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ABSTRACT. The aim of this study was to investigate the effect of calcium and ferrous iron ions on the removal of copper-to-copper oxalate from a model solution 
containing 0.0069 M Cu2+. Copper oxalate was synthesised under optimal experimental conditions (solution pH of approximately 2.5, temperature of 50 °C, and a stirring 
rate of 250 rpm). This was an effective process for removing copper from the model solution, and the resulting particles were larger than 200 µm and exhibited excellent 
filtration characteristics. In contrast, higher concentrations of calcium ions (0.036 M) and ferrous iron ions (0.045 M) decreased the selectivity and efficiency of copper 
removal, respectively.  
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Introduction  
 

Hydrometallurgy is widely applied to recover base metals 
from low-grade raw materials and industrial wastes, whose 
chemical composition and mineralogy make classical 
processing methods inefficient. In that case, the base metal 
leaches from the mineral structure and accumulates in the 
pregnant leach solution. That process is usually nonselective, 
and the leaching and accumulation of calcium, iron, aluminium, 
and silicon in solution accompany it. Therefore, processing the 
pregnant leach solution, the final step in the relevant 
hydrometallurgical method, aims to obtain a product with higher 
base-metal content. The most common approaches for 
separating and concentrating the base metal from the leach 
solution and transforming it into a higher-purity market product 
are solvent extraction, stripping, and electrowinning (Shlesinger 
et al., 2021). However, chemical reduction using scrap remains 
a suitable method for recovering copper ions from mining 
solutions in some cases (Li et al., 2024).  

Oxalic acid is a natural product of the metabolism of a wide 
range of heterotrophic microorganisms (bacteria and fungi), 
plants and animals. Its role is to enhance acidolysis of minerals 
within their microenvironment and, in turn, to support and 
regulate the mineral nutrition of organisms (Palmieri et al., 
2019). 

Oxalic acid has attracted the attention of hydrometallurgists 
for many years as an efficient and selective agent for recovering 
base metals from various types of pregnant solutions (Gyliene 
et al., 1997; Gylliene & Saulkaskas, 1994). Based on its unique 
chemical properties, oxalic acid is used as a leaching and 
recovery agent for a wide range of primary raw materials such 
as lithium-bearing sediments (Tita et al., 2025), slag (Cheng et 
al., 2026), coal (Zeng et al., 2026), hydroxysulphate and silicate 
(Krajanova & Lalinska-Volekova, 2025) or spent products, such 
as spent ion batteries (Martins et al., 2023; Botta et al., 2025), 
diodes (Mustafa et al., 2025), spent catalysts (Verma et al., 
2019), as well as to recover zinc (Lee et al., 2017), some critical 
elements such as cobalt (Aref et al., 2026), nickel (Yang et al., 
2020), and rare earth elements (Wen et al., 2025).  

To study the effect of calcium and ferrous iron ions 
concentration on the removal of copper-to-copper oxalate from 

a model solution containing 0.0069 M Cu2+ was the main aim of 
this study. 
 

Materials and methods 
 
Precipitation of copper ions to copper oxalate 

The reagent-grade salts of CuSO4.5H2O, CaCl2, and FeSO4. 
7H2O were used in the experiments to prepare a model solution 
with a composition similar to that of waste or pregnant solutions 
from the mining industry or biohydrometallurgy. The 
concentration of Cu2+ in all experiments was 440 mg/ L (0.0069 
M), while the concentration of Ca2+ and Fe2+ varied between 275 
mg/ L – 1440 mg/ L (0.0069 M – 0.036 M) and 500 mg/ L – 2500 
mg/ L (0.0089 M – 0.045 M), respectively. The amounts of the 
salts needed for the relevant experiment were dissolved in 
distilled water acidified with sulphuric acid. pH of the prepared 
solutions ranged from 2.38 to 2.59.  

The amount of oxalate ions, [C2O42-], needed to precipitate 
Cu2+ as oxalate was calculated according to the relevant 
equation:  

 
[C2O42-] = (KspCuC2O4.H2O)/[Cu2+]   (1) 
 
where Ksp is the solubility product of copper oxalate (Table 

1), while [Cu2+] is the copper concentration in solution, M.  
 

Table 1. Ksp values of some oxalates (Rumble, 2018) 

Compound Ksp value at 25 °C 

CuC2O4.H2O 4.43.10-10 

CaC2O4 2.3.10-9 

FeC2O4. 2H2O 2.1.10-7 

 

The selective precipitation of cupric ions to copper oxalate 

was carried out on a magnetic stirrer at 250 rpm and at a 

constant temperature of 50 °C. After reaching the temperature, 

the initial pH was measured. The required amount of oxalic acid 

for the precipitation of cupric ions was divided into five portions 

and added to the solution at 10-minute intervals. The entire 

experiment lasted 60 minutes. The pH of the suspension was 
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measured at 50 °C and at 9.8 °C after the suspension was 

cooled in an ice bath.  

The particles formed at the end of the experiment were 

separated by vacuum filtration through Blue Ribbon filter paper 

with a pore size of 2-3 µm. The filtrate was passed through a 

0.45 µm membrane filter. The residual concentrations of Cu2+, 

Ca2+, and Fe2+ in the second filtrate were determined by AAS 

(Perkin Elmer 5000).   
 

Characterisation of the precipitates obtained from the 
experiments 

The efficiency of copper ions removal to copper oxalate (ECu, 

%) was calculated according to the following formula:  
 

𝐸𝑐𝑢 =
𝐶1−𝐶2

𝐶1
 × 100, %     (2) 

 
where C2-copper ions concentration in the filtrate obtained after 
membrane filtration, mg/ L; C1-copper ions concentration in the 
model solution, mg/ L.  

The precipitate deposited on the filter paper was washed 
with distilled water, dried at 105 °C for 2 hours, and weighed on 
a precise balance.  

The mineralogical composition of the obtained precipitates 
was determined using a Phillips PW 1050 X-ray Diffraction 
analyser with Cu anode, operated at 112 kV and 31 mA. The 
chemical analysis of the obtained precipitates and their surface 
morphology were carried out using an electron microscope, 
JEOL JSM-6010 PLUS/LA. 

Selectivity of copper precipitation as copper oxalate (S, %) 
was calculated according to the following formula:  

 

𝑺 =
𝐶𝑐𝑢2

𝐶𝑐𝑢1
 × 100     (3) 

 
where CCu2 – average copper content in the precipitate, 
determined by the EDS analysis, in the presence of other 
cations (calcium or ferrous iron) in the solutions; CCu1 – average 
copper content in the precipitate, determined by the EDS 
analysis, in the absence of other cations in the solution.  

 

Results and discussion 
 

The rate of copper precipitation to copper oxalate is a pH-
dependent. At a pH around 2.5, oxalic acid exists mainly in the 
non-protonated form, with about 2.0% of the added oxalic acid 
present as oxalate anions (Verma et al., 2019). Therefore, to 
maintain the higher rate of copper precipitation, the process was 
carried out at 50 °C in one hour: 

 

Cu2+ + (COO)2- → CuC2O4 (4) 

 
Removal of the oxalate anions from the solution enhances 
further dissociation of oxalic acid into the relevant anions:  
 
(COOH.COOH) ↔ (COOH.COO-) + H+  

 
(COOH.COO-) ↔ (COO-.COO-) + H+ (5) 

Characteristics of copper oxalate 
Oxalate anions react with copper ions in the model solution 

at a higher rate and with almost 100% efficiency (Table 2), 
forming a readily separable slurry consisting of a light blue, 
easily filterable precipitate. The electron microscope revealed 
the formation of irregularly shaped particles with a flat surface, 
with a predominance of sizes larger than 200 µm (Figure 1). The 
XRD pattern showed the presence only of the moolooite, copper 
oxalate (CuC2O4.H2O), a mineral consisting of orthorhombic 
crystals. It forms distinctive peaks at 23, 38-39, 52, 60, 72-78 
°Theta positions (Figure 2).  

 

Table 2. Efficiency of copper ions precipitation under relevant 
experimental conditions 

Composition of 
the model 
solution 

Final pH 

(at 9.8 °C) 

Yield of 
precipitate,

g/ L  

Residual 

[Cu2+] after a 
membrane 

filtration, mg/ L 

ECu, % 

0.0069 M Cu2+ 1.56 1.15 < 1.5 99.6 

0.0069 M Cu2+ + 
0.0069 M Ca2+ 

1.62 1.01 42.2 90.4 

0.0069 M Cu2+ 
+ 0.023 M Ca2+ 

1.68 0.85 90.2 79.5 

0.0069 M Cu2+ 

+ 0.036 M Ca2+ 
1.64 0.68 129.4 70.6 

0.0069 M Cu2+ + 
0.0069 M Fe2+ 

1.47 0.35 218 50.4 

0.0069 M Cu2+ 
+ 0.01 M Fe2+ 

1.58 0.24 295 32.9 

0.0069 M Cu2+ 
+ 0.045 M Fe2+ 

1.64 0.11 350 20.4 

 

 
 

Fig. 1. SEM morphology of copper oxalate obtained from a 
solution containing 0.0069 M copper  

 

 

 

Fig. 2. XRD pattern of precipitates obtained from a solution 

containing 0.0069 M copper 
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(a) 

 

 (b) 

Fig. 3. SEM morphology of precipitates obtained from a solution 

containing: 0.0069 M copper and 0.023 M calcium (a); 0.0069 M 

copper and 0.036 M calcium (b) 

 

 
Fig. 4. EDS analysis of the precipitate from a solution containing 

0.0069 M copper and 0.036 M calcium 

 

 
Fig. 5. XRD pattern of precipitates obtained from a solution 

containing 0.0069 M copper and 0.036 M calcium 

 

The average copper content of copper oxalate, produced 
from a solution containing only copper, determined by EDS 
analysis, was 82.3%.  

Copper oxalate could be used as a precursor for obtaining 
high-purity metallic copper, copper oxide, or advanced ceramics 
such as CaCu3Ti4O12, which are applied in electronics and 
energy storage (Chen et al., 2018), or as a protective layer on 
historical bronze statues (Joseph et al., 20212). 
 
Effect of calcium ions on the copper oxalate formation 

Calcium ions in wastewater from the mining industry or 
biohydrometallurgy result from the chemical neutralisation of 
sulphuric acid generated or added to the raw material being 
processed with carbonates. The deposition of gypsum 
(CaSO4·2H2O) is a key process that prevents the accumulation 
of high concentrations of calcium ions in waters.  

A study (Werner et al., 2021) showed that calcium ions 
affected primary aggregation and crystallisation pathways of 
copper oxalate. Therefore, calcium oxalate formation could be 
minimised by precise control of the addition of oxalate anions. 
Due to the close Ksp values of both oxalates (Table 1), oxalic 
acid was added to the model solution serially at even intervals 
of time. It allowed initiating the copper precipitation process 
without exceeding the oxalate anion concentration required to 
initiate calcium oxalate formation. However, the experiment 
carried out at equimolar concentrations of copper and calcium 
showed a decrease of approximately 10% in the yield of 
precipitate and in the process efficiency (Table 2). 

The precipitation of 0.0069 M Cu2+ as copper oxalate in the 
presence of 0.023 M or 0.036 M Ca2+ also resulted in the 
formation of light-blue particles, which filtered at a higher rate 
through Blue-Ribbon filter paper. Electron microscopy revealed 
that the particles still had an irregular shape but now also had a 
grainy surface. In the presence of 0.023 M Ca2+, the size of 
deposited particles remained near to 200 µm (Figure 3a). In 
comparison, in the presence of 0.036 M Ca2+, a significant 
proportion of the synthesised particles had a size close to 100 
µm (Figure 3b). However, the yield of copper oxalate steadily 
decreased compared to the yield obtained from the experiment 
in the absence of calcium ions. It reached 59.1% in the presence 
of 0.036 M Ca2+ (Table 2). The fine particles smaller than 2-3 
µm formed under these conditions accounted for about 12.7% 
from the initial copper concentration.  

EDS analysis on three distinctive dots on the surface of 
analysed particles obtained from a model solution containing 
0.036 M Ca2+, showed that the average calcium content in 
precipitates was 9.3% (Figure 4, Table 3). It is evident that, due 
to their similar ionic radii, calcium ions co-precipitate to some 
extent with copper ions during the formation and growth of 
copper oxalate nuclei despite the applied experimental 
approach.  

Notwithstanding a single order-of-magnitude difference in 
the Ksp values of copper and calcium oxalates and the applied 
experimental conditions, when the calcium concentration in the 
model solution was five times higher than the copper 
concentration, the selectivity of copper precipitation was 71.7% 
(Table 4).  

The XRD pattern showed the presence of the moolooite, 
copper oxalate (CuC2O4 H2O) and whewellite (CaC2O4 2H2O) 
(Figure 5), the most common form of calcium oxalate (Werner 
et al., 2021). It has a monoclinic crystal structure and exhibits 
distinctive peaks at 14.9, 24.4, and 30.1 °2θ. However, the peak 
heights were distinctly lower than those of moolooite.  
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Table 3. Chemical composition of the precipitate obtained from 
the solution containing 0.0069 M copper and 0.036 M calcium ions 

in three selected points (based on EDS analysis) 

Element  Content, % Average 
value 

Deviation  

1 2 3 

Cu 45.1 69.0 62.8 59.0 10.1 

Ca 8.1 10.3 9.4 9.3 0.9 

O 46.8 20.7 27.8 31.7 11.0 

 

Table 4. Effect of the calcium and ferrous iron ions on the 
selectivity of copper precipitation as copper oxalate 

Cation Concentration, M Selectivity coefficient, %  

Ca2+  0.036 71.7 

Fe2+ 0.045 98.5 

 

Bohner et al. (2014) showed that the selectivity of copper 
synthesis in the presence of calcium ions depends on the mixing 
rate, which enhances the complexation and precipitation 
kinetics of copper ions.  
 
Effect of ferrous iron ions concentration on the copper 
oxalate formation 

Acidic leaching of ferric iron oxyhydroxides and oxidation of 
sulphides are the main sources of iron ions (Fe2+ and Fe3+) in 
wastewater from the mining industry and in pregnant leach 
solutions from biohydrometallurgy. Iron, compared to calcium, 
can build significant concentrations in the above-mentioned 
streams, requiring a separate stage for iron removal as part of 
the flowsheet for their processing. Ferrous and ferric iron ions 
behave differently in the presence of oxalate ions, as ferrous 
form precipitate to ferrous oxalate (mineral humboldtine, 
FeC2O4.2H2O), while ferric ions form soluble complexes with the 
organic anions such as [Fe(C2O4)3]3-. Therefore, ferric ions must 
be removed from the mining solutions using suitable methods 
(precipitation, solvent extraction, reduction, etc.) before 
precipitating the raw materials as oxalates. In that case, the 
highly acidic pH of the solution suppressed chemical oxidation 
of ferrous iron to the ferric state.  

The removal of copper as copper oxalate in the presence of 
ferrous iron ions could be possible due to the three orders of 
magnitude difference of their Ksp values (Table 1). Therefore, 
the process was carried out under experimental conditions 
similar to those used for copper removal in the presence of 
calcium ions.  

The precipitation of 0.0069 M Cu²⁺ as copper oxalate in the 
tested concentrations of ferrous iron ions resulted in the 
formation of fine, light-blue particles with no yellow-lemon spots 
(distinctive appearance of FeC2O4.2H2O). These particles 
filtered more slowly than the precipitates obtained from all other 
experiments. The yield of precipitate and efficiency of copper 
removal determined at equimolar concentrations of copper and 
ferrous iron ions dropped to 30.4 % and 50.4%, respectively, 
with the lowest values observed in the presence of 0.045 M Fe2+ 
(Table 2). It is well known that cation concentrations directly 
affect the rate of precipitation and the size of crystals at the next 
stage (Lee et al., 2022). Therefore, the initial higher 
concentration of ferrous iron ions resulted in rapid nucleation 
and a higher population of smaller particles on the one hand, 
and structural disorder due to their inhibitory effect on 

polymerisation and the long-range growth of already formed 
crystals on the other hand (Cismasu et al., 2011). 

In this case, electron microscopy showed that the particles 
were not irregular in shape but were elongated and had a 
distinctly granular surface, especially particles formed in the 
presence of 0.045 M Fe²⁺. In the presence of 0.01 M Fe2+, the 
dominant size of deposited particles was below 100 µ (Figure 
6a). In contrast, in the presence of a higher ferrous ion 
concentration, the particles deposited on the surface of filter 
paper formed a layer consisting of fine particles non-separable 
from each other (Figure 6b). However, despite the low efficiency 
of copper removal and the low value of copper oxalate yield, the 
collected precipitate contented minimal amount of iron which 
resulted in very high process selectivity (Table 5, Figure 7).   

 

 
(a) 

 
(b) 

 

Fig. 6. SEM morphology of the precipitates obtained from a 
solution containing: 0.0069 M copper and 0.01 M ferrous iron (a); 

0.0069 M copper and 0.045 M ferrous iron (b) 
 

 
 

Fig. 7. EDS analysis of the precipitate obtained from a solution 
containing 0.0069 M copper and 0.045 M ferrous iron 
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Table 5. Chemical composition of the precipitate obtained from 
the solution containing 0.0069 M copper and 0.045 M ferrous iron 

ions in three selected points (based on EDS analysis) 

Element  Content, % Average 
value 

Deviation  

1 2 3 

Cu 78.0 83.6 81.9 81.2 2.34 

Fe 1.6 1.5 0.6 1.2 0.45 

O 20.4 14.9 17.5 17.6 2.25 

 
Mass balance of the copper content in the liquids obtained 

after sequential filtration through blue ribbon filter paper and a 
membrane filter with a pore size of 0.45 µm revealed that about 
11.4% of the initial base metal content was present in fine 
particles smaller than 2-3 µm. Several approaches could be 
applied to increase the yield of larger copper oxalate particles in 
the presence of ferrous iron ions. Firstly, to increase reaction 
time and, in this way, enhance the agglomeration of fine 
particles into larger structures. Secondly, to change the scheme 
of oxalic acid addition to the solution, combined with maintaining 
a rate of agitation higher than 240 rpm, to decrease the number 
of the initially formed nuclei around which growth formed 
particles with a distinctive structure later. 

The XR diffraction pattern revealed the presence of only 
moolooite, copper oxalate (CuC₂O₄·H₂O), but not humboldtine 
(FeC₂O₄·2H₂O) in the precipitate obtained in the experiment 
(Figure 8). This is likely due to its content below the detection 
limit of the used diffractometer (2.0 %), or to the formation of 
crystals with a disordered structure, which makes it difficult to 
detect using this method (Korneev et al., 2022). 

 

 
 

Fig. 8. XRD pattern of precipitates obtained from a solution 

containing 0.0069 M copper ions and 0.045 M ferrous iron 

 

 

Conclusion 
 

Calcium content in the model solution, exceeding the 
equimolar copper content negatively affected the efficiency and 
selectivity of copper removal as copper oxalate. However, the 
oxalate obtained from the process consisted of particles larger 
than 200 µm, which accounted for the high filtration rate. 
Ferrous iron ion content higher than the equimolar copper 
content significantly affected copper oxalate synthesis, resulting 
in particles smaller than 100 µm and reducing the filtration rate. 
Therefore, the iron content in the mining solution should be 
removed by suitable methods (oxidation, precipitation, solvent 
extraction, etc.) before the copper removal to copper oxalate. 
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