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ABSTRACT 
A laboratory activity is described for senior high school or 1st year undergraduate level students that 10 

illustrates key concepts linked to extractive metallurgy. This experiment demonstrates preferential 

binding of a methoxyphenolic oxime ligand to Cu2+ in the presence of other transition metal ions in 

aqueous solution.  The students are tasked to investigate the importance of the spatial relationship 

between the oxime and phenol group of two potential ligands by performing a series of short and 

simple tests. The objective is achieved by identifying which methoxyphenolic oxime ligand selectively 15 

and rapidly forms an isolable precipitate with Cu2+ ions. Only one of the potential ligands exhibits a 

clear preference for binding to Cu2+ and this can easily be identified visually (and confirmed by UV-

visible spectroscopy if desired). The experiment has successfully been employed as part of an 

extracurricular laboratory course involving groups of 25-30 high school students.  
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Decision Making, Applications of Chemistry, Coordination Compounds, Metallurgy, Qualitative 25 
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INTRODUCTION 
For several years we have successfully implemented an advanced level interdisciplinary laboratory 

activity that models industrial hydrometallurgical extraction of copper.1 In that exercise, the students 30 

are tasked to prepare phenolic oximes as copper extractants and then spectroscopically determine 

whether the oxime they have prepared can be used to selectively extract Cu2+ in the presence of Ni2+ 

(scheme 1). As well as being a useful model of an economically important process,2 this particular 

exercise has proved to be very adaptable for use in short open-ended projects where the students can 

prepare and screen a variety of phenolic oximes as potential extractants. Earlier studies had shown 35 

that 5-(tert-butyl)-2-hydroxybenzaldehyde oxime (1 illustrated as a hydrogen bonded dimer) was one of 

the best extractants in terms of ease of preparation, selectivity for Cu2+ and solubility in hydrocarbon 

solvents. 

 40 

Scheme 1 – Selective extraction of Cu2+ ions by 5-(tert-butyl)-2-hydroxybenzaldehyde oxime (1) 

 
Our subsequent work has found that many other candidate phenolic oximes were easily 

prepared by the students and these could be shown to be highly selective for Cu2+ ions. However, these 

compounds were found to be inferior extractants due to the resulting copper complexes having very 45 

poor solubility in hydrocarbon solvents. These results were initially disappointing, although it was 

soon realised that these observations could form the basis of a new experiment aimed at showing 

selective binding to Cu2+ ions, but in a simpler way. It was envisaged that such an activity would be 

suitable for students at a less advanced stage of study. The revised objective was to implement a 

simple protocol where isomeric methoxyphenolic oxime ligands could be tested with a series of 50 
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transition metal ions and demonstrate: 1) that certain structural motifs promote complexation to 

transition metal ions and 2) that it is possible to selectively bind to copper ions (an observed insoluble 

complex would only form with Cu2+) in the presence of other transition metal ions.  

PEDAGOGICAL GOALS 
In this paper we report a simplified derivative of our original extractive metallurgy exercise,1 in 55 

this case the activity is aimed at high school students or those in the early years of study at 

University. The pedagogical goals of this work are as follows: 

• To help develop skills in systematic testing, careful observations and note taking.  

• To provide an opportunity to test a simple hypothesis and demonstrate the importance of 

control experiments in drawing conclusions from experimental evidence,   60 

• To use a scenario-based format to provide a “real-world” context for a practical activity. 

EXPERIMENTAL OVERVIEW 
As described in our earlier study,1 phenolic oximes, salicylaldoxime derivatives in particular, 

serve as efficient extractants for Cu2+ ions. The observed selectivity of these compounds for copper is 

attributed to their ability to form pre-organised hydrogen-bound dimers in solution, this arrangement 65 

affords a 14-membered pseudomacrocycle that is selective for Cu2+ at low pH.2 This process has been 

extensively studied in the context of industrial extraction, however, the selectivity for various metals 

by varying pH has been known for a longer period of time. Indeed, the oxime derivative of 

salicylaldehyde (salicylaldoxime) was studied in the early 20th century and exploited for gravimetric 

analysis prior to the introduction of more modern analytical techniques.3-6 In this study, we found that 70 

methoxyphenolic oxime 2 was particularly effective since the resulting copper complex (3) formed very 

quickly, and readily precipitated from the resulting acidic solution (sulfuric acid is released as binding 

of the methoxyphenolic oxime to Cu2+ proceeds). Complexation of methoxyphenolic oxime 2 with 

copper ions has been the subject of research in recent years, most notably by MAS-NMR spectroscopy7 

and single-crystal X-ray diffraction.8 As part of our study, we were able to obtain our own diffraction 75 

data for complex 3 (see figure 1 and the CIF file in the supporting information) and this proved to be 

very useful as an instructional tool for the activity described herein. In addition to the favourable 
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selectivity and structural properties, methoxyphenolic oxime 2 is also readily prepared from a 

commercially available and inexpensive isomer of vanillin (scheme 2 – synthetic procedures are 

outlined in the supporting information). 80 

 

Figure 1 – (left) schematic representation of methoxyphenolic oxime 2, (middle) schematic representation of copper complex 3, and (right) X-

ray crystal structure of copper complex 3. 

 

 85 

Scheme 2 – Preparation of o-vanillin-derived oxime 2 and vanillin-derived oxime 4. 

 

 

Initial testing focused on additions of 1% (w/v) solutions of oxime 2 in ethanol to 0.1 M 

aqueous solutions of CuSO4, NiSO4, CoSO4 and ZnSO4. It was observed that with gentle agitation, 90 

precipitates formed within a few seconds in the solutions containing Cu2+ and Ni2+ ions. However, 

precipitates did not form at all in the solutions containing Co2+ and Zn2+, even after agitation of these 

solutions over a period of several minutes. Pleasingly, addition of oxime 2 to a 1 : 1 mixture of CuSO4 

and NiSO4, preferentially formed the corresponding copper complex (3). Further investigations 

established that the concentration of the oxime solutions could be reduced to 0.5% (w/v) without any 95 

negative impact on the quality of the test observations. The experimental set up was designed to be 

2 3 3
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simple so the need for large quantities of specialist glassware was reduced as much as possible. 

Standard 10-20 mL test tubes were found to be satisfactory for observing the reactions and the 

precipitates were easily isolated by filtration through fluted filter paper or by vacuum filtration with a 

Hirsch funnel. 100 

 

One of the aims of the experiment was to provide an option for the students to test a 

hypothesis. In this case, we chose to focus on the structure of the oxime ligand, and ask if there was a 

specific requirement to have an oxime and phenol group or an oxime and an alternative functional 

group adjacent to each other.  In order to demonstrate the importance of the ortho relationship 105 

between the oxime and phenol group, an isomeric oxime ligand that would be unlikely to bind strongly 

to the metal ions was required. We found oxime 4 convenient for this purpose since the phenol and 

oxime groups are para to each other. Satisfyingly, as expected, mixing ethanolic solutions of oxime 4 

with 0.1 M aqueous solutions of CuSO4, NiSO4, CoSO4 and ZnSO4 showed that no precipitates were 

formed. Oxime 4, was also found to be easily prepared from readily commercially available and 110 

inexpensive vanillin using the same procedures as oxime 2 (scheme 2 – the synthetic procedures are 

outlined in the supporting information). A further objective was to demonstrate the use of a control, 

since this activity focused on observing precipitation of a metal complex, it was essential to ensure 

that both oximes were completely soluble in the test solutions. To ensure no false positive results 

could be obtained, ethanol solutions of each of the oximes were added to 2 mL portions of water and 115 

dilute sulfuric acid.  In all cases, precipitates were not observed so both oximes were found to be 

suitable for the required tests with transition metal ions.   

 
Although the colour of the precipitated metal complexes would be useful indicators of 

successful binding, we desired an option for further evidence to be readily acquired. Fortunately, our 120 

earlier studies1 had found UV-visible spectroscopy to be a quick and effective way of identifying 

phenolic oxime complexes of copper, and we again found UV-visible spectroscopy allowed 

straightforward identification of the copper complex in dimethyl sulfoxide (DMSO) solution.  

HAZARDS 
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A laboratory coat and safety glasses must be worn at all times. Do not allow any of the 125 

substances in use to come into contact with skin or eyes. Ethanol is flammable and harmful by 

inhalation, ingestion or skin absorption. Care must be taken to avoid inhaling transition metal dusts 

during weighing operations. Dusts of nickel and cobalt compounds are particularly hazardous since 

they are potentially carcinogenic and can cause skin allergy in some individuals. For these reasons, it 

is suggested that the students should not prepare the transition metal solutions themselves, this task 130 

should instead be completed by laboratory technicians in advance of the laboratory class.  All 

transition metal wastes should be considered as toxic in an aquatic environment and should be 

collected in appropriate containers for disposal according to local regulations. Contact with dimethyl 

sulfoxide (DMSO) can result in skin irritation and absorption of the solvent (and the solute) through 

the skin, therefore appropriate disposable gloves should be worn.  135 

 

RESULTS AND DISCUSSION 

 
Groups of 30 senior level high school students were divided into pairs and each pair was 

provided with a set of test tubes, vacuum filtration equipment and had access to a UV-visible 140 

spectrometer. As part of the experimental introduction, the students were made aware of the two 

possible methoxyphenolic oxime structures, this allowed them to have a short discussion about ligand 

binding with an instructor and then try to predict which oxime might be a better ligand. While 

conducting the experiment, the students worked with solutions labelled “oxime A” and “oxime B”, once 

the results of all the tests were complete, the identities of oximes A and B were revealed. The students 145 

unanimously identified oxime 2 as the most appropriate, this observation then allowed the importance 

of the ortho-phenolic oxime group to the Cu2+ binding event to be discussed with laboratory 

instructors. The crystal structure of the compound proved to be particularly useful as part of the 

concluding discussions since the relative orientation of the binding groups was very easily recognized 

from this. 150 

 

Precipitation tests with methoxyphenolic oxime 2 (“oxime A”) with Co2+, Ni2+, Cu2+ and Zn2+ solutions 
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2 mL portions of 0.1 M cobalt(II) sulfate, nickel(II) sulfate, copper(II) sulfate or zinc(II) sulfate  

were transferred to a test tube and placed in a test tube rack. 1 mL portions of 0.5% (w/v) ethanolic 

“oxime A” solution were added to each tube, the contents were gently shaken for 20-30 seconds and 155 

then each tube was allowed to stand for a 2-3 minutes. The solutions containing Co2+ and Zn2+ showed 

no change in colour and did not form a precipitate. As expected, the solutions containing Ni2+ and Cu2+ 

did form precipitates, a green complex deposited from Ni2+ solution and a brown complex rapidly 

deposited from the Cu2+ solution (all the test results are shown in figure 2). 

 160 

Figure 2 – Test results for methoxyphenolic oxime 2 (control tube A contains a 0.5% (w/v) solution of 2 in ethanol). Tubes B-E contain 1 mL 

of 0.5% (w/v) ethanol solution of 2 mixed with 2 mL of: B = 0.1 M CoSO4, C = 0.1 M NiSO4, D = 0.1 M CuSO4, E = 0.1 M ZnSO4. 

 

Precipitation tests with oxime 4 (“oxime B”) with Co2+, Ni2+, Cu2+ and Zn2+ solutions 
2 mL portions of 0.1 M cobalt(II) sulfate, nickel(II) sulfate, copper(II) sulfate or zinc(II) sulfate  165 

were transferred to a test tube and placed in a test tube rack. 1 mL portions of 0.5% (w/v) ethanolic 

“oxime B” solution were added to each tube, the contents were gently shaken for 20-30 seconds and 

then each tube was allowed to stand for a 2-3 minutes. In this series of tests, none of the solutions 

showed any sign of precipitation or colour changes (all the test results are shown in figure 3). 

 170 

A B C D E

A B C D E
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Figure 3 – Test results for oxime 4 (control tube A contains a 0.5% (w/v) solution of 4 in ethanol). Tubes B-E contain 1 mL of 0.5% (w/v) 

ethanol solution of 4 mixed with 2 mL of: B = 0.1 M CoSO4, C = 0.1 M NiSO4, D = 0.1 M CuSO4, E = 0.1 M ZnSO4.       

 

Tests with methoxyphenolic oxime 2 and oxime 4 with aqueous Fe3+ 
In a real mining situation, iron(III) containing materials would also be present, so selectivity  175 

tests in the presence of Fe3+ are also relevant, 0.1 M ammonium iron(III) sulfate is a readily available 

source of Fe3+ for this purpose. A 2 mL portion of 0.1 M ammonium iron(III) sulfate was transferred to 

a test tube and placed in a test tube rack. Addition of a 1 mL portion of 0.5% (w/v) solution of 

methoxyphenolic oxime 2 in ethanol showed a change in colour (orange to dark purple, test B, figure 

4) but a precipitate was not observed. This particular observation frequently prompted discussion with 180 

the students since the complex formed with iron results in a very dark solution (in many respects 

resembling ink) and some people therefore found it more challenging to rapidly establish whether solid 

material was present or not. However, careful observations revealed that no solid was present. These 

results are consistent with earlier studies which focused on the use of salicylaldoxime as an agent in 

quantitative spectrophotometric analysis of Fe3+ solutions.9 The original paper suggests at low pH 185 

salicylaldoxime solutions should be dark purple in colour. Addition of a 1 mL portion of 0.5% (w/v) 

ethanolic oxime 4 did not afford a purple solution or a precipitate, in this case, the solution remained 

orange but turned slightly darker (Test D, figure 4).  

 

Figure 4 – Test results for oximes 2 and 4 with Fe3+ (control tube A contains a 0.5% (w/v) solution of 2 in ethanol, control tube C contains a 190 

0.5% (w/v) solution of 4 in ethanol). Tube B contains 1 mL of 0.5 % (w/v) ethanol solution of 2 mixed with 2 mL of 0.1 M (NH4)Fe(SO4)2. Tube 

D contains 1 mL of 0.5% (w/v) ethanol solution of 4 mixed with 2 mL of 0.1 M (NH4)Fe(SO4)2. 

 

Tests with methoxyphenolic oxime 2 and mixed metal sulfate solutions 

A B C D



  

Journal of Chemical Education 9/7/20 Page 9 of 12 

The initial precipitation tests (figures 2 and 3) showed that insoluble metal complexes are only 195 

formed when methoxyphenolic oxime 2 is added to a solution of Cu2+ or Ni2+. A final test with a 1:1 

mixture of CuSO4 and NiSO4 resulted in a brown precipitate as the sole product (figure 5, test C), this 

observation is consistent with the expected selectivity for Cu2+.  This expectation was subsequently 

confirmed after isolation of the copper complex by filtration and analysis using UV-visible 

spectroscopy. We have also found that a four-component mixture containing 0.1 M solutions of 200 

CuSO4, NiSO4, CoSO4, and ZnSO4 also affords the copper complex as the sole product (figure 5, test 

D).  

 

 

Figure 5 – Test results for oxime 2 with mixed metal sulfate solutions. Tube A contains 1 mL of 0.5% (w/v) ethanol solution of 2 mixed with 2 205 

mL of 0.1 M NiSO4. Tube B contains 1 mL of 0.5% (w/v) ethanol solution of 2 mixed with 2 mL of 0.1 M CuSO4. Tube C contains 1 mL of 0.5% 

(w/v) ethanol solution of 2 mixed with 2 mL of 0.1 M NiSO4 and 2 mL of 0.1 M CuSO4. Tube D contains 1 mL of 0.5% (w/v) ethanol solution of 

2 mixed with 1 mL of 0.1 M CoSO4, 1 mL of 0.1 M NiSO4, 1 mL of CuSO4, and 1 mL of 0.1 M ZnSO4 

 

Copper complex 3 was found to be particularly insoluble in the majority of solvents used in 210 

teaching laboratories, however, preparation of sample solutions in dimethyl sulfoxide (DMSO) allowed 

satisfactory UV-vis absorption spectra to be obtained. Our previous study1 found that the UV-vis 

spectra of the metal complexes with phenolic oximes provided a quick and unambiguous method of 

distinguishing between samples of nickel(II) and copper(II) species (example spectra are provided in the 

supporting information).  In this activity we again found that the copper(II) complex exhibited a 215 

significant  bathochromic shift (λmax = 354 nm) of the signal arising from C=N n→  transition relative 

to the free oxime ligand (λmax = 314 nm) and the Ni(II) complex (λmax = 308 nm) respectively. We found 

time constraints prevented the students from isolating and analysing the authentic nickel complex, 

A B C D
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copper complex and free oxime, as well as the copper complex they obtained from the Ni(II) and Cu(II) 

mixture. In this case, the students were provided with copies of authentic spectra and could therefore 220 

make a direct comparison of their own data with the example data sets.  However, if more time is 

available to instructors, the option of isolating and analyzing of the authentic nickel complex and 

copper complex is straightforward. This option is accomplished by filtering the precipitates obtained 

from samples C and D shown in figure 2, the resulting solids can then be analysed by UV-visible 

spectroscopy (the relevant procedures are outlined in the supporting information).   225 

CONCLUSION 
A short and simple hydrometallurgy focused experiment has successfully been developed for 

use by senior high school students or 1st year undergraduates. The simple tests described herein were 

found to be a quick and straightforward way to demonstrate selective binding of methoxyphenolic 

oxime 2 to Cu2+ in the presence of other transition metals in aqueous solution.  The experiment has 230 

successfully been employed as part of a science summer school laboratory course that typically 

involves 20-30 students. Our findings were that this activity was successful in engaging the students 

and enabled them to formulate a simple hypothesis and select appropriate controls for the tests they 

conducted. In recent years, some excellent activities have been reported that demonstrate ligand 

selectivity for Ni2+ ions, 10,11 we hope this experiment focused on Cu2+ will compliment these.     235 
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Supporting Information 
An example laboratory manual entry and instructor notes, including relevant 1H NMR spectra and 

UV-visible absorption spectra, have been provided (.DOCX and .PDF files). X-ray Crystallography data 240 

for copper complex 3 has also been provided (.CIF file) The Supporting Information is available on the 

ACS Publications website at DOI: 10.1021/acs.jchemed.XXXXXXX. [ACS will fill this in.]  
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