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How Old is My Bronze Cannon? A Laboratory Exercise
Linking Analytical Chemistry, Spectroscopy and
Metallurgy
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Abstract Details are provided of a simple, quick, and safe laboratory exercise to analyze the tin content of a bronze
sample. The experiment is set in the context of analyzing filings from a bronze artefact (“cannon”) of unknown origin.
Students work in teams to complete separate parts of the experiment and to produce replicate sets of results. The procedure is
designed in such a way as to demonstrate the basic principles of oxidation and reduction, spectroscopy and analytical
chemistry at a level suitable for upper secondary school students. It also provides an opportunity to introduce students to
advanced analytical instrumentation that is not generally available in secondary schools. The experiment was developed to be
completed in a single 50 minute session and has been successfully conducted with over 200 middle- to upper-level secondary

school students.
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1. Introduction

Recently we reported a selective complexation
experiment that was developed to introduce secondary
school students to some practical aspects of chemistry that
are particularly relevant to Extractive Metallurgy and
associated areas. [1] This paper describes a second
chemistry focused exercise designed to highlight analysis
using instrumentation not available in schools.

A key aspect of this experiment is to demonstrate how
some of the science that students have already encountered
is particularly relevant to a range of applications and
industries. In our context it was also important to link this
experiment to Minerals and Metallurgy activities such as tin
smelting and production of alloys. The activity was
designed to challenge participants, rather than simply
repeating what students might otherwise be able to do in
their current class room. This was achieved by extending on
the basic science and chemistry concepts that students
would already be aware of and making use of advanced
instrumentation (Flame Atomic Absorption Spectroscopy)
not generally available to high schools.

The exercise was designed to include a safety induction,
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teamwork, replication of measurements, safe laboratory
working practices, and be accessible to students with a
range of abilities and laboratory experience (from those
doing general science up to students undertaking capstone
secondary school chemistry classes). This all needed to be
achieved in a single 50 minute session.

Accurate quantitative analysis of single metal elements in
samples is critically important, not only for the minerals
industry but in a range of other fields including
environmental monitoring, metallurgical quality control and
some pharmaceuticals. Although a range of techniques can
be applied for the analysis of metals including colorimetric
techniques, UV/Vis spectroscopy and electro-analytical
methods, one of the most widely used techniques for the
determination of metal ion concentrations is Flame Atomic
Absorption Spectroscopy (FAAS).

The principal components of bronze are copper and tin,
with copper as the primary component and tin as the
secondary component. The exact composition of bronze
objects can vary significantly with origin and age of the
object. For example bronze mirrors and weapons from the
Chou and Han periods (China, 400 BC — 200 AD) have
consistently been found to have 70 — 75 wt% Cu and 20 — 25
wt% Sn and 1 — 5 wt% Pd. [2] A medieval bronze bell
excavated from the crypt of the church of Saints Peter and
Paul in Brno was found to have a composition of 68.4 wt%
copper, 20.0 wt% tin, 3.6 wt% lead, 4.6 wt% antimony, 3.2
wt% arsenic and 0.3 wt% chlorine. [3] In comparison, bronze
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cannons from 17" century Swedish warships have been
found to have very high copper content (~96 wt%) and
relatively low tin content (~ 3 wt%). [4] Modern bronzes
come in a range of compositions depending on the intended
application. Phosphor bronze (~95 wt% Cu, ~4 wt% Sn, and
~ 1 wt% P) is often used in marine environments where good
corrosion and wear resistance is required. In comparison,
many modern bearings are composed of oil impregnated
porous bronzes, with a copper to tin ratio of 90:10. [S] FAAS
has been successfully used to determine the concentrations
of both the major components as well as many of the minor
components in bronze objects including lead in ancient coins,
[6] phosphorus in bronze artefacts [7] and products from the
corrosion of Admiralty brass in seawater. [8] In this report
we present a simple experiment to describe the basic
principles of emission and absorption spectroscopy and their
use to quantify one of the components (tin) of a bronze
sample.

2. Experimental

2.1. Materials and Equipment
Flame test

Meker Burner

Single metal ion solutions (all 1 M) placed in spray bottles
for the first part of the flame test: NaNO;, KNO;, Ca(NO3),,
SI'(NO3)2, Ba(NO;)z, Cu(NO3)2, [CU(MAC)](CIO4)2 MAC =
trans [14] diene or 5,7,7,12,14,14-hexamethyl-1,4,8,11-tetra
- azacyclotetradeca-4,11-diene, SnCl,.

For the second part of the flame test a selection of binary
metal ion solutions were used in spray bottles as follows: 0.5
M KNO; /0.5 M St(NO3),, 0.5 M NaNO; / 0.5 M Ba(NOs),,
0.5 M Ca(NO3), /0.5 M Cu(NOs),, 0.5 M Cu(NOs), /0.5M
Sl’lc12.

Bronze analysis

Varian SpectrAA 50 Atomic Absorption Spectrometer

Photorn Sn Hollow Cathode Lamp (A = 235.5 nm)

1000 ppm (1000 mg L) tin stock solution, 12 M
hydrochloric acid (5 mL), 14 M nitric acid (10 mL), The
bronze samples used in our analysis were obtained from
phosphor bronze rod which typically has a tin content of 4
wt%.

2.2. Scenario

We proposed a scenario to the students that they had been
contracted by a museum to determine the tin content of a
bronze sample taken from an artefact (a cannon) as a first
step to verifying the age of the object. The discussion
revolves around the fact that bronze objects from different
eras and locations have subtly different compositions.
Although tin content is not as useful as lead content for
determination of the age of a bronze object, it has a number
of educational and safety advantages over lead. The focus of
this exercise is to introduce students to some simple

analytical chemistry and the application of spectroscopy.

One of the goals of this experiment is to show that an
analytical instrument can provide a “number” for a sample
but that this number is only useful when placed in the context
of known values for that particular characteristic. This was
achieved through a brief discussion of the concept of a
calibration curve obtained from accurately prepared standard
solutions and the need for care and accuracy in preparing an
unknown sample for analysis.

2.3. Execution

Following this the group is divided into teams responsible
for either preparing sets of standard solutions or,
alternatively, to digest the bronze samples and carefully
prepare these for analysis.

The team preparing the calibration standards (up to 8
students) was further divided into two groups, each of 2 — 4
students, to prepare duplicate sets of standards from the stock
solution. To accommodate different levels of laboratory
skills and the time limitations, the solutions were prepared
using adjustable pipettes rather than volumetric (bulb)
pipettes. This also minimized the risk of contact with the
solutions.

Concurrent with the standards preparation, two alternate
groups of 2 — 3 students each prepared the unknown for
analysis by accurately weighing out ~0.25 g of bronze and
then digesting these samples with aqua regia (10 mL 14 M
HNO; and 5 mL 12 M HCI). The addition of the acids to the
bronze leads to an immediate change in the color of the
solution (clear to green) and evolution of brown gas (NO,).
This provides an opportunity to discuss the redox process
occurring with oxidation of the metals to the relevant cations
and reduction of the nitric acid. The digestion process takes
several minutes.

While the bronze is digesting, students are (re)acquainted
with the flame test. Our approach has been to pre-prepare
solutions of the ions of interest and place these in spray
bottles that can be sprayed directly into the flame of a Meker
burner. Many of the students are aware of the concept of
atomic energy levels and some know that the colors arise
from electronic transitions of the atoms in the flame. From
this familiar background we build the idea of the colors being
a form of analysis (emission spectroscopy). However, the
exercise is designed to also highlight some limitations of this
very simple form of detection. Firstly, through
demonstration that not all metal atoms produce a visibly
colored flame (e.g. tin). Secondly, through the inclusion of
mixed solutions which demonstrate that the intensity of
emission from one component may mask the presence of a
second component. These results demonstrate to the students
that visible emission spectroscopy is not suitable for analysis
of tin in bronze and that it is necessary to apply a more
advanced technique in the form of Atomic Absorption
Spectroscopy. Following this there is a brief discussion on
how absorption spectroscopy differs from emission
spectroscopy. At this stage the digestion is usually complete
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so that this group of students can proceed to make up the
bronze solution for analysis. The other team have usually
prepared their calibration standards by this stage, and they
are taken through the discussion of the application of the
flame test.

When both groups have completed preparing their
relevant solutions then all the students are taken to the FAAS
and introduced to the components of the instrument and its
basic operation. The demonstrator sets up the instrument for
analysis and then all students are given the opportunity to put
their solutions through the FAAS beginning with the
calibration standards, so that students can plot their
calibration graph, and then analyzing the bronze sample(s).
Generally there is some variability in the quality of the
prepared standards using the adjustable pipettes but the
inclusion of a replicate set of standards generally helps to
smooth out any aberrations in the calibration plot. The
analysis of replicate bronze samples also helps to provide a
more reliable measure of the tin content of the sample.

2.4. Hazards

Students were required to wear personal protective
equipment (laboratory coat, lab glasses, and covered shoes)
at all times in the laboratory and wore suitable gloves.

Due to the time constraints, and unknown extent of
laboratory experience of the students, the primary tin
standard solution was pre-prepared and provided in labeled
bottles. Students then only had to use the adjustable pipettes
to transfer the required amounts of solution to 100 mL
volumetric flasks.

inhaling the aerosol from the sprays during the flame test.
Barium nitrate is a toxic compound and precautions should
be taken to prevent ingestion of the solution.

Standard precautions should be taken by staff preparing
the solutions. The tin primary standard was prepared by
digestion of a suitable quantity of tin metal using aqua regia.

3. Results

Eight single metal ion and four binary metal ion solutions
were investigated using the flame test (Table 1). For each of
the binary metal solutions the colour from one of the metal
ions present is generally sufficiently intense to mask the
presence of the second cation.

Typical results for the quantitative AAS component of the
exercise are presented in Figure 1 and Table 2.
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Figure 1. A typical calibration plot for FAAS analysis of tin

Table 2. Typical results for analysis of tin in phosphor bronze rod

The concentrated acids used in this experiment are highly
. . . . Wavelength (1) 235.5 nm
corrosive. To minimize the handling of acids these were
delivered directly to the reaction flask using preset bottletop Sample Absorbance 0.093
dispensers, which were placed in a fumehood. Sample Conc 21.5 ppm
Table 1. Observations for flame test using single metal ion solutions Sample Mass 0.2636 g
Metal Ion solution Solution colour Observations Mass of Sn in sample 0.01074 ¢
Na* colourless Flame turns orange Tin content (wt%) 4.1
K’ colourless Flame turns purple .o . . .
— ‘ Table 3 is included to provide a context for interpreting
Ca colourless | Flame turns reddish orange and discussing the measured tin content of the bronze
Sr** colourless Flame turns red sample.
2t Flame turns yellowish
Ba colourless green Table 3. Typical results for analysis of tin in bronze objects
2+ 1 9
Cu 1(f‘ulfate deep blue Flame tumns green Bronze sample Tin content (Wt%)
solution) Bronze mirror, China, 400 BC 25%
2+
Cu (.MAC dark red Flame turns green Medieval Bell 20 %
solution) -
17" Century Swedish Naval C 3%
Sn* clear/yellow No change cITHly SWedisT Tava —anfion ?
A >t Bearing Bronze alloy (C932/SAE660) 7%
Na’"/Ba colourless Flame turns orange
Modern Phosphor b 4%
K"/ Sr** colourless Flame turns red ocern Thosphor bronze 2
Ca*"/ Cu® deep blue Flame turns green
Cu*"/ Sn** deep blue Flame turns green 4, Discussion

The flame tests were carried out using pre-prepared
solutions in spray bottles. The Meker burner was placed in a

Through an increasing exposure to a range of science
fiction and fictional crime shows, many students have

spray booth in a fumehood so that there was minimal risk of ~ developed an unrealistic expectation of the operation and
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capabilities of analytical instrumentation. [9, 10] These
instruments are often considered as black boxes into which a
randomly chosen sample can be placed for complete
chemical or biological characterization. This experiment
provides students with a greater understanding of the actual
process, requirements and limitations involved in accurate
analysis. We set the context for this by demonstrating to the
students that simple qualitative techniques, such as the flame
test, have their limitations including masking effects by
some metals. Two copper solutions - a typical deep blue
copper sulfate solution and a dark red copper MAC solution
are also included to demonstrate that the flame colour is
independent of the solution colour.

Our experiment demonstrates that while an instrument can
provide a numerical value for a characteristic, this value is
often meaningless if it is not referenced against accurately
known values for that characteristic. The students generally
obtained quite good agreement with the expected result of 4
wt% tin and are able to conclude that the sample was a
modern phosphor bronze, rather than a 17" century naval
cannon. However, the similarity in the composition of these
two bronzes demonstrates the need for care and precision in
analysis. We also discuss with students how further
investigation could focus on identifying if trace elements
such as lead or phosphorous are present in the sample and
how this might validate their initial conclusions.

This experiment generates a discussion about the
applicability of this analytical technique to an even greater
range of situations including environmental monitoring,
minerals assays, and some areas of biological and
pharmaceutical analysis. Concepts such as oxidation and
reduction, spectroscopy, data analysis, reporting to clients,
etc. could be expanded upon quite easily.

5. Conclusions

We have developed a simple and quick hands-on
laboratory exercise, highlighting the connection between
chemistry, spectroscopy and metallurgy. The experiment,
based around tin analysis in bronze, has already been
delivered to over 200 students and found to be suitable for
use with high school students from the age of 15 up. The
teamwork and investigative aspects of the exercise were
valuable for stimulating discussion of not just this
experiment but also the general concepts and uses of
spectroscopic analysis.
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Appendix

Bronze Analysis

The smelting of copper and the manufacture of tools,
weapons and coins from its alloy, bronze, began ~ 3300 BC.
Ancient smelters, forges and mints generally relied on
regional sources for ores and each had unique procedures for
making bronze. Consequently there are predictable
differences in the major and minor metals found in bronze
tools, coins and weapons from different regions. The table
below presents a brief summary of some of the variations
found in the compositions of bronze objects.

Copper Tin content
B 1 h 9
ronze sample content (wt%) (Wi%) Other (Wt%)
Bronze mirror, N o o
China, 400 BC 70-75% 20-25% Pb1-5%
Sb 4.6 %,
) Pb3.6 %
0, 0, )
Medieval Bell 68.4 % 20 % AS32 %,
C10.3 %
17th Century
Swedish Naval 96 % 3%
Cannon
Bearing Bronze 90 % 10% )
alloy
Modern o o N
Phosphor bronze 95% 4% P1%

Chemical analysis can be used to determine the different
types of metals within bronze objects and their relative ratios,
to identify what regions and/or years they most likely came
from or, alternatively, to identify if they are modern fakes.
One valuable analytical chemistry technique is based on the
behaviour of some materials when they are sprayed into a
flame. Atoms placed in a flame absorb thermal energy,
causing electrons within the atom to move from lower to
higher energy states. When these electrons return to lower
energy states, they emit energy in the form of
electromagnetic waves (light). For some ions (such as those
of alkali metals, alkaline earth metals, and some transition
metals), the light emitted is in the visible spectrum and
causes the flame to change color. Therefore flame tests can
confirm the presence of specific metal cations in a sample.

1. Qualitative Flame analysis

Light a Meker burner and adjust to produce a blue flame.
Spray each of the metal ion solutions into the flame and
record your observations in the table below.

Metal Ton solution Observations
Na*
K+
Ca2+
Sr2+
Ba2+
Cu** (solution 1)
Cu** (solution 2)
Sn2+
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From your observations what metal ions are easy to detect
using the flame test and what metals are difficult to detect?

Now spray each of the mixed metal ion solutions into the
flame and record your observations. Can you detect both
metals using this test? What are some of the complications
from this approach to analysis?

Mixed Metal lon solution Observations
Na“/ Ba*
K"/ sr**
Ca’'/Cu*

Cu** /Sn*

Ancient bronze is an alloy of copper mainly with tin. The
above qualitative test enables us to detect copper but not tin.
A more advanced technique is therefore required to detect tin
in unknown bronze samples.

2. Flame Atomic Absorption Spectroscopy

In the flame tests that you have just performed the metals
in the solutions are identified by the color of light that they
emit when excited in the flame. In this case the flame test is a
very basic form of Emission Spectroscopy. An alternative
method is to measure the amount of light absorbed by the
sample using light with a wavelength that will be absorbed
specifically by atoms of the metal of interest. This is the basis
of Atomic Absorption Spectroscopy. In this experiment we
will specifically be using Flame Atomic Absorption
Spectrometer (FAAS) to easily and quickly measure the tin
content in bronze samples.

A schematic diagram of a FAAS is shown in Figure Al
below.

Flame

Element lamp e 4

Monochromator Detector

Capillary

Burner

Sample

Figure Al. Diagram of a Flame Atomic Absorption Spectrometer

A FAAS instrument has 4 main components, the element
lamp, the burner, the monochromator and the detector. The
element lamp is a hollow cathode lamp containing the
element to be measured. In our case this is a tin lamp that
produces a beam of light of a wavelength specific to only tin.
The purpose of the flame in this instrument is not to excite
the atoms but to evaporate the solvent from the sample and
converts the sample to gaseous atoms. The sample is
introduced to the flame through a capillary tube and
converted to a fine mist before being sprayed into the flame.
Light from the element lamp is continuously beamed through
the flame. To ensure that only the wavelength of the element
we are studying is measured, the light passes through a
monochromator that filters out all other wavelengths. The
intensity of the light passing through the flame is measured
by the detector. If there is no sample in the flame then the full

intensity of the beam passes through the flame. However, if
the sample contains the element of interest, in this case tin,
then atoms of this element will absorb some of the light
passing through the flame and so the intensity of light will
decrease. The amount the light decreases is called the
Absorbance and is directly related to the concentration of
sample being measured.

To determine the concentration of tin in an “unknown”
sample, we begin by first measuring the absorbance of a
series of standard solutions of accurately known
concentration. From this we can plot a calibration graph. The
next step is to measure the absorbance of a solution of the
unknown sample and using the calibration graph to
determine the concentration of tin in this solution. If the mass
of the bronze sample is accurately known, then using all of
this information it is possible to determine the percentage of
tin in the solid sample.

Procedure
Groups 1 and 2: Preparation of Bronze Solutions

Our bronze samples are solids and need to be converted to
aqueous solutions using concentrated acid prior to their
analyses.

Hazard: Due to the corrosive nature of concentrated
acids, it is important that eye protection and gloves be
worn while performing this laboratory exercise. All work
should be done in a laboratory hood until solutions are
prepared and ready for analysis by the FAAS.

1. Accurately, weigh out 0.25 g of bronze filings into a
100 mL conical flask.

Mass of bronze sample (g)

2. In the fume hood, add to the conical flask containing the
bronze sample 10 mL of concentrated nitric acid and 5 mL of
concentrated hydrochloric acid using the dispensers.
Immediately, the solution will bubble violently and start to
evolve a brown-orange gas. Contact with this toxic gas, NOx,
must be avoided.

3. The flask may become quite warm during the reaction
so it should be set aside in a fumehood while the bronze
dissolves. The solution should turn to a bright green color.

4. Once cool, carefully add approximately 50 mL of
deionized water and swirl to dissolve any tin chloride that
might have formed. Transfer this solution to a 500 mL
volumetric flask. Make the solution up to the mark on the
volumetric flask

5. Take your sample to the FAAS for analysis.

Groups 3 and 4: Preparation of Tin Standard Solutions

A 1000 ppm (1000 mg L) tin stock solution is provided.
From this you need to prepare a series of calibration
standards that cover the expected concentration range of the
tin in the bronze solution.

1. Prepare the 10 ppm calibration standard by pipetting

I mL of the stock solution into a 100 mL volumetric flask

and making it up to the mark with de-ionized water. Label

the flask.
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2. Prepare the 20 ppm calibration standard by pipetting
2 mL of the stock solution into a 100 mL volumetric flask
and making it up to the mark with de-ionized water. Label
the flask.

3. Prepare the 30 ppm calibration standard by pipetting
3 mL of the stock solution into a 100 mL volumetric flask
and making it up to the mark with de-ionized water. Label
the flask.

4. Prepare the 40 ppm calibration standard by pipetting
4 mL of the stock solution into a 100 mL volumetric flask
and making it up to the mark with de-ionized water. Label
the flask.

5. Take your calibration standards to the FAAS for
analysis and record the absorbance for each solution.

Solution (ppm = mg L) Absorbance

10 ppm

20 ppm

30 ppm

40 ppm

6. Plot a calibration graph from the above data.

7. Using the above calibration graph and the absorbance
values for the bronze solutions, determine the
concentration of tin in the bronze solutions.

8. Using the mass of you original sample and the
measured concentration of tin in the bronze solutions
determine the mass fraction of tin (wt%) in the original
sample.

Tin (Wt%) = concentration of tin (mg L") x 0.5 (L) / (mass

bronze (mg)) x 100

Questions:

How much variation was there between the different

samples?

What other metals could we determine in this way?
How can we use this to determine the authenticity of a

bronze artifact?
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