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A Simple, Safe, and Easy Water Displacement Exercise for
the Identification of Two Metals and the Composition of a
Mixture
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Abstract In this exercise, we replace traditional water displacement schemes with a simpler, safer, and easier setup based
on a combination of a standard and a unitary wash bottle. The goal is to identify two unknown metals whose ions can have
charges of +1, +2 or +3. The volume of the H,(g) produced by reaction of the metal with HCl(aq) is determined using the new
water displacement setup. The atomic mass is calculated by considering the mass of the metal used, moles of H,(g) calculated
from the ideal gas law and the stoichiometry of the reaction. For each metal ion charge, class data are pooled (N >10) and the
95% confidence interval of the atomic mass is calculated. In the event that a number of metals fit, known physical and
chemical properties of the metals are used to make a final identification. The percent composition of a mixture of magnesium
and manganese is determined from a calibration plot of moles H,(g) per gram of metal versus percent Mg. This determination
is possible because magnesium and manganese produce widely differing moles of H,(g) per gram of metal. Students’ results

were within +£0.3% of the actual value.
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1. Introduction

Water displacement schemes are widely used in general
chemistry labs to determine the volume of gas produced by
chemical reactions [1-10]. The popularity is due in part to the
simplicity of the setup with items ordinarily available in
teaching laboratories. When the temperature and pressure are
known, the amount of gas can be calculated using the volume
of gas generated and the ideal gas law. Water displacement
schemes can also be used to determine kinetics of reactions if
the volume is measured as a function of time [6, 10].

The identification of an unknown substance by profiling
its physical and chemical properties is an important part
of chemistry. A commonly practiced general chemistry
laboratory exercise is identifying an unknown metal by an
oxidation reaction with an acid and measuring the volume of
the H,(g) produced. In order to identify the metal, the charge
on the ion must be provided so that the correct stoichiometry
of the reaction can be written. An alternate procedure based
on measuring the pressure in a fixed volume system has also
been reported [11]. If two metals produce widely differing
moles of H,(g) per gram, the difference can be used to
determine the percent composition of a mixture of the two
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metals. Zinc produces 0.0153 moles of Hy(g) per gram and
aluminum produces 0.0553 moles of Hy(g) per gram. This
difference has been used to determine the percent
composition of a zinc-aluminum alloy [7, 8].

We present an improved water displacement laboratory
exercise in which:

i. wash bottles are used to provide a simpler and safer
water displacement scheme.

ii. two metals (M; and M,) with possible ion charges of
+1, +2, or +3 are identified from pooled class data and
the calculated 95% confidence interval of the atomic
mass. Physical and chemical properties of the metals
are used to make a final identification.

iii. the percent composition of an unknown mixture of M,
and M, is determined from a calibration curve of
moles H,(g) per gram versus % composition of M,.

Targeted Learning Outcomes

For each metal, assuming a charge of M*, M**, and M*",
students will be able to:

i.  Write overall and net ionic equations for the possible
chemical reactions.

ii. Measure the volume, pressure, and temperature of the
collected Hy(g) and use the ideal gas law to calculate
moles.

iii. Use stoichiometric relationships to calculate moles of
M.

iv. Calculate the atomic mass of M.
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v. Calculate the 95% confidence interval of the atomic
mass using pooled student data and determine if the
interval includes more than one element.

vi. Use known properties to identify the metal in cases of

ambiguity.

Use moles of Hy(g) per gram of M; and moles H,(g)

per gram of M, to plot a calibration curve using class

data.

Determine the percent composition of a mixture of

M, and M,.

Vil.

Viii.

2. Experimental

2.1. Materials, Equipment and Setup

Hazards: 3 M HCl(aq) is corrosive; avoid physical
contact.

500-mL unitary wash bottles, 250-mL standard wash
bottles, 0.9 mL gelatin capsules (Parr Instrument Co.),
magnesium powder, manganese powder, 3 M HCl(ag),
milligram mass balance, temperature measurement device,
pressure measurement device, stir bars and stirrers. A picture
of the setup is shown in Figure 1.

Figure 1. Water displacement scheme

2.2. Procedure

Two wash bottles are used and connected to each other as
indicated in Figure 1. The 500-mL bottle (unitary wash bottle)
is filled with tap water to the mark. The 250-mL standard
bottle is the reaction chamber. An empty gelatin capsule is
weighed, loaded with metal sample and reweighed. A stir bar,
20 mL of 3 M HCl(aq), and the gelatin capsule are added to
the reaction wash bottle and the lid secured. It takes about 3
minutes for the gelatin capsule to dissolve and expose the
metal to the acid, which is enough time to secure the wash
bottle lid. A beaker is placed to collect the water displaced
from the unitary wash bottle. When the water displacement
initially stops, the reaction bottle is swirled for one minute to
react unreacted metal. This procedure is repeated two times
to ensure complete reaction of all the metal. The volume of
the water displaced from the wash bottle is measured using a
graduated cylinder. The atmospheric pressure is measured;

the gas pressure inside the flask is assumed to be equal to the
atmospheric pressure. The temperature in the room is
measured; it is assumed that the room temperature is equal to
the temperature of the H,(g) in the wash bottle.

3. Results and Discussion

3.1. Selecting the Metals to be Analyzed

The metals tested were magnesium, aluminum, zinc,
manganese and cadmium. The criteria used in selecting the
two metals to be analyzed were: (i) A large difference in the
moles of Hy(g) produced per gram of metal. The large
difference is necessary for the determination of the percent
composition of a mixture of the two metals. (ii) Ease with
which H,(g) is generated by the metal. (iii) Toxicity of the
metal.

Magnesium produces 0.0412 moles Hy(g) per gram, Al
produces 0.0556 moles Hy(g) per gram, Zn produces 0.0153
moles H(g) per gram, Mn produces 0.0182 moles Hy(g) per
gram, and Cd produces 0.000890 moles H,(g) per gram.
Although Al produces the largest number of H,(g) moles per
gram, its reaction is slow. Cadmium was eliminated due to
toxicity. The metals selected were Mg and Mn.

3.2. Identification of Metals

3.2.1. M,

Sample data associated with the identification of M, are
shown in Table 1. Assuming M, has a charge of +1, the
calculated molar mass is 12.2 £ 0.2 g/mol (N = 11) indicating
carbon. Since carbon is not a metal, this does not apply.
Assuming M has a charge of +2, the molar mass is 24.2 +
0.2 g/mol (N = 11) indicating magnesium. Since the 95%
confidence interval does not include any other element,
magnesium is indicated. Assuming M; has a charge of +3,
the molar mass is 36.2 + 0.2 g/mol (N = 11) suggesting
chlorine, which is a nonmetal. Therefore, it can be concluded
that M, is magnesium.

322. M,

Similar data and the related calculations performed for M,
afforded results summarized in Table 2. Based on the results,
M, is either Al or Mn. Because Al has a charge of +3 and not
+1, Al is eliminated. A second method is to measure the
density of M, and compare it to the known densities of Al
(2.70 g/cm’) and Mn (7.20 g/cm’).

3.2.3. Mixtures

Students use the following equation to determine the
two-point calibration plot:

y= ((ave. mol H,/g Mg** — ave. mol H, /g an*)JX

100
+ave. mol H,/g Mn**

The equation is: % M, = 0.000239x + 0.0182



For a mixture known to consist of 68.3% Mg, students’
results showed this to be 68.1 £ 0.3% Mg (N =11).
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Table 1. Sample data, calculations, and results for M,

Data Trial 1 Trial2 | Trial3
Mass capsule /g 0.120 0.121 0.118
Mass capsule + Mg(s) /g 0.343 0.301 0.301
Vol Hy(g) /mL 228 184 186
Temperature /°C 21.3 21.3 21.3
Pressure /atm 0.991
Nonmetal Specific Calculated Values
Temperature / K 294.4 294.4 294.4
mols H,(g) /mol 0.00934 | 0.00754 | 0.00762
Mass metal /g 0.2230 0.1800 0.1830
Calculated Values Assuming M* Ion
moles M, /mol 0.0187 0.0151 0.152
. - .
Atomic mass assuming M ion 11.9 11.9 12.0
/(g/mol)
Calculated Values Assuming M** Ton
moles M, /mol 0.00934 | 0.00754 | 0.00762
- - 2 -
Atomic mass assuming M~ ion 3.9 3.9 24.0
/(g/mol)
Calculated Values Assuming M*" Ton
moles M, /mol 0.00623 | 0.00503 | 0.00508
. - 3
Atomic mass assuming M”" ion / 158 158 36.0
(g/mol)
Table 2. Summary of Results for Identification of M,
Atomic Mass M, Nearest Element by
Chemical Equation 95% Confidence Atomic Mass in the
Interval (g/mol) Interval (g/mol)
2M(s) + 6HCl(aq) — .
+ .
IMCls(ag) + 3Ha(2) 273403 Aluminum: 27.0 g
M(s) + 2HCl(agq) —
549109 Manganese: 54.9
MCly(ag) + Ha(g) &
2M(s) + 2HCl(agq) —>
+
IMCl(aq) + Ha(g) 82.3£0.5 None

4. Conclusions

previously reported, the metal ion charge is provided to the
students. We ask students to consider three possible charges,
+1,+2 and +3. Based on atomic mass, each one of these may
lead to an element that may or may not be a metal meaning
that other chemical or physical properties must be considered
to make a final determination. When student results are
pooled, a sizeable sample (N > 10) is achieved allowing for
meaningful statistical analysis to be performed. This lab uses
an application of the 95% confidence interval that is easily
understood by students.
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