures 6B and C reprinted by permission from
Studies in Conservation (Gettens, Kithn & Chase,
1967).
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Fig. 7. Lead chloride, by transmitted light. Wet
mount without cover glass. 60x. Reprinted by
permission, from Studies in Conservation (Gettens,
Kiihn & Chase, 1967).

H,SO, causes the precipitation of heavy granu-
lar PbSO,.

Red lead is not attacked by sodium hydroxide
(Champetier & Rabaté, 1956).

3.6 Oil Absorption and Grinding
Qualities
The oil absorption of red lead pigments tends to
be low. The Raw Materials Index (1975) indi-
cates that typical oil absorption is 6 to 7.5%.
Although red lead mixes well with oil, paints
made with the 857 grade must be used within a
few hours of mixing; otherwise, the paint will
thicken owing to soap formation to such an
extent as to become unusable (Mattiello, 1942).
The measured density of artificial lead tet-
roxide is 8.9-9.2, compared with a calculated
density of 8.925 (Roberts et al., 1974).

3.7 Toxicity
Because of its lead content, the pigment has a
high toxicity (Wehlte, 1975).
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4.0 COMPOSITION

4.1 Chemical Composition

Red lead is lead tetroxide, Pb;0,. It belongs to
the tetragonal crystal system. Its structure con-
sists of chains of PbIVO4 octahedra sharing
opposite edges. These chains are linked by the
Pb!! atoms, each with a pyramidal arrangement
of three O atoms (Wells, 1975; see fig. 8).

Fig. 8. Crystal structure of Pb,0,. a. Presentation in
three-dimensional space. b. Plan. From A. F. Wells,
1975.
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Dunn (1973) states that the pigment is pres-
ently sold in grades 0f 98, 97,95 and 857, Pb,0,.
The balance is principally litharge, the presence
of which is considered desirable for many uses.
There are two major types of red lead available
in these ranges of composition: furnace and
fume (see 4.3 Preparation). The latter tends to
provide finer particle sizes, as indicated in the
particle-size distribution curve published by
Dunn (1973). A grade known as “orange min-
eral,” made by the old method of roasting lead
white, is still available although no longer much
in demand. In the early part of the twentieth
century, most of the red lead was the 857; grade,
which because of its reactivity with the vehicle
had to be mixed on the site. With the high cost of
labor the demand for premixed paint grew and
eventually a 987, grade was marketed (Dunn,
1973).

4.2 Sources

The mineral minium is found in small amounts
in many localities, usually as an alteration
product of galena or cerussite (Palache et al.,
1944). Both Forbes (1955) and Petrie (1889)
suggest that a naturally occurring red oxide of
lead was the source of the pigment of Greco-
Roman date found at Hawara in Egypt.
However, there seems to be no mention of the
mineral red lead in ancient Egyptian texts
(Harris, 1961). Except for these suggestions,
there is little indication that the natural mineral
ever was used as a pigment. In the section

Fig. 9. Basic structure of a reverberatory furnace for
converting lead to dross and finally to red lead. Here
illustrated is the drossing furnace. Lead metal to be
converted is placed at b; fireplaces at c. After Zerr
and Ritbencamp (1908).

discussing history of use (2.2), reference is made
to the manufacture of red lead in China as early
as the fifth century B.C.

There remain today many manufacturing
sources of this valuable pigment. Dunn (1973)
cites three current sources of supply in the
United States: Eagle-Picher, Hammond, and
National Lead.

4.3 Preparation

The preparation of the red pigment from lead
white was known in Greek and Roman times.
However, in fifteenth-century Germany (see 2.2)
lead metal was the starting material in a two-
stage process in which litharge was the in-
termediate product. From the Far East de-
scriptions of the manufacture of red lead from
what was evidently the metal are known much
earlier. Although such early descriptions of
making red lead from lead metal imply its
preparation from litharge, this process as such
was not mentioned until the eighteenth century
in England (Harley, 1982).

It must be borne in mind that the yellow
painters’ material known as litharge, frequently
used as a drier in oils, is not the same crystal-
lographically as the mineral litharge. Mineral
litharge is red PbO, of the tetragonal crystal
system. Painters’ litharge is identical to the
mineral massicot, yellow PbO, which is ortho-
rhombic. Massicot as a pigment name can refer
to any lead-based yellow, most commonly lead-
tin yellow (Harley, 1982).

Litharge (PbO) can be heated in air to pro-
duce red lead, the speed of the reaction depend-
ing on the fineness of the PbO (Pascal, 1963).
The simple lead-roasting muffle furnace shown
in fig. 9 is typical of that used in the West in the
late nineteenth and early twentieth centuries. In
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the past, temperatures ranging from 300 to
500°C have been given for this process (above
550°C only PbO is stable). At present a range of
450-470°C is used, and the product is called
furnace red lead. Pigment prepared in this way
contains a certain amount of litharge. To obtain
pure Pb,0,, dilute acetic acid can be used to
remove the PbO that may be present (Wells,
1975). In practice this procedure is not followed
in the paint industry ; the presence of some PbO,
which is a powerful drier, is believed advan-
tageous. As noted above, the Pb;O, content of
commercial red lead varies from 85 to 98%; the
composition of the balance, when listed, is given
as PbO (Raw Materials Index, 1975). It is
generally agreed that the transformation of
litharge to red lead is not a simple process and
that there are many complex intermediate ox-
ides (Wells, 1975; Gillibrand & Halliwell, 1972).

Itis reported (Pascal, 1963) that finely divided
lead can oxidize to minium at room tempera-
ture, the process being accelerated by light and
humidity. Lead monoxide can also transform to
minium at room temperature; in one instance
this took place within eight years.

The second common manufacturing method
today produces a material known as fume red
lead. In this process atomized molten lead is
instantly heated in an oxidizing atmosphere to
approximately 1800°C. The condensed material
from this heating is collected in a series of
chambers, fume red lead being the final and
finest product collected (Dunn, 1973).

Other preparation methods exist, which were
not commonly applied in commerce (Bearn,
1923, pp. 114-115). Lead sulfate can be calcined
with sodium carbonate and sodium nitrate to
produce red lead. In the so-called nitrate pro-
cess, metallic lead is fused with sodium nitrate to
produce lead oxide and sodium nitrite ; the latter
is washed away and the remaining lead oxide is
treated as above. Two noncommercial methods
of forming minute crystals of red lead have been
reported: lead carbonate can be fused in a
mixture of sodium and potassium nitrates, or
lead oxide or carbonate can be heated in hot
concentrated potassium hydroxide solution
(Palache, et al., 1944). A pigment of very fine
particle size can be obtained by vaporizing lead
in an arc between two electrodes and oxidizing it
in a current of oxygen (Champetier & Rabate,
1956).

Red lead can be prepared, as in antiquity, by
heating lead white (2PbCO;°Pb(OH),) in air
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between 425 and 430°C, with the release of water
and carbon dioxide. Although higher and lower
temperatures can be used, transformation ap-
pears to be most rapid and efficient in this range
(Brown & Nees, 1912). As already noted, the
pigment produced by this process is called
orange lead.

4.4 Adulteration and Sophistication

As mentioned, the principal impurity found in
conjunction with red lead is litharge. This is not
an intentional adulterant, but is a result of the
manufacturing process.

The pigment has long been used as an adul-
terant in other reds, notably vermilion. This
practice dates at least from the time of Pliny. The
transfer of the name minium from cinnabar to
red lead, largely because of this practice, has
already been noted by Cennini (D. V. Thompson,
1960). In seventeenth-century England, and
later in America, vermilion was adulterated with
red lead, and methods used to detect this have
been described (Harley, 1982).

In the past, the pigment has also been doc-
tored with organic dyes to give it greater bril-
liance (Doerner, 1949). One common product
was known as “American vermilion,”” a mixture
ofredlead and red lakes (Gettens, et al., 1972). A
red pigment on Chinese pottery figurines of
questionable origin (Gettens, 1954) was found
to consist of vermilion, red lead, barite, and
modern dyes.

5.0 IDENTIFICATION —
CHARACTERIZATION

5.1 Characterization by Optical and
Scanning Electron Microscopy

Red lead is weakly but plainly birefringent, and
its refractive index is high, N(Li) = 2.42.
Anomalous blue-green interference colors seen
with crossed polars are highly characteristic and
often manifest themselves as “‘a peculiar iri-
descence” (Gettens, 1954). Examples can be
seen in figs. 10, 11, 12, and 13. The pigment
characteristics of a high refractive-index, orange
color by transmitted light, blue-green color
between crossed polars, and solubility in dilute
nitric acid make the identification of red lead
almost certain by simple light microscopy.

The mineral minium, belonging to the tet-
ragonal crystal system, occurs as an alteration
product of galena (PbS) and other lead minerals
and is commonly associated with galena, cerus-
site (PbCOj;), massicot (PbO), and limonite



Fig. 10. Red lead on orange sticks of fan, Japanese B. Same field between crossed polars.
painting 4 Boy with a Fan, Ukiyo-e, late seventeenth

century, Freer Gallery of Art, Washington, 05.96.

1200x. Oil immersion objective, mounted in Canada

balsam, refractive index 1.53. A. In plane polarized

light.

Fig. 11. “Fumed” red lead. National Lead Co., 1936.  B. Same field between crossed polars.
1200x. Oil immersion objective, mounted in Canada

balsam, refractive index 1.53. A. In plane polarized

light.

Fig. 12. Red lead, Turner palette No. 21 (see J. W. B. Same field between crossed polars.
Hanson, 1954). 1200x. Oil immersion objective,

mounted in Aroclor 5442, refractive index 1.66. A. In

plane polarized light.
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Fig. 13. Red lead, modern Japanese pigment, tan, B. Same field between partially crossed polars.
Yashiro No. 8. 1200x. Oil immersion objective,

mounted in Canada balsam, refractive index 1.53.

A. In plane polarized light.

C. Same field, rotated 50°, between partially crossed
polars. D. Same field as C, between crossed polars.
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(hydrous iron oxide) (Roberts et al., 1974). The
habit of the natural mineral is massive, earthy,
or powdery. Microscopically it is cryptocrystal-
line and is said to be fibrous in character, the
optical orientation being parallel to the fibers
(Larsen & Berman, 1934). A specimen of the
minium used by Larsen and Berman in their
publication (usnm 84226, Stone Mine,
Leadville, Colorado) is in the Department of
Mineral Sciences, Smithsonian Institution. This
particular specimen is so finely divided that the
optical properties are difficult to determine, even
at 1000x; the particles appeared to be birefrin-
gent, but no blue-green colors could be seen. No
samples of red lead pigment examined to date by
the author have been as finely divided as this
material.

Artificially prepared pigment occurs in par-
ticles made up of tiny, irregularly rounded
aggregates, which are red to orange in transmit-
ted light. According to Merwin (1917), particles
of red lead produced by oxidation of litharge are
“scaly or irregular grains . . . without definite
outlines,” whereas the pigment prepared from
lead carbonate is in the form of “aggregates of
extremely small particles with almost no crystal-
line structure.” Dunn (1973) has described the
microscopical differentiation between furnace
red lead and fumed red lead. The particles of the
former are tabular to chunky, with a roughened
surface, while those of the latter are flaky and
more transparent with a smoother surface (see
figs. 4 and 11).

5.2 Chemical ldentification

The effect of acids, as noted in 3.5, can give a
preliminary indication that an orange pigment is
red lead. The formation of dendritic crystals of
lead nitrate when the sample is dissolved in
dilute nitric acid is perhaps the most characteris-
tic result. The formation of lead chloride has
also been described (see 3.5). There are several
specific tests for lead, however, that are useful.

5.21 Test with Potassium lodide to Form
Lead lodide. The lead nitrate residue from the
nitric acid treatment may be taken up with a
drop of water or a drop of dilute acetic acid, and
a tiny crystal of potassium iodide (K1) added to
the solution. Pbl, precipitates immediately in
the vicinity of the crystal in thin, bright yellow
scales or hexagonal plates, which appear green-
ish, brownish, or even gray by transmitted light
(fig. 14). By reflected light they scintillate and
glisten, sometimes with iridescence, because of

B s Wi

Fig. 14. Lead iodide, by transmitted light. Wet
mount with cover glass. 250x. Photo: W. T. Chase.
Reprinted by permission from Studies in
Conservation (Gettens, Kithn & Chase, 1967).

Brownian movement. Two precautions are nec-
essary (Gettens, et al., 1967). The test particle of
KI must not be too large because Pbl, is soluble
in an excess of that reagent. Futhermore, too
high a concentration of HNO; will decompose
KT with release of elemental iodine. The limit of
identification is 0.0005% lead acetate (5 ppm)
(Short, 1940).

It should be noted that if a mixture of ver-
milion and red lead is tested for lead with
potassium iodide, any vermilion, which will not
have dissolved in the nitric acid and is still
present, will dissolve when the KI is added
(Gettens, et al., 1972, footnote, p. 57). More-
over, a mixture of vermilion and lead white will
yield a lead iodide test that could lead to the
erroneous deduction that the colored paint was
based solely on red lead, if the sample is not
examined microscopically (Feller, 1971).

5.22 Test with Copper Acetate and Po-
tassium Nitrite to Form K,PbCu(NO,)s
To the residue after treatment with nitric acid a
test solution is added, made up of 0.5% copper
acetate, and 0.5% sodium acetate, and 1.0%
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Fig. 15. Triple nitrite test, K,PbCu(NO,), by
transmitted light. 400x. Photo: W. T. Chase.
Reprinted by permission from R. J. Gettens and
E. W. FitzHugh, ““Azurite and Blue Verditer,”
Studies in Conservation, 11 (1966), 54—61.

acetic acid. A single fragment of solid potassium
nitrite (KNO,) is introduced into the solution.
When lead is present it immediately precipitates
as the triple salt, K,PbCu(NO,)s, in the form of
cubiccrystals. Illustrated in fig. 15, these crystals
are black in transmitted light but brownish by
reflected light; when very thin they may be
brown or orange-colored by transmitted light
(Chamot & Mason, 1940). Sensitivity is 0.03
micrograms (Augusti, 1942).

5.23 Test with Potassium Chromate to
Form PbCr0O,. A drop of dilute HCI, fol-
lowed by a drop of K,CrO, solution, is added to
the nitric acid solution of red lead to give a
heavy, bright yellow precipitate of PbCrO,
(Plesters, 1956).

5.24 Test with Sodium Sulfide or Hydro-
gen Sulfide to Give PbS. Red lead turns
brown on addition of Na,S or H,S owing to the
formation of black lead sulfide; the reaction
with Na,S has been used to determine lead
microchemically (Augusti, 1946).
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5.25 Other.Many of the tests just described
can also be used on cross sections of paint films.
Lead may be detected in a cross section with H,S
(Dunn, 1945), or with the lead iodide test
(Plesters, 1956). A spot test or drop reaction for
lead using KI and stannous chloride, which
gives a red-orange precipitate of the complex
salt 2Pbl,'Snl,, has also been described
(Augusti, 1942). Lead can also be identified by
the Weisz ring-oven technique (Locke & Riley,
1970).

5.3 Instrumental Methods of Analysis

5.31 X-ray Diffraction. The x-ray diffrac-
tion data for red lead are shown in table I.
Typical Debye-Scnerrer, powder diffraction
patterns are reproduced in fig. 16. Because
litharge so frequently occurs as a constituent of
modern red leads, it is appropriate to include the
data for both forms of PbO, yellow painters’
litharge (mineral massicot) and the red mineral
litharge. PbO, (plattnerite) is also included
because it may be encountered as a component
of darkened red lead (table 2). This is illustrated
in table 4 and in fig. 17 in the analysis of a
fragment of a wall painting from Kizil, Chinese
Turkestan.

Typical patterns of the three lead oxides other
than red lead are shown in fig. 18. The three
strongest lines for each of the four oxides are
given in table 3. Pb;0, also exists in a distorted
form that gives anomalous broadening of the
x-ray diffraction lines and is called pseudo-
tetragonal Pb;O, (Gillibrand & Halliwell,
1972).

5.32 Infrared Spectroscopy. The infrared
absorption curve of red lead (Pb;O, 97%
PbO 3%) has been published and the key
infrared absorption bands noted (Afremow
& Vandeberg, 1966; Infrared Spectroscopy,
1969; McDevitt and Baun, 1964). Typical of
many oxide pigments, the distinctive absorption
bands are all below 600cm™ !, asshown in fig. 19,
which also includes the spectrum of litharge
(PbO). The location of the distinctive bands can
be expected to vary somewhat depending upon
the purity of the sample and the calibration of
individual instruments. A list of the principal
absorption peaks determined from published
data is therefore given in table 5, along with
the values from fig. 19. The peak data was
kindly provided by the Research Center on the
Materials of the Artist and Conservator,
Carnegie-Mellon Institute of Research,



Fig. 16. X-ray powder diffraction patterns of red lead
and minium (Pb;0,).

A. Minium. Stone Mine, Leadville, Colorado.
Department of Mineral Sciences, Smithsonian
Institution. USNM 84426. Film F1838.

B. Furnace red lead. National Lead Co., 1936. Film
F1674.

C. Red lead, ran. Yashiro (Japanese pigment
company), 1931, No. 8. Film F1675.

D. Red lead on orange sticks of fan, 4 Boy with a

Fig. 17. X-ray powder diffraction pattern of
darkened red lead (see table 4). Photograph not to be
used for measurement purposes.

Fan, Ukiyo-e, late seventeenth century. Freer Gallery
of Art, Washington, 05.96. Film F1870.

E. Red lead in orange area of carpet, 4 Prince with an
Attendant, late Mughal, nineteenth century. Freer
Gallery of Art, Washington, 07.621. Film F1835.

F. Red lead. Turner palette, No. 21 (see J. W.
Hanson, 1954). Film F1664.

A, D, and E, Gandolfi powder diffraction; B, C, and
F, Debye-Scherrer powder diffraction. Camera
diameter 114.6 mm. Photographs not to be used for
measurement purposes.

PbO, 3.50 A
PbO, 2.469 A
\ PbO, 1.855 A
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Table 1. X-RAY DIFFRACTION DATA FOR Table 2. X-RAY DIFFRACTION DATA
FOR OTHER LEAD OXIDES WHICH
MIGHT BE ASSOCIATED WITH RED
LEAD (Diffractometric Data, CuKa, =

RED LEAD (Pb,0,)? (Diffractometric Data,
CuKa, = 1.5405 A, 25°C)

d(4) I
6.23 12
3.66 4
3.38 100
3.28 8
3.113 20
2.903 50
2.7817 45
2.632 30
2.444 2
2.289 4
2.260 8
2.205 2
2.076 2
2.032 12
1.970 12
1.903 20
1.887 <1
1.829 20
1.755 30
1.729 2
1.7025 2
1.6897 2
1.6417 8
1.6302 <1
1.5876 12
1.5580 8
1.5292 8
1.5116 2
1.4744 <1
1.4687 4
1.4521 2
1.4144 14
1.3944 <1
1.3728 2
1.3471 4
1.3109 4
1.2830 4
1.2614 4
1.2461 4
Plus 43 lines

to 0.7872

4 ycpps Powder Diffraction File 8-19, Courtesy of JCPDS
International Centre for Diffraction Data (JcpDs, 1982).
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1.5418 A, 27°C)
PbO (red)® PbO (yellow)®  PbO, (black)*
(mineral (mineral (mineral
litharge) massicot) plattnerite)
d(A4) I d(4) I d(A4) 1
5.018 5 5.893 6
3.115 100  3.067 100 3.50 100
2.809 62 2.946 31 2793 95
2.510 18 2.744 28  2.469 40
2.124 1 2.493 <1l 2438 6
1.988 8 2377 20 2.224 6
1.872 37 2278 <1l 1.855 80
1.675 24 2.203 <l 1.752 18
1.558 6 2.008 12 1.692 14
1.542 11 1963 2 1.568 20
1.438 2 1.850 14 1.524 25
1.405 S  1.797 14 1.486 20
1.282 2 1.724 15 1.398 14
1.256 3 1.640 13 1274 20
1.226 4 1.596 <1 1.240 8
1.219 5 1.534 9 1.218 12
1.1977 <1 1.514 2 1.169 8
1.1462 2 1474 11 1.151 14
1.1232 2 1.408 <l 1.133 14
1.0768 3 1.372 1 1.109 10
1.0610 2 1.363 <1 1.102 10
1.0386 <l 1.325 1 1.005 12
1.0254 <1l 1.297 2 0972 6
0.9738 1 1.289 3 0961 14
0.9462 1 1.252 2 0.951 16
0.9365 3 1.244 2 0934 8
0.9200 3 1.203 4 0927 10
1.188 3 0.887 12
1.174 4 0.877 6
1.139 2 0.872 10
1.120 2 0.851 6
1.102 4 0.842 8
1.091 2 0.823 20
0.802 8
0.793 12
0.784 10
0.778 12

a. Jcpps Powder Diffraction File 5-0561.
b. scpps Powder Diffraction File 5-0570.
c. Jcpps Powder Diffraction File 25-447.

Courtesy of Jcpps International Centre for Diffraction Data

(1982).



Table 3. THREE STRONGEST LINES IN
THE X-RAY DIFFRACTION PATTERNS
OF THE FOUR LEAD OXIDES

Table 4. X-RAY DIFFRACTION DATA FOR

SAMPLE OF DARKENED RED LEAD

Darkened Red Lead®

Kizil wall painting Pb,0, PbO,
fragment, (red)b (black )¢

( Freer SC-PA-144) (red lead) (plattnerite)

(lines I = 30 and above)

d(Ad) I
Pb,0, 3.38 100
2.903 50
2.787 45
PbO (red) 3.115 100
2.809 62
1.872 37
PbO (yellow) 3.067 100
2.946 31
2.744 28
PbO, 3.50 100
2.793 95
1.855 80

Pittsburgh. The spectrum of red lead extending
to 45 cm™ ! has been published by Nyquist and
Kagel (1971).

Litharge, which may be present in some
samples of Pb;0,, usually exhibits only one
major and two minor absorption peaks, but
again the specific shape of the curve will vary
somewhat depending upon purity.

5.33 Spectrochemical Analysis. Lead is
readily detected by emission spectrography.
Prominent lines in the visible range are 6001.8
and 4057.8 A (Peterson & Jaffe, 1953); in the
ultraviolet range they are 2873.3,2833.1, 2663.2,
2614.2 A, with sensitivity of 0.01% (Waring &
Annell, 1953). It has been suggested that deter-
mination by emission spectrographic analysis
of the copper/silver ratio in lead white from
paintings will give some indication as to whether
the work originated in Italy or the Netherlands
(Kiihn, 1966). Identification of the same impu-
rities in red lead might give similar information.

Lead may also be detected by x-ray fluores-
cence and electron microprobe analysis. The
main lead lines are KB, 84.9 kV (0.14590 A),
Ka, 72.8kV (0.170294 A), Ly, 14.8kV (0.83973
A), LB, 12.6 kV (0.98221 A), La, 10.6 kV
(1.17501 A), and La, 10.5kV (1.18648 A) (V. F.
Hanson, 1973; Bearden, 1972-1973). The pre-
sence of red lead in the lead white on a painting
has been detected by electron probe micro-
analysis (Hornblower, 1963), but no analysis of
red lead by this method or by x-ray fluorescence
has been reported.

d(4) I d(4) I d(4) I
6.28 30 3.38 100 3.50 100
3.51 90 2.903 50 2.793 95
3.35 100 2.787 45 2.469 40
3.10 20 2.632 30 1.855 80
2.89 60 1.755 30

2.80 10

2.63 30

2.49 30

2.25 10W

1.97 10W

1.91 30

1.86 80

1.76 80

1.70 20

1.64 30

1.56 20W

1.52 30

1.48 20

1.41 20

1.39 20

a. Gandolfi powder diffraction pattern, Freer Gallery of Art,
Film F2386. Intensities determined visually.

b. scpps Powder Diffraction File 8-19.

c. Jcpps Powder Diffraction File 25-447.

Courtesy of Jcpps International Centre for Diffraction Data
(1982).

5.34 X-radiography. Because of lead’s high
absorption coefficient, areas of red lead in paint-
ings are opaque to x-rays. Distinguishing red
lead from vermilion by radiography alone
would be difficult, however, since the absorption
coefficients of lead (101.7 cm2g™ ') and mercury
(101.2 cm?g ') are similar (de Wild, 1929).
Thus, x-radiography does not provide an inde-
pendent means of identifying red lead ; in special
cases it might supply confirmatory evidence
when used in conjunction with other exam-
ination methods.

5.35 Neutron Activation Analysis. Char-
acteristic impurities in lead white, estimated
by neutron activation, gave some indica-
tion of the date of a series of Dutch paintings
from the sixteenth to the twentieth centuries
(Houtman & Turkstra, 1965). Impurities in lead
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Fig. 18. X-ray diffraction powder patterns of lead
oxides other than red lead.

Yellow PbO (orthorhombic), mineral massicot.

G. Sublimed litharge. Eagle Picher. Line marked is
d = 2.623, one of six lines sometimes occurring with
yellow PbO due to a green phase formed after
exposure to air (See JCPDS Powder Diffraction File
5-0570). Film F845.

H. Lead monoxide, yellow 99.9995%. Gallard-
Schlesinger. Film F1844.

Red PbO (tetragonal), mineral litharge.

I. Litharge. Fundicon Espanol, Quoma Mine,
Mizque Province, Cochebamba, Bolivia. Department
of Mineral Sciences, Smithsonian Institution, USNM
66580. Film F1869.

J. Litharge. Red corrosion product, lead pad under
column, U.S. Capitol, 1959. Film F768.

Black PbO,, mineral plattnerite.

K. PbO,, Baker Adamson. Film F1890.

H, I, and K, Gandolfi powder diffraction; G and

J, Debye-Scherrer powder diffraction. Camera
diameter 114.6 mm. Photographs not to be used for
measurement purposes.
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white from Norwegian altar frontals have also
been determined by this method. (Steinnes,
1976). Presumably the same impurities in red
lead on objects or paintings might give similar
information.

5.36 Mass Spectrography. Isotope mass
spectrography has been used to identify the
source of lead white based on lead isotope ratios,
Pb-206/Pb-204 (Keisch, 1970). The lead isotope
ratios from the lead on Rubens’ The Gerbier
Family indicate that the red lead and the lead
white on this painting are from the same source
(Keisch, 1970; Feller, 1973). Isotope analyses
have been made of white and red lead from
Norwegian medieval art (Plahter, 1976). Spark-
source mass spectrography has been used to
identify red lead on sixteenth- to seventeenth-
century Mughal Indian miniature paintings
(Cairns & Johnson, 1972).



Table 5
FREQUENCIES OF PRINCIPAL INFRARED ABSORPTION BANDS IN RED LEAD
AND LITHARGE (IN RECIPROCAL CENTIMETERS, cm™ 1)

Nyquist McDevitt Infrared
and and Spectroscopy
Kagel (1971) Baun (1964 ) (1969)
Fig. 19 Fig. 327 Table 1 Figs. 511,538
Red Lead 132 136 — o
152 152 — —
282 282 — 292
320 325 320 332
380 382 380 383
455 455 445 458
515 — — 515
530 530 525 530
— — 650 e
Litharge 295 — 300 300
355 — — 355
375 — 377 —
= s 500 478

5.37 B-Ray Backscattering. Backscattering
of beta rays emitted from radioisotopes has been
used to identify pigments on Japanese paintings
(Yamasaki, 1957). As with x-radiography, the
differentiation between vermilion and red lead is
not possible because both give a high intensity of
backscattering of beta particles. In special cases
confirmatory identification of red lead by this
method might be achieved.

0
I}
™

!

Litharge

5.4 Criteria for Positive Identification
Red lead can usually be recognized with con-
siderable confidence under the polarizing micro-
scope from its color and optical properties; the
typical blue-green interference colors between
crossed polars are highly distinctive and readily
distinguish the pigment from vermilion and
hematite. Determination of lead by chemical
microscopy, emission spectrographic analysis,
or other means provides additional confir-
mation. Positive identification, of course, is
provided by x-ray diffraction analysis.
8 The blue-green interference color that can
| o N | | often be seen in the finest of particles, the orange
700 600 500 400 300 200 100 color under ordinary light, the high refractive
em=? index, the ready solubility in dilute nitric acid,
and the subsequent detection of lead — usually
aslead iodide — constitute a combination of five
attributes that provide practically unequivocal

Red Lead
Pb,0,

I3
0
<+

Fig. 19. Infrared absorption spectra of the significant
absorption bands in red lead and litharge in the
region of 700 to 100 cm™ !. Litharge occasionally may

show absorption between 355 and 375 cm™ ! which identification, making re(.l lead _among t.he
probably is due to traces of Pb,0,. The spectraare  three or four pigments easiest to identify with
arbitrarily displaced to facilitate comparison. confidence.
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6.0 NOTABLE OCCURRENCES

EUROPE
Artist or School
Collection or Location

Analyst and Method
of Identification

German Medieval wall painting in the Briefkapelle, Kirche
St. Marien, Libeck

Fourteen European illuminated manuscripts, 10th—16th
centuries, Bibliothéque Nationale and Archives Nationales,
Paris

Crucifix from Lichtenstein castle, c. 1050,
Wiirttembergisches Landesmuseum, Stuttgart

Seven German wall paintings, 12th—-16th centuries, Freiberg
Cathedral and other locations

Virgin and Child, polychrome wood, 12th century, Hovland
Stave Church, Eggedal, Norway

Freudenstadter Lesepult, Romanesque sculpture, c. 1150,
Town church of Freudenstddt (Schwarzwald),

West Germany

Virgin and Child, Church of Dal, polychrome wood, 2nd
half 13th century, University Museum of National
Antiquities, Oslo

Painted wooden altar frontals, 1250—-1350, Church of
Tingelstad, Norway

Master of Waltensburg, Wall painting, 1330—1350,
Waltensburg, Kanton Graubiinden

Attr. Spinello Aretino, Madonna and Child Enthroned with
Angels, 14th—15th centuries, Fogg Museum of Art, Harvard
University, Cambridge

Part of an altar, 1420-1430, Wallraf-Richartz Museum,
Cologne. 60-62-389, 755

German medieval playing cards, 1430, Wiirttembergisches
Landesmuseum, Stuttgart

Master of the Heisterbacher Altars, Altar, 1440-1450,
Wallraf-Richartz Museum, Cologne. Inv. No. 73

Paolo Uccello, Niccolo da Tolentino at the Battle of San
Romano, 1450s, National Gallery, London. No. 583

German School, Church of San Sebastian, 15th—16th
centuries, Zuoz

Andreani Giusto, Madonna and Child Enthroned with Four
Saints, First half 15th century, Los Angeles County
Museum of Art

Presentation of the Virgin in the Temple (Russian icon), 15th
century, Walters Art Gallery, Baltimore. 37.2410

Herlin Altarpiece, 1466, Church of St. James, Rothenberg,
West Germany

High altar, 1479, Cathedral, Arhus, Denmark

Blaubeuren High Altarpiece, 1490, Wiirttemberg,
West Germany

(E. Richter*, 1977), Chem.

(Flieder, 1968), Micr.

(Westhoff, et al. 1979), Chem.

(F. Preusser*, 1977), Esa, Micr.,
Chem.

(Simonson & Plahter, 1963—64),
Micr.

(E. Richter*, 1977), XRD

(Plahter & Wiik, 1970), Micr.

(Plahter, Skaug, & Plahter, 1974),
Cross section, Micr., XRD

(H. Kiihn*, 1976), XrRD

(Gettens, 1947), Micr.

(H. Kithn*, 1976), xrD (in a kind
of imprimitura)

(Richter & Hérlin, 1976), Micr.
ESA, XRD

(H. Kiithn*, 1976), xrD (as drying
agent in oil under gold leaf)

(J. Plesters*, 1978), Micr., Chem.,
ESA

(H. Kiihn*, 1976), XRD

(N. Muller*, 1974), Micr.

(J. Caraher*, 1974), Micr. (Back
of panel)

(Broekman-Bokstijn et al., 1970),
Micr., IR

(Larsen, 1970), Cross section,
Micr.

(E. Richter*, 1977), XRD

XRD = x-ray diffraction; Micr. = microscopic examination; ESA =emission spectrographic analysis; Chem = microchemical
tests; IR = infrared; * = private communication; ** Bayerische Staatsgeméldesammlungen.
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Artist or School
Title, Date,
Collection or Location

Analyst and Method
of Identification

English, Painted design on lining of cope, Late 15th century,
Art Institute of Chicago

Leinberger Erhard, and others, Twelve polychromed wood
sculptures, 13—18th centuries, Bavarian National Museum,
Herz-Jesu-Kirche, and others

Master of the Schlutup Altar, Sippenaltar, c. 1500,

St. Annen-Museum, Liibeck, West Germany

Albrecht Direr, Madonna and Child with Saint Anne, 1519,
The Metropolitan Museum of Art, New York. 14.40.633

Peter Paul Rubens, The Gerbier Family, 1577-1640,
National Gallery of Art, Washington

Kirchenviter-altar, 16th century, Church of Bordesholm
(Schleswig-Holstein), West Germany

David Teniers, Triptych of Saints Hilduard and Christiane,
1617, Church of Notre Dame, Termonde, Belgium

Jan Molenaer, A Young Man Playing a Theorbo and a
Young Woman Playing a Cittern, 1630s, National Gallery,
London. No. 1293

Gerbrand van der Eeckhout, Four Officers of the Amsterdam
Coopers’ and Wine-Rackers’ Guild, 1657, National Gallery,
London. No. 1459

El Greco, The Stripping of Christ, 1600, BSTG**, Munich.
8573

Bulgarian mural paintings, 17th century, St. George
Orthodox Church, Weliko Turnowo

Rembrandt van Ryn, Self Portrait, 1659, National Gallery
of Art, Washington

Giovanni Battista Tiepolo, Adoration of the Holy Trinity of
Pope Clement, 1659, BSTG, Munich. L877

Jacopo Tintoretto, Portrait of a Sculptor, 16th century,
BSTG, Munich. 3721

Jan van Huysum, Fruits, Flowers, and Insects, 1735,
BSTG, Munich. 2077

Joseph Mallord William Turner, Collection of painting
materials, 1775-1851, Courtauld Institute of Art, London

Arnold Bocklin, Villa by the Sea II, 1865, Schack-Galerie,
Munich. 11,536

Vincent van Gogh, View of Arles, 1889, BSTG, Munich.
8671

Vincent van Gogh, The Plain at Auvers, 1890, BSTG,
Munich. 9584

Arnold Bocklin, Collection of pigments, 1827-1901,
Institute fiir Technologie der Malerie, Stuttgart

Auguste Renoir, Lady at the Piano, 1876, Art Institute of
Chicago

German collection of pigments, 19th century, Darmstadt
pharmacy

(M. Butler*, 1974), Micr.

(F. Preusser*, 1977), Esa, Micr.,
Chem.

(E. Richter*, 1977), XRD

(F. Preusser®, 1977), Esa, Micr.,
Chem.

(Feller, 1973), Micr.
(E. Richter*, 1977), XrD

(Thissen, 1961), Micr. (ground,
mixed with ochre and lead white)

(J. Plesters*, 1978), Micr., Chem.,
Laser EsA

(J. Plesters*, 1978) Micr., Chem.,
Laser Esa (with red ochre in the
ground)

(F. Preusser*®, 1977), Esa, Micr.,
Chem.

(Brochwicz & Walkowa, 1972),
Chem., Micr.

(F. Preusser*, 1977), Esa, Micr.,
Chem.

(F. Preusser*, 1977), Esa, Micr.,
Chem.
(F. Preusser*, 1977), Esa, Micr.,
Chem.

(F. Preusser*, 1977), Esa, Micr.,
Chem.

(Hanson, 1954), Esa
(Kiihn, 1969), Micr. ESA, XRD

(F. Preusser*, 1977), Esa, Micr.,
Chem.

(F. Preusser*, 1977), Esa, Micr.,
Chem.

(Richter & Harlin, 1974b), Micr.,
ESA, XRD

(Butler, 1973), Micr. (mixed with
vermilion)

(Richter & Harlin, 1974a), mixed
with red lake and barytes

XRD = x-ray diffraction; Micr. = microscopic examination; ESA = emission spectrographic analysis; Chem = microchemical
tests; IR = infrared; * = private communication; ** Bayerische Staatsgemaldesammlungen.
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NEAR EAST, INDIA AND FAR EAST

Artist or School
Title, Date,
Collection or Location

Analyst and Method
of Identification

Egyptian, Two Fayum portraits, 2nd century A.D., Petrie
Museum, University College, London. UC 19611,
UC 19612

Egyptian, Fayum Portrait of a Woman, 3rd century A.D.,
Toledo Museum of Art

Egyptian, Figure of a woman. Distemper on canvas,
3rd—4th century A.D., Private collection

Egyptian, Fayum Portrait of a Man, 4th century A.D., Petrie
Museum, University College, London. UC 14768
Afghanistan, Buddhist, Wall paintings, late 6th century,
Cave chapels, Bamiyan

Iraqi, Manuscript, Qazwini, Wonders of Creation, 1370,
Freer Gallery of Art, Washington, 54.33-54.114, 57.13
Armenian archaic Mark manuscript, 17th century,
University of Chicago. 972

Nine Persian miniatures, Early 14th—17th centuries, Freer
Gallery of Art, Washington

Three Turkish miniatures, Early 16th—17th centuries, Freer
Gallery of Art, Washington

Persian miniature, Shahnama of Firdowsy, 17th century,
Walters Art Gallery, Baltimore, W.603

Nine Indian paintings, Persian style, 15th century; Mughal,
16th—19th centuries; Jaipur, late 18th century; Agra, early
17th century, Freer Gallery of Art, Washington

Indian Miniatures, Mughal, 1600—1640; Rajasthani, 18th
century, Los Angeles County Museum of Art

Indian wall paintings, Late 18th century. Devi Mural at
Kulu

Indian Tanjore polychrome wood sculpture, Chauri-bearer,
late 18th century, National Museum New Delhi. 62.679/13
Two Tibetan Thang-ka paintings, Lhasa style, 18th or early
19th century, Private Collection

Japanese Buddhist wall paintings, 7th—8th centuries,
Horyuji Temple, Nara

Japanese polychromed clay statue, 8th century, Todaiji
Temple, Nara

Japanese wall paintings, 951, Daigoji Pagoda, Kyoto

Japanese polychromed wood sculptures, 7th—13th
centuries, Various

Japanese, ten wooden panels, sacred figures, 14th century,
Rinno-ji temple, Nikko
Japanese, Early Heian, Kamakura Period, Seven paintings

on silk or paper, 12th—14th centuries, Freer Gallery of Art,
Washington

(Roy, 1979), Micr. Laser Esa

(Buck & Feller, 1972), XRD
(Sack et al, 1981), Micr., Chem.
(Roy, 1979), Micr. Laser Esa
(Gettens, 1938a), Micr.

(E. FitzHugh), Micr.

(M. Butler*, 1974), Micr.

(E. FitzHugh), Micr.

(E. FitzHugh), Micr.

(J. Caraher*, 1974), Micr.

(E. FitzZHugh), Micr.

(Johnson, 1972), Mass
spectrometry

(Argrawal, 1969-70), Micr.
(Agrawal, 1971), Micr.

(Mehra, 1970), Micr. by
C.M. Verduyn-Groen

(Yamasaki, 1948 & 1967)

(Yamasaki & Nishikawa, 1970),
Micr., ESA

(Yamasaki, 1959b)

(Yamasaki & Nishikawa, 1970),
Micr., ESA

(Nakazato & Tatsuta, 1971), x-ray
fluorescence

(R.J. Gettens*), Micr.

XRD = x-ray diffraction; Micr. = microscopic examination; ESA = emission spectrographic analysis: Chem = microchemical
tests; IR = infrared; * = private communication; ** Bayerische Staatsgemildesammlungen.
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Artist or School
Title, Date,
Collection or Location

Analyst and Method
of Identification

Japanese, Ashikaga, Pair 6-fold screens, Early 16th century,
Freer Gallery of Art, Washington. 71.1

Japanese, Twenty-five Ukiyo-e prints, Late 17th—mid 18th
centuries, Art Institute of Chicago

Japanese, Forty-six paintings on silk and paper, Late
17th—mid 19th centuries, Freer Gallery of Art, Washington

Early Buddhist wall paintings, Vision of Kuan Yin, Kizil,

(R.J. Gettens*), Micr.
(Grove, 1971), Micr.
(FitzHugh, 1979), Micr.

(Gettens, 1938b), Micr.

Chinese Turkestan, 5th—8th centuries, A.D. Fogg Art

Museum, Harvard University

Chinese wood sculptures, Tang, 8th—9th centuries, Freer

Gallery of Art, Washington. 45.11, 45.12

Chinese stone sculpture, Northern Chi, 3rd—6th centuries,

Freer Gallery of Art, Washington. 11.411

Chinese Buddhist wall paintings, 9th—10th centuries, Tun-

huang, West China

Chinese Buddhist paintings on silk from caves of The

(R.J. Gettens*), Micr.
(R.J. Gettens*), Micr.
(Warner, 1938), Gettens*, Micr.

(E. FitzHugh), Micr.

Thousand Buddhas, Tun-huang, West China, 9th—10th
centuries, British Museum, London, M. Aurel Stein

Collection

Chinese paintings on silk, Tun-huang, Sung, 10th and 11th

(R.J. Gettens*), Micr.

centuries, Freer Gallery of Art, Washington. 30.36, 35.11

Central Asian wall painting fragments, Kara Khoto,

(E. FitzHugh), Micr.

11th—13th centuries, Freer Gallery of Art, Washington,

Study Collection, SC-PA-143

Chinese wall painting, 1280—1360, Royal Ontario Museum,

Toronto

Ming Dynasty, Central China, wall paintings, 1551,

Museum of Fine Arts, Boston

(Moftat & Adair, 1982)

(Gettens, 1938c¢), Micr.

XRD = x-ray diffraction; Micr. = microscopic examination; ESA = emission spectrographic analysis; Chem = microchemical
tests; IR = infrared; * = private communication; ** Bayerische Staatsgemildesammlungen.

ACKNOWLEDGMENTS

John Winter and W. T. Chase of the Freer
Gallery of Art made many helpful comments on
early drafts of this paper. Elsewhere in the
Smithsonian Institution, Walter R. Brown of
the National Museum of Natural History kindly
supplied the scanning electron micrographs, and
John White of the Department of Mineral
Sciences contributed useful samples of the
minerals concerned. Hermann Kiithn of the
Deutsches Museum, Munich, provided a list of
occurrences and made several valuable sugges-
tions. Joyce Plesters of the National Gallery,
London, Frank Preusser, formerly of the
Doerner-Institut, Munich, now of the J. Paul
Getty Conservation Institute, Santa Monica,
California, and Ernst Ludwig Richter of the

Institut fiir Technologie der Malerei, Stuttgart,
also were generous in supplying lists of occur-
rences. Finally, this paper is dedicated to the
memory of R. J. Gettens; it could not have been
written without the recollection of his constant
example.

REFERENCES

L. C. Afremow and J. T. Vandeberg, “High
Resolution Spectra of Inorganic Pigments and
Extenders in the Mid-infrared Region from

1500 cm™ ! to 200 cm™ 1, Journal of Paint Technology
38 (1966), 169-202.

O. P. Agrawal, ““A Study on the Techniques of
Indian Wall Paintings,” Journal of Indian Museums
25-26 (1969-1970), 99-118.

RED LEAD AND MINIUM 135



0. P. Agrawal, <A Study of Indian Polychrome
Wooden Sculpture,” Studies in Conservation
16 (1971), 56-58.

S. Augusti, ““Sul riconoscimento microchimico del
catione Pb** nei colori minerali a base di piombo,”
Mikrochemie verbunden mit Mikrochimica Acta
30 (1942), 237-240.

S. Augusti, “Sulla sensibilita della reazione con
sulfuro sodico, per il reconoscimento microchimico
dei cationi piombo ed antimonio,” Annali di Chimica
Applicata 36 (1946), 314-316.

S. Augusti, ““Analysis of the Material and Technique
of Ancient Mural Paintings,” Application of Science
in Examination of Works of Art (Boston, 1965),
67-70.

S. Augusti, I colori Pompeiani (Rome, 1967).

K. C. Bailey, ed. The Elder Pliny’s Chapters on
Chemical Subjects, Part I. Notes and trans. K. C.
Bailey (London, 1929).

N. F. Barnes, “Color Characteristics of Artists’
Pigments,” Journal of the Optical Society of America
29 (May 1939), 208-214.

J. A. Bearden, “X-ray Wave-lengths,” in Handbook
of Chemistry and Physics, 53rd ed. (Cleveland,
1972-1973), E131-E169.

J. G. Bearn, The Chemistry of Paints, Pigments and
Varnishes (London, 1923).

V. Borradaile and R. Borradaile, The Strasburg
Manuscript (London, 1966).

Z. Brochwicz and D. M. Walkowa, “The Structure
of the Seventeenth-century Mural Paintings in the
St. George Orthodox Church at Weliko Turnowo
(Bulgaria),” Ochrona Zabytkow 25, No. 3 (1972),
143-159.

M. Broekman-Bokstijn, J. R. J. van Aspern de Boer,
E. H. van’t Hul-Ehrneich, and C. M. Verduyn-
Groen, “The Scientific Examination of the
Polychromed Sculpture in the Herlin Altarpiece,”
Studies in Conservation 15 (1970), 370—400.

O. W. Brown and A. R. Nees, “A Study of the
Variations of the Physical and Chemical Properties
of Red Lead,” Journal of Industrial and Engineering
Chemistry 4 (1912), 867-876.

R. D. Buck and R. L. Feller, “The Examination and
Treatment of a Fayum Portrait,” Conservation of
Paintings and the Graphic Arts. Lisbon Congress
Preprints, IIC (London, 1972), 801-807.

M. H. Butler, technical note in Paintings by Renoir
by John Maxon (Chicago 1973), 208-214.

T. Cairns and B. B. Johnson, “Recent Interfaces
between Mass Spectrometry and Art,” Developments
in Applied Spectroscopy 10 (1972), 3—14.

136 RED LEAD AND MINIUM

E. R. Caley and J. F. C. Richards, Theophrastus on
Stones (Columbus, 1956).

R. M. Candee, “Housepaints in Colonial America,
Their Materials, Manufacture, and Application”,
Color Engineer 4—5 (1966—67).

E. M. Chamot and C. W. Mason, Handbook of
Chemical Microscopy, vol. 2, 2nd ed., 7th printing
(New York, 1960).

G. Champetier and H. Rabaté, eds., Chimie de
peintures, vernis et pigments, vol. 2, Pigments
(Paris, 1956).

M. Chandra, The Technique of Mughal Painting
(Lucknow, 1949).

Colour Index, vol. 3, 3rd ed. (Bradford, Yorkshire,
England, and Research Triangle Park, North
Carolina, 1971).

A. M. de Wild, The Scientific Examination of Pictures
(London, 1929).

M. Doerner, The Materials of the Artist and Their
Use in Painting, rev. ed., trans. E. Neuhaus
(New York, 1949), 75.

E.J. Dunn, “Microscopy in the Paint Industry,”
Official Digest of the Federation of Societies for Paint
Technology, No. 247 (1945), 288-300.

E.J. Dunn, ‘“Physical and Chemical Phenomena that
Account for Red Lead’s Metal Protective Ability,”
Official Digest of the Federation of Societies for Paint
Technology, No. 260 (September 1946), 375-383.

E.J. Dunn, “Red Lead,” in Pigment Handbook,
vol. 1, ed. T. C. Patton (New York, 1973), 837-842.

E.J. Dunn, “Lead Pigments,” Treatise on Coatings,
vol. 3, Pigments, part I, ed. R. R. Myers and
J.S. Long (New York, 1975).

A. J. Eikhoff, “Pigmentation of Coatings,” Pigment
Handbook, vol. 2, ed. T. C. Patton (New York, 1973),
49-55.

Y. Emoto, “On Deterioration of Pigment Layers of
Screen and Wall Panel Paintings,” Science for
Conservation 12 (March 1974), 77-82.

R. L. Feller, ““Analysis of Pigments,” in American
Painting to 1776 : A Reappraisal, ed. 1. M. G. Quimby
(Charlottesville, Va., 1971), 327-344.

R. L. Feller, “Rubens’s The Gerbier Family:
Technical Examination of the Pigments and Paint
Layers,” Studies in the History of Art (Washington,
1973), 54-74.

E. W. FitzHugl, ““A Pigment Census of Japanese
Ukiyo-e Paintings in the Freer Gallery of Art,” Ars
Orientalis 11 (1979), 27-38.

F. Fleider, “Mise au point des techniques
d’identification des pigments et des liants inclus dans



la couche picturale des enluminures de manuscripts,”
Studies in Conservation 13 (1968), 49—86.

R.J. Forbes, Studies in Ancient Technology, vol. 3
(Leiden, 1955).

W. R. Fuller, Federation Series on Coatings
Technology. Unit 8. Inorganic Color Pigments, section
111 (Philadelphia, 1968), 33—-43.

R.J. Gettens, “The Materials in the Wall Paintings
of Bamiyan, Afghanistan,” Technical Studies in the
Field of the Fine Arts 6 (1938a), 186-193.

R.J. Gettens, “The Materials in the Wall Paintings
from Kizil in Chinese Turkestan,” Technical Studies
in the Field of the Fine Arts 6 (1938b) 281-294.

R. J. Gettens, “‘Pigments in a Wall Painting from
Central China,” Technical Studies in the Field of the
Fine Arts 7(1938c), 99-105.

R.J. Gettens, “The Materials in a Painting by
Spinello Aretino,” Bulletin of the Fogg Museum of
Art 10, no. 6 (1947), 188-193.

R.J. Gettens, “True and False Vermilion on Early
Chinese Ceramics,” Far Eastern Ceramic Bulletin 6,
no. 1 (March 1954), 15-27.

R.J. Gettens, R. L. Feller, and W. T. Chase,
“Vermilion and Cinnabar,” Studies in Conservation
17 (1972), 45-69.

R.J. Gettens and G. L. Stout, Painting Materials,
A Short Encyclopedia (1942; New York, 1966).

R.J. Gettens, H. Kiithn, and W. T. Chase, “Lead
White,” Studies in Conservation 12 (1967), 125-139.

M. I. Gillibrand and B. Halliwell, “The Lead-oxygen
System — I. Thermal Decomposition of Lead
Dioxide,” Journal of Inorganic and Nuclear
Chemistry 34 (1972), 1143-1159.

N. Grove, appendix to Ukiyo-e Prints and Paintings;
the Primitive Period by Donald Jenkins (Chicago,
1971), 128.

N. W. Hanson, “Some Painting Materials of
J. M. W. Turner,” Studies in Conservation 1 (1954),
162-173.

V. F. Hanson, “Quantitative Elemental Analysis of
Art Objects by Energy-Dispersive X-ray
Spectrometry,” Applied Spectroscopy 27 (1973),
309-334.

R. D. Harley, Artists’ Pigments; c. 16001835,
a Study in English Documentary Sources, 2nd ed.
(London, 1982).

J. R. Harris, Lexicographical Studies in Ancient
Egyptian Minerals (Berlin, 1961).

J. G. Hawthorne and C. S. Smith, On divers arts ; the
Treatise of Theophilus Translated from the Medieval
Latin (Chicago, 1963).

H. C. Hoover and L. H. Hoover, trans. De re
metallica by Agricola 1556 (New York, 1950).

A. P. Hornblower, “Some Examples of Work with
the Electron Probe Microanalyser,” Archaeometry 6
(1963), 37-42.

J. P. W. Houtman and J. Turkstra, “Neutron
Activation Analysis and Its Possible Application for
Age Determination of Paintings,” Radiochemical
Methods of Analysis, vol. 1 (Vienna, 1965), 85-103.

Infrared Spectroscopy — Its Use in the Coatings
Industry (Philadelphia, 1969), Spectra 511 and 538.

JCPDS Powder Diffraction File, 5cpDSs International
Centre for Diffraction Data (Swarthmore,
Pennsylvania, 1982).

B. B. Johnson, “A Preliminary <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>