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ABSTRACT: Theńard’s blue (CoAl2O4), Rinman’s green
(CoZnO2), and Berzelius’ red (CoMgO2) are pigments that
have been used from the 19th century in works of art. Their
synthesis can be conducted by a very simple and rapid method:
by ignition of a wafer of dried filter paper soaked first in a Co2+

solution and then subsequently soaked in a partner salt (Al3+,
Zn2+, or Mg2+) solution. Through their following character-
ization using X-ray powder diffraction (XRPD) and scanning
electron microscopy (SEM), the students can be introduced to
further concepts, protocols for sample preparation, and data
interpretation regarding these mainstream characterization
techniques. Although originally designed for first-year under-
graduates, this activity can be tailored to match different levels
and can be used as a part of STEAM (science, technology, engineering, arts, and mathematics) activities in middle/high school
and general public outreach.
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Throughout history, pigments have been prepared in many
different ways, from grinding naturally occurring minerals,

such as cinnabar or lapis lazuli, to the serendipitous discovery of
Prussian blue1 or to current research on environmentally
friendly alternatives. Even today, new colors are being added to
the palette available to artists and children, just like a new shade
of blue resulting from a mixture of yttrium oxide, indium oxide,
and a bit of manganese oxide that Crayola has turned into a
new crayon.2 Some colors can be produced by precipitation of
insoluble pigments by interaction of aqueous solutions of
soluble salts, like chrome yellow,3 while others, such as
Verdigris (“green of Greece”), come from the corrosion of
copper and can be collected by scraping the colored crust from
sheets of copper exposed to vapors (from vinegar, wine).4

Other pigments are pyrogenetic in origin; that is, they are
formed by calcination of the starting materials in a furnace.
Examples are ultramarine blue, chromium oxide green,5 or the
materials studied herein.

■ BACKGROUND

Cobalt pigments that originated from mineral mines in
Bohemia were called “kobolds” from the Bohemian word for

ghosts or spirits.6 The Bohemian miners felt the minerals were
haunted by spirits causing them all manner of ailments and
difficulties!
Cobalt blue (Figure 1, left) was developed for porcelain in

China,7 but it was independently discovered as a pure alumina-
based pigment by Louis Jacques Theńard in 1802.8 Commercial
production began in France in 1807, although the leading world
manufacturer of cobalt blue in the 19th century was Benjamin
Wegner’s Norwegian company Blaafarveværket. Theńard’s blue
was used in Claude Monet’s Grenouillere Bathing (1869), in
Pierre-Auguste Renoir’s Les Parapluies (1881−1885), and in
Vincent van Gogh’s Starry Night Over the Rhone (1888)
paintings, for example. Van Gogh wrote to his brother Theo,
“Cobalt [blue] is a divine color and there is nothing so beautiful for
putting atmosphere around things...”.9

When cobalt oxide is ignited with zinc oxide instead of
aluminum oxide, a semitransparent, bright green, with a low
tinting strength green color is obtained: Rinman’s green (cobalt
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green, Gellert’s green, or turquoise green; see Figure 1, center).
Sven Rinman, a Swedish chemist, discovered this compound in
1780, but this pigment was not widely used until after 1860
when zinc oxide became more readily available. Arthur Church,
a chemist and amateur painter, published Rinman’s process in
his book The Chemistry of Paints and Painting praising cobalt
green as “chemically and artistically perfect”.10 Unfortunately,
the pigment was never an artist’s favorite, as it has poor tinting
and covering strength. However, it has excellent lightfastness,
and its transparency makes it ideal for glazing.11 Today, cobalt
green is a good candidate for testing as a spintronics material: it
could be used to form a magnetic thin film in a future
nonvolatile memory.12

On the other hand, when cobalt oxide is ignited with
magnesium oxide, a pretty pale red or pink color is obtained
(Figure 1, right): Berzelius’ red (Jöns Jacob Berzelius was first
to describe this pigment). Depending on the firing conditions
(i.e., oxidation or reduction), the mixed oxide could become
purple or reddish blue. Pink color is obtained when Co2+ ions
are coordinated by six oxygen atoms, but coordination to four
oxygen atoms will give rise to the undesired blue color.
Consequently, Berzelius’ red is not, per se, a useful ceramic
pigment.

■ THE ACTIVITY

This hands-on activity is suitable for chemistry or materials
science first-year students, or for students of heritage
conservation and fine arts,13−15 and can be carried out in a
90 min session, but it requires access to a central
instrumentation laboratory. The introductory part consists of
a general comment (15 min oral session) on the history of the
kobolds or Co(II)-based pigments, their applications, their
structures, and the usual methods followed in their preparation
(as reported below). The teacher then conducts the experi-
ment, and the students replicate it (20 min, in small groups),
after which the teacher begins the second part of the session
proposing two methods to identify these pigments in ashes:
XRPD16,17 and SEM-EDS microscopy.18,19 During the
remaining 55 min, the teacher explains the basics of these
techniques; lab technicians record the XRPD patterns and

SEM-EDS patterns of pigmented ashes in front of the students,
and the characterization of the samples is explained by the
teacher. Students are finally asked to write a brief report in
which, besides commenting on the synthesis and character-
ization techniques used, they should explain the analysis of the
experimental results, using a scientific style. This will allow the
instructor to assess the students’ understanding of the entire
activity and their scientific writing skills.

Materials

The reagents used in the activity are inexpensive hydrated salts
(cobalt(II) nitrate, aluminum nitrate, zinc nitrate, and
magnesium nitrate) and filter paper, which can be easily
purchased from lab suppliers.

Procedure

The conventional procedure for the synthesis of CoAl2O4,
CoZnO2, or CoMgO2 is the ceramic method. An oxygen
containing cobalt precursor, such as cobalt nitrate or cobalt
oxalate, is mixed with alumina, zinc oxide, or magnesium oxide
and ground in a ball mill. The mixtures are then calcinated to
form the compounds, which become thermally stable above
650 °C.20

However, in the proposed (nonconventional) preparation
method, a wafer of filter paper is first soaked in a diluted
solution of cobalt nitrate, and then, using tweezers, it is forced
to dry by being waved over the flame of a Bunsen burner.
When, subsequently, a solution of Al3+, Zn2+, or Mg2+ salt is
added, the paper filter changes its color to blue, green, or red/
pink, respectively. These colors can be enhanced by drying and
ignition. Because high quality filters are made of refined pulp
and/or pure cotton linters (with an alpha-cellulose content over
95%), they suffer ignition giving a low ash content, but the
resulting ashes have the desired blue, green, or red colors
(Figure 2).

Hazards

The salts used in the experiment are irritants in case of skin
contact (prolonged exposure may result in skin burns and
ulcerations), of eye contact, of ingestion, and of inhalation.
They should be handled by students wearing gloves, goggles,
and laboratory coats and working in a well-ventilated area (or

Figure 1. From left to right: Theńard’s blue, Rinman’s green, and Berzelius’ red.

Figure 2. Colored ashes after ignition of the filter paper used as a support for the Co2+ mixed oxides. From left to right: Theńard’s blue, Rinman’s
green, and Berzelius’ red.
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under a fume hood). Special care should be taken when
grinding the pigments. All laboratory activities should be
carried out under the supervision of trained and qualified
personnel.
Student Learning Objectives

The key learning objectives of this activity include the
following:

(i) Carry out the facile synthesis of cobalt-based pigments;
(ii) Understand how the color of a crystal can be affected by

distorting or changing the dimensions of the crystal
structure;

(iii) Obtain hands-on experience with two well-known
characterization techniques;

(iv) Realize how different characterization techniques can
play an important role in museums through pigments
identification, an aspect of science to which most
students are not exposed.

■ RESULTS AND DISCUSSION
The instructor notes in the Supporting Information (SI)
provide educational materials (text and images) describing
these characterization techniques, procedures for sample
preparation, and data analyses. The as-prepared ashes were

ground in an agate mortar and used both for XRPD and SEM-
EDS. The ashes contained enough crystalline material so that
well-resolved diffraction peaks could be collected with a fast (15
min) scan in the 2θ = 5−70° range. The measured
diffractograms are easily matched up with the expected ones
for CoAl2O4, CoZnO2, and CoMgO2. Micrographs at low
magnification were then collected for the (noncoated) samples
in the SEM, so that students could observe the porous structure
and flaky arrangement of the samples. The EDS analyses, albeit
semiquantitative, were consistent with the X-ray powder
diffraction data.
This experiment provides students with exposure to two

characterization techniques (XRPD and SEM) that they will
find in research laboratories and professional contexts, so they
will be better prepared for careers or further study in chemistry.
They can learn how these techniques can play an important
role in museums, an aspect of science to which most students
are not exposed, as noted by Rogge and Bezur.21

■ MODIFICATIONS TO THE ACTIVITY

The beauty of this activity is that it can be easily modified to
reach a broad range of students at various levels. It can be
implemented in a range of educational settings, including
elementary, middle, and high school classrooms through

Figure 3. Photos taken during an informal session at a middle school (students aged 12−14). From left to right: materials needed, student preparing
one of the solutions, students drying the soaked filter paper with a hair drier, student burning the filter paper using a candle, blue ashes, and student
using the just made green pigment mixed with linseed oil.

Journal of Chemical Education Activity

DOI: 10.1021/acs.jchemed.7b00402
J. Chem. Educ. 2018, 95, 1340−1344

1342

http://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.7b00402/suppl_file/ed7b00402_si_001.pdf
http://dx.doi.org/10.1021/acs.jchemed.7b00402
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jchemed.7b00402&iName=master.img-003.jpg&w=503&h=369


outreach and in informal settings.22−24 By slightly tuning the
proposed synthesis procedure, using a hair dryer and a candle
instead of a Bunsen burner to first dry and then ignite the filter
paper, students can obtain the pigments in less than 5 min
(Figure 3). Grinding the colored ashes and mixing them with
linseed oil (or arabic gum or egg yolk25) readily allows them to
paint their own Starry Night as Van Gogh did! The live
experiment (initially conducted by the researcher and then by
the public) can be accompanied by a general introduction about
kobolds from German folklore, colors, and pigments. A
suggested complementary activity (shown in Supporting
Information) would be to include the use of a hand-held
spectrophotometer afterward, with a brief explanation on the
importance of the light-scattering power of pigments, including
those used in our clothes and skin: white pigment particles will
reflect most of the visible spectrum, while black pigments will
absorb most of it, and colored pigments interact by a
combination of these processes.
At a university level, the pigments can be further investigated

by using other characterization techniques that are widely
employed in the fields of inorganic chemistry, materials science,
and arts, such as FTIR, Raman, UV−vis spectroscopies,
thermogravimetric analysis, and differential thermal analysis.
For these techniques a fourth sample should be added to the
lot, containing just the ashes of a piece of clean filter paper, as a
reference sample, so that the features belonging to the pigments
can be separated from those of the substrate. It is also worth
pointing out that the experiment can also be adapted for
application in teaching institutions without SEM-EDS or XRPD
instrumentation (providing students with the SEM images and
XRPD results supplied in Supporting Information) or for
certain combinations of available instrumentation. This makes
this experiment very versatile and adaptable to a variety of
contexts.

■ LEARNING OUTCOMES

The activity was well-received by the students for several
reasons: in outreach activities, the younger students were
marveled by the appearance of a color after burning the filter
paper and were curious about how it happened. Undergraduate
students showed their enthusiasm for working with real
scientific instrumentation, and most met the learning outcomes
for the lab, as seen by the written reports (for instance, in free
translation, “...the observed color for a given compound corresponds
to the complementary color of the absorbed radiation... that depends
on the type of 3d metal, on the type of the ions that surround it and
on their spatial arrangement...”). However, perhaps the most
rewarding feedback came from art and conservation students,
who recognized how different characterization techniques can
play an important role in museums through pigments
identification (in real life circumstances, that is, with a mixture
of compounds and substrates).
From an instructor’s standpoint, it was also a satisfactory lab.

All chemicals and materials were readily available, and it offered
the opportunity to integrate multidisciplinary concepts in a
single activity and to discuss pigments from an interdisciplinary
point of view: artistically (i.e., origin of the colors and dyes) and
considering the science of materials and chemistry.
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d’un proced́e ́ pour preṕarer une couleur bleue aussi belle que
l’outremer. Journal des Mines 1803, 86, 128−136.
(9) van Gogh, V.; Roskill, M. W. The Letters of Vincent van Gogh,
Touchstone trade pbk ed.; Touchstone: New York, 2008, p 351.
(10) Church, A. H. The Chemistry of Paints and Painting, 4th ed.;
Seeley, Service & Co., Limited: London, 1915; 388 p.
(11) Douma, M. Pigments through the Ages. http://www.
webexhibits.org/pigments (accessed Apr 2018).
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