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ABSTRACT: The chemistry of Cu' and Cu" is rich, and these oxidation states can be NH.OH-HCI CuS04(aq)

converted into each other by using quite mild or more strong oxidizing or reducing agents, NaéH(aq/ \f\leH(aQ)
depending on the starting materials and reaction conditions. Thus, this work describes an

easy way to obtain yellow copper(I) oxide from copper(Il) sulfate, using hydroxylamine

hydrochloride as a reductant. In addition, the aqueous chemistry of Cu' is very abundant, HoSOu(dil) l l NaOH(aq)
and in basic media, it perfectly exemplifies the chemistry of any transition metal having

amphoteric hydroxides. For this purpose, copper(Il) hydroxide is prepared from copper(Il) CuSO,(aq) + Cu’(s) Na,[Cu(OH),](aq)
sulfate by addition of basic medium. The insoluble amphoteric hydroxide reacts again with a

solution of sodium hydroxide to form the corresponding water-soluble sodium tetrahydroxocuprate(1I). Finally, an experiment is
carried out to demonstrate the instability of Cu' in aqueous acid medium, which disproportionates to form Cu’ and the
corresponding water-soluble copper(Il) salt. This set of experiments has been designed to be performed in a single 3—4 h laboratory
session, and it has been tested several times with second-year undergraduate chemistry students at the University of Santiago de
Compostela (Spain).

KEYWORDS: Undergraduate, Inorganic Chemistry, Laboratory Experiment, Copper Chemistry, Yellow Copper(I) Oxide,

Ampbhoteric Character, Disproportionation

B INTRODUCTION yellow form of the oxide but in the course of other investigations,
ot tive i ; ; which were not aimed at isolating the oxide itself.">"’
Characteristic aspects of the descriptive inorganic chemistry of g :
metals are often an arduous subject for students of the degree in Accordingly, a simple and straightforward method of synthesiz-
Chemistry. Therefore, it is of great interest to carry out ing yellow Cu,O nanoparticles would be of great interest, so that
laboratory experiments that help them to consolidate concepts students can visualize that a strong reductant can reduce Cu" to
related to the reactivity of metals and their compounds. In this Cu!, not to Cu’.
way, copper in massive form is a quite noble metal, though less Besides, it should be noted that Cu' classic compounds can

so than others,' and it resists atmospheric attack, covering itself
in the long term with a green patina.”~* Under more aggressive
conditions, copper reacts readily. Thus, the chemistry of copper
involves oxidation—reduction reactions, which give rise to
different oxidation numbers (commonly +I and +II), and these
can be converted into each other. The stability of these oxidation

only be isolated in the solid state, given that Cu' dispropor-
tionates in aqueous solution,"* and this is a characteristic that
Cu' shares with Au". Unlike Cu', the chemistry of Cu" in aqueous
solution is rich, forming different species depending on the pH
of the medium, a feature common to many other d-block metals

states both in solid state and in aqueous solution is different, in the +II or +III oxidation states. In this respect, the amphoteric
with Cu" being the most stable species in both media. Thus, Cu' character of copper(II) hydroxide is remarkable, which in a
compounds can be isolated by reduction from more stable Cu" strong basic medium leads to the isolation of

precursors. In this way, many methods have been described for tetrahydroxocuprate(I1) ([Cu(OH),]*”). This exemplifies the
obtaining copper(I) oxide from copper(1I) salts. In the more

classical syntheses (not electrochemical or hydrothermal),
maybe the most used reductants are sugars (making use of the
well-known behavior of Benedict’s reagent or Fehling’s
solution),s_8 but other reductants such as ascorbic acid,s’9
hydrazine,"’ sodium borohydride,'" or hydroxylamine'” have Received:  June 30, 2023 CHEMEAEDUCATON
also been employed. Among these synthetic methods, the Revised:  October 14, 2023
simplest ones, and therefore the easiest to implement in an Accepted:  October 19, 2023
undergraduate laboratory, typically lead to brick-red Cu,O Published: November 8, 2023
nanoparticles, whose color is reminiscent of Cu’ metal itself.

Some other experiments also described the identification of the

reaction of amphoteric metal oxides or hydroxides with a strong
base, which gives rise to oxoacid salts where the metal forms part
of the oxoacid group.
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Figure 1. (a) The solution of copper(II) sulfate. (b) The solution of copper(II) sulfate after addition of the solution of hydroxylamine. (c) The
solution of copper(II) sulfate and hydroxylamine after the addition of a small quantity of the NaOH solution. (d) The solution of copper(II) sulfate
with hydroxylamine after completing the addition of the NaOH solution.

B EXPERIMENTAL OVERVIEW

The following three experiments are proposed for under-
graduate chemistry students: experiment 1, obtaining of yellow
copper(I) oxide using hydroxylamine; experiment 2, reactivity
of copper(1I) sulfate in basic medium; experiment 3, reactivity of
copper(I) oxide with sulfuric acid and identification of the final
solid. All of these experiments can be carried out in a single
laboratory practice session, in a maximum time of about 4 h. The
detailed implementation of the three experiments is described in
the Supporting Information. In addition, other methods of
synthesis of copper(I) oxide, but in this case of brick-red color,
are also included in the Supporting Information.

B DISCUSSION

Experiment 1

The first experiment, the obtaining of yellow copper(I) oxide,
illustrates the interconversion of the two common oxidation
states of copper. Thus, this is a redox reaction, where the
copper(II) sulfate acts as an oxidant toward the strong reducing
agent hydroxylamine, as shown below (eq 1).

2CuS0,5H,0(s) + 2NH,OH-HCI(s) + 6NaOH(s)

oxidant reductant

i H,0(l)

Cu,0(s) + N,(g) + 2NaCl(aq) + 2Na,SO,(aq) + 17H,0(l) (1)

[ Cu?* +1e—> Cut ] x2

2NH,OH +20H —» N, + 4H,0 +2e’

Ee Cu®*/Cu*=0.153 V
E2 N,/NH,OH =-3.84 V

2Cu?* + 2NH,OH + 20H —> 2 Cu* + N, + 4H,0

The copper(I) oxide can show different colors due to the
different particle size'® obtained depending on the experimental
conditions, and the use of hydroxylamine is important for
isolating the yellow form of the oxide. Although the most
common methods for obtaining Cu,O with more typical
reductants could, in theory, also enable the isolation of the
yellow form of the oxide, the use of hydroxylamine is
advantageous. First of all, it does not give colored products in
solution (as can occur, e.g., with ascorbic acid or glucose), which
facilitates visual examination and interpretation of the reaction
results by the students. Second, this reducing agent is sufficiently
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reactive to eliminate the heating required by many other
reductants. Finally, it has much greater stability compared with
other reductants for synthesis at room temperature (e.g., sodium
borohydride), and its solutions can be stored for months without
changes, which is useful for reproducible and cost-effective
teaching experiments.

The reaction of Cu** with hydroxylamine only takes place in a
basic medium. This is clearly observed because the mixing of the
blue copper(II) sulfate solution (color due to the presence of the
[Cu(OH,)4]*" cation) and the colorless hydroxylammine
solution does not lead to changes in color or physical states.
The solid only begins to precipitate when the sodium hydroxide
aqueous solution is added (Figure 1 and Figure S1).

The Cu,O suspension obtained is left to stand, and
supernatant water is decanted. Then, the solid is washed with
water to eliminate the possible salts (NaCl and Na,SO,) that can
impurify the product, before being filtered by gravity (Figure
S2). Subsequent washes with ethanol and diethyl ether are
intended to encourage drying of the final product.

Experiment 2

The second experiment explores the reactivity of copper(II)
sulfate in a basic medium. The first part of this illustrates the
typical reaction of a soluble salt of a transition metal in a basic
medium. Thus, this is an exchange reaction, where the most
insoluble species is formed. In this case, this species is the light
blue copper(Il) hydroxide, as shown in the reaction below.

CuSO,-SH,0(s) + 2NaOH(aq)

— Cu(OH),(s) + Na,SO,(aq) + SH,0(1) (2)

Accordingly, this reaction is very easy to track, as we go from
observing the blue copper(II) sulfate solution (Figure 1) to a
suspension with the light blue solid (Figure 2).

The copper(1l) hydroxide has amphoteric character, and it
redissolves in a strong basic medium. Therefore, the addition of
more sodium hydroxide produces the soluble sodium
tetrahydroxocuprate(II), according to the following Lewis
acid—base reaction:

Cu(OH),(s) +2NaOH(aq) — Na,[Cu(OH),](aq) (3)
Lewis acid  Lewis base

The progress of this reaction can also be followed visually,
since as the soluble sodium tetrahydroxocuprate(Il) is formed,
the copper(II) hydroxide dissolves, and the suspension of the

https://doi.org/10.1021/acs.jchemed.3c00634
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Figure 2. (a) The solution of copper(II) sulfate after the addition of a
few drops of NaOH solution, showing the precipitation of copper(II)
hydroxide. (b) The solution of Na,[Cu(OH),] formed after the
addition of the whole NaOH solution to the precipitated copper(1I)
hydroxide.

light blue solid is transformed into a darker blue solution (Figure
2).

The temperature, the concentration of the original copper(II)
sulfate solution, and the addition rate of the sodium hydroxide
solution are fundamental factors in this reaction. If a very
concentrated CuSO, solution has been used to precipitate the
copper hydroxide, if the solutions are hot, or if the base is added
too fast, dark insoluble aggregates (CuO) are produced
according to eq 4.~

Na,[Cu(OH),](aq) — CuO(s) + 2NaOH(aq) + H,0(1)
(4)
Accordingly, it is very important to add the cold NaOH
solution to the copper(Il) sulfate solution dropwise and with
stirring.
Experiment 3

The third experiment illustrates the disproportionation of Cu'
species in aqueous solution, which can be easily inferred from
the reduction potentials of the pairs Cu**/Cu* and Cu*/Cu’° (eq
5). Thus, the reaction of copper(I) oxide, which is a weak base,
in the presence of dilute sulfuric acid should give rise to an acid—
base reaction. However, a redox process occurs (eq 5), due to

the instability of Cu' in water, according to the following
reaction:

Oxidation Cu* — Cu?*+1e  E2Cu?*/Cu*=0.15V

Reduction Cu*+les — » Cu®  E2Cu*/Cu®=0.52V

2 Cut —> Cu?t+Cu°

Cu,0(s) + H,S0,(aq) = Cu® + CusO,(aq) + H,O()  (5)

It is very easy to verify that this rapid reaction has taken place,
since the dark yellow solid Cu,O (Figure 1) disappears, and a
reddish solid (Cu”) and a blue solution (due to the presence of
[Cu(H,0)¢]*") are formed (Figure 3).

Besides, the identification of copper metal can be made by
adding a small quantity of concentrated nitric acid to a spatula
tip of the solid copper, observing the release of brown NO, gas,
and the formation of the typical blue solution of copper(1l)
nitrate according to the following reaction.

Cu(s) + 4HNO;(conc) —Cu(NO3),(aq) + 2NO,(g) + 2H,0(I)
reductant oxidant

(6)

Cu—> Cu?* + 2¢
[NO; + 2H* + e—> NO, + H,0|x2

Cu + 2NO, + 4H*—>CuZ* + 2NO, +2H,0

Another indication that the reddish solid is copper can be
obtained by adding concentrated hydrochloric acid over it. In
this case, as copper itself is more oxidizing than the proton, no
reaction will be observed. The same is true for water, a medium
with which copper metal does not react in the short term.

Bl LABORATORY IMPLEMENTATION

I have conducted these three experiments in six different years
for a group of 18—20 second year undergraduate chemistry
students, who were taking a course on metals and their
compounds. The experiments were carried out individually
during a 3—4 h laboratory session. All students could complete
the experiments successfully, and changes in color and/or
solubility helped them to see if their experiments were on track.
The part they reproduced the worst, and in which approximately
10% of the students failed, is in obtaining sodium
tetrahydroxycuprate(II) from copper(II) hydroxide. In this
part, the rush to finish means that they do not let the sodium

c)

Figure 3. (a) The suspension obtained after the addition of 2 M H,SO, to Cu,0. (b) The filtrate of the suspension, showing the pale blue color of the
diluted solution of CuSO,. (c) The solid obtained after filtering the suspension, showing the typical color of copper.
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hydroxide solution cool once it has been prepared (remember
that dissolving NaOH in water is an exothermic process) or they
add this solution too quickly to the Cu(OH), suspension, which
leads them to obtain dark CuO particles (eq 4),">~"” which are
not amphoteric and thus do not redissolve in a basic medium.

Since this experiment is short, they can repeat it and thus
observe that in chemistry it is fundamental to follow exactly the
indications of the experiments and that small variations can lead
to frustrating outcomes. In this way, the experiments were
optimized over the years, so that the experimental conditions
described herein are the most suitable ones to make these
experiments fully reproducible. Therefore, 100% of the students
end up obtaining the expected results, all of them at the first
attempt, except, as I have just mentioned, the obtaining of
sodium tetrahydroxycuprate(Il). In addition, this work also
includes a reaction in which the limiting reagent is not the metal
salt. Usually, undergraduate students consider that the metal salt
is always the limiting reagent, and this is a good example to show
that this does not have to be the case.

Before the students perform this lab practice, one should
make sure that they know the chemistry involved in the
experiments (answering the questions proposed in the
Supporting Information), which will help them to grasp the
concepts related to the reactivity of copper and its compounds.
In general, students give reasonable explanations for the results
and observations.

B HAZARDS

Rubber gloves and safety glasses shall be worn. It is advised that
all experiments be conducted in a fume hood. If hoods are not
available for all students, the reactions may be carried out
outside the hood, except for the synthesis of copper(I) oxide and
the copper tests with concentrated nitric acid and concentrated
hydrochloric acid, which must be carried out in the fume hood.

Hydroxylammine hydrochloride is irritating to the eyes, skin,
and respiratory tract.”’ The substance may cause effects on the
blood and may result in the formation of methemoglobin.
However, this substance can only be absorbed into the body by
inhalation of its aerosol, through the skin, and by ingestion.
Inhalation risk is insignificant, given that its evaporation at 20 °C
is negligible. Accordingly, there is no risk if gloves and glasses are
worn, and the aqueous solutions of this species are relatively safe
for teaching. Tumors have been detected in experimental
animals but may not be relevant to humans; however, this only
occurs after long-term or repeated exposures. The substance is
very toxic to aquatic organisms. Therefore, it is necessary to use
the exact amount of this substance and ensure that none of it is
wasted. If this reagent is not to be used, there is an alternative in
the Supporting Information for the obtaining of brick red Cu,O.

CuSO, is harmful if swallowed and can causes serious eye
damage. It is very toxic to aquatic life with long lasting effects.
Accordingly, the solution generated in the Cu,O dismutation
process must be discarded in a metal waste container, never in
the aqueous solution waste container. HNO5(c), HCl(c), and
NaOH cause eye and skin damage, while the obtained Cu,O
only is harmful if swallowed.

B SUMMARY

The three experiments described herein are very illustrative of
the descriptive chemistry of copper and, hence, of the chemistry
of many other transition metals. Typical reactions, such as acid—
base processes in which an amphoteric metal oxide or hydroxide
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behaves as an acid, are exemplified in one of these experiments.
In addition, it is also intended to familiarize the student with the
different stability of metal species in the solid state and in
solution, and with the processes of dismutation. These
experiments, in which the transformations can be easily
observed simply by means of changes in color and/or physical
states, also help the student to grasp the redox concepts. All of
the experiments are low-polluting. In fact, the solvent is always
water. All of them are very easy to perform, with it being feasible
to do the three experiments in a 3—4 h laboratory session.

B ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available at https://pubs.ac-
s.org/doi/10.1021/acs.jchemed.3c00634.

Reagents and materials, detailed experiments, and some
considerations to take into account in the experimental
process (PDF)
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