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The aim of this study was to investigate the main parameters affecting the leaching 

of low grade zinc oxide ores with sulfuric acid. The influence of leaching time (5 to 

480 minutes), sulfuric acid concentration (25 to 125 g/L), leaching temperature (25 

to 90 °C), particle size (-104 µm, -82 µm, -60 µm, -49 µm) and solid/liquid ratio 

(1/10, 1/7.5, 1/5, 1/4) was investigated. The effects of these process parameters were 

studied with to achieve maximum zinc extraction with minimum iron extraction and 

acid consumption. The optimum parameters for sulfuric acid leaching of zinc ore 

were determined to be 60 min leaching time, 75 g/L sulfuric acid concentration, 80 
oC leaching temperature, 1/10 solid/liquid ratio and -60 µm particle size. Under these 

optimum conditions, Zn extraction (%), Fe extraction (%) and acid consumption (ton 

H2SO4/ dissolved ton Zn) were obtained 88.68%, 25.83% and 5.47 ton H2SO4/ 

dissolved ton Zn respectively. 

 
1. Introduction 

 

Zinc is a versatile non-ferrous metal that is 

widely utilized in various industries including 

galvanization, cosmetics, die casting, and battery 

manufacturing. Oxidized zinc ores such as 

smithsonite (ZnCO3), zincite (ZnO), 

hemimorphite (Zn4(SiO7)(OH)2H2O), willemite 

(Zn2SiO4) and hydrozincite (ZnCO3.2Zn(OH)2) 

are the most important sources of zinc metal 

production after sulfides [1, 2].  Most of the zinc 

in the world is produced from high grade zinc 

sulfide ores. In recent years, the demand for zinc 

and zinc compounds has increased, whereas the 

number of high grade zinc ore stores has 

decreased. As a result, new sources of zinc, such 

as low grade ores, carbonate ores and silicate 

ores, are being considered, leading to an 

increasing focus on the processing of low grade 

oxide ores. 

The extraction of zinc from its oxide ores can be 

performed using both pyrometallurgical and 

hydrometallurgical methods. The three main 

steps in the hydrometallurgical method are 

leaching, purification and electrolysis. Leaching 

processes constitute the first step of the 

hydrometallurgical methods and plays an 

important role in the extraction of metals and 

compounds in an economical way. The most 

commonly used hydrometallurgical methods for 

zinc production are alkaline leaching, acid 

leaching and ammonia leaching. Acid leaching is 

considered the most effective method of zinc 

extraction process because of its advantages, 

including rapid process, easy leach solution 

purification and high selectivity [3-5]. 

 

Leaching studies on zinc ore with sulfuric acid 

have been carried out by many researchers. 

Frenay [6] conducted leaching studies on 
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oxidized zinc ores using different solutions, 

including ammonium hydroxide, sulfuric acid, 

sulfurous acid, and sodium hydroxide. Caustic 

soda and sulfuric acid were identified as 

providing the best leaching results. This study 

highlighted that smithsonite can be completely 

leached, whereas hemimorphite is relatively 

refractory to leaching. He et al. [7] investigated 

the pressure leaching of high silica Pb-Zn oxide 

ore using air as a pressurized gas in a sulfuric acid 

medium. The leaching time, leaching 

temperature, sulfuric acid concentration, oxygen 

partial pressure, and solid/liquid ratio were 

among the parameters studied. Under optimum 

conditions, the study found that zinc extraction 

reached 96%. Moreover, the dissolution rates for 

Si, Pb and Fe were as low as 1%, 2%, and 6%, 

respectively. Pecina et al. [8] investigated the use 

of hydrogen peroxide as an oxidant in sulfuric 

acid solutions for the extraction of zinc from 

sphalerite concentrate. Acid and peroxide 

concentrations, particle size, reaction time and 

temperature are among the parameters studied. 

This study also investigated the use of 

complexing agents (citric acid, phosphoric acid, 

oxalic acid and phosphonic acid) to enhance zinc 

recovery in an oxidative aqueous medium. Terry 

and Monhemius [9] studied the acid dissolution 

kinetics of natural and synthetic willemites and 

natural hemimorphites. The parameters studied 

included acid type, surface area, temperature and 

pH. For willemite the dissolution was found to be 

mixed chemical/diffusion controlled and for 

hemimorphite the dissolution was found to be 

diffusion controlled. 

 

As noted in the literature, detailed studies on the 

leaching of low grade zinc oxide ores are limited 

and therefore require more comprehensive 

investigations. In addition, each ore has its own 

chemical and mineralogical properties; therefore, 

the optimum leaching conditions will vary from 

one ore type to another. The research was 

specifically focused on investigating the 

important factors affecting sulfuric acid leaching 

of low grade zinc oxide ore from Niğde-Türkiye. 

 

2. Materials and Methods 

 

The zinc oxide ore used for the leaching 

experiments was supplied by a local mining 

company in Niğde-Türkiye. The chemical 

composition of the ore was characterized by X-

ray fluorescence (XRF) and is presented in Table 

1. 

 
Table 1. The chemical composition of zinc oxide 

ore 

Component Weight (%) 

Zn 8.44 

Fe 21.70 

Pb 1.21 

Cu 0.07 

Mn 1.96 

Ca 1.30 

Cd 0.04 

Ni 0.11 

SiO2 28.62 

S 0.08 

As 1.01 

K 0.29 

Na <0.10 

Moisture 2.02 

 

The X-ray diffraction (XRD) pattern of zinc 

oxide ore was obtained using a Rigaku DMAX 

IIIC model X-ray diffractometer with CuKά 

radiation at 35 kV and 15 mV (Figure 1). As 

shown in Figure 1, smithsonite (ZnCO3) and 

zincite (ZnO) are the main zinc oxide minerals in 

the sample, whereas quartz (SiO2), goethite 

(FeOOH) and pyrolusite (MnO2) are gangue 

minerals. 

 

 
Figure 1. The XRD pattern of zinc oxide ore 

 

Leaching tests were performed using sulfuric 

acid from Merck with 95-98% analytical purity. 

In the experiments, a 1000 mL glass beaker was 

used. The beaker was covered by a cap with four 

holes that were drilled for place the thermometer, 

mechanical stirrer, pH meter or back cooler and 

for taking samples. The experiments were 
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performed with 50 g of sample in a beaker placed 

in a thermostatically controlled water bath. 

Figure 2 shows the experimental setup for 

leaching.  

 

 
Figure 2. The experimental setup for leaching 

 

While the method used in the leaching 

experiments was the same, the experiments 

investigated the effect of different parameters on 

the sulfuric acid leaching of zinc oxide ore. After 

the completion of each leaching experiment, the 

leach solution was filtered, and the solid leach 

residue was then washed with distilled water. 

The washed solid residue was dried at 105 ± 5 

°C. The total dissolved weight (%) was 

calculated from the dried solid residue. To 

determine the Zn extraction (%) and Fe 

extraction (%), the leach solution was analyzed 

using Atomic Adsorption Spectrometry (AAS). 

The sulfuric acid consumption was determined 

by alkalimetric titration with NaOH. 

 

3. Results and Discussion 

 

3.1. Effect of leaching time 

 

Leaching experiments were carried out in the 

range of 5-480 min. In the experiments, an 

H2SO4 concentration of 75 g/L, leaching 

temperature of 40 oC, particle size of -82 µm and 

solid/liquid ratio of 1/10 were kept constant. 

Leaching experiments at different times are 

presented in Figure 3. 

 
Figure 3. Effect of leaching time on the sulfuric acid 

leaching 

 

As shown in Figure 3, the Zn extraction (%) 

increased to 81.45% with leaching times up to 60 

min and remained almost constant with longer 

leaching times. This suggests that the majority of 

zinc dissolution occurs within the initial 60 min 

of leaching. In contrast, Fe extraction (%) 

increased from 0.49% after 30 min to 10.73% 

after 480 min of leaching. The increase in iron 

extraction over time indicates a progressive 

dissolution of iron from the ore. The iron content 

in the ore plays a significant role in determining 

zinc extraction, with higher iron content leading 

to lower zinc extraction.  

 

According to Frenay [6], this is the result of 

smithsonite particles covered with hydroxides of 

iron. Simultaneously, the acid consumption (ton 

H2SO4/dissolved ton Zn) increased with 

increasing leaching time. While the acid 

consumption at the end of 5 minutes leaching is 

2.93 ton H2SO4/dissolved ton Zn, it increases to 

5.53 ton H2SO4/dissolved ton Zn at the end of 

480 minutes leaching. This indicates a 

relationship between leaching time and acid 

consumption. 

 

From Figure 3 it can be seen that 81.45% Zn 

extraction, 14.46% total dissolved weight, 1.89% 

Fe extraction and 4.23 ton H2SO4/dissolved ton 

Zn are achieved with the 60 min leaching time. 

Considering the high values of Zn extraction (%), 

total dissolved weight (%) and the low values of 

Fe extraction (%), acid consumption (ton 

H2SO4/dissolved ton Zn), a leaching time of 60 

min was considered optimal.  
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3.2. Effect of sulfuric acid concentration 

 

The effect of different concentrations of sulfuric 

acid (25, 40, 55, 75, 100 and 125 g/L) on the 

leaching was studied under the following 

conditions: leaching time of 60 min, leaching 

temperature of 40 oC, particle size of -82 µm and 

solid/liquid ratio of 1/10. Leaching experiments 

with different concentrations of sulfuric acid are 

shown in Figure 4. 

 

 
Figure 4. Effect of acid concentration on the sulfuric 

acid leaching 
 

The general dissolution reactions for the main 

zinc oxide minerals, smithsonite (ZnCO3) and 

zincite (ZnO), with sulphuric acid are given by 

equations (1) and (2): [4, 10-11] 

 

ZnCO3 + H2SO4  →  ZnSO4 + H2O +  CO2   (1) 

 

ZnO +  H2SO4  →  ZnSO4  +  H2O                (2) 

 

Figure 4 indicates that with an increase in the 

sulfuric acid concentration from 25 g/L to 125 

g/L, the Zn extraction (%) increased from 

78.68% to 81.14%, the Fe extraction (%) 

increased from 2.19% to 6.30% and the total 

dissolved weight (%) increased from 10.04% to 

13.49%. As the sulfuric acid concentration 

increases, the chemical reactions between zinc 

(Zn), iron (Fe) and sulfuric acid become more 

complete, resulting in higher extraction of both 

Zn and Fe into the leaching solution [7]. 

 

Figure 4 shows that there is a positive correlation 

between the sulfuric acid concentration and both 

the total dissolved weight (%) and Zn extraction 

(%). This suggests that an increase in acid 

concentration increases the leaching efficiency of 

zinc oxide ores. The maximum values for the 

total dissolved weight (%) and Zn extraction (%) 

were obtained at a sulfuric acid concentration of 

75 g/L. Above this concentration, both the values 

remained constant. Similar trends have been 

observed in previous studies by Espiari et al. [1] 

and Bodas [12]. Espiari et al. [1] found that zinc 

recovery increased up to 88% with sulfuric acid 

concentration up to 2 M and remained almost 

constant at higher acid concentrations. Bodas 

[12] reported that zinc extraction increased with 

sulfuric acid concentration up to 4.5 M and then 

became constant. 

 

The maximum Zn extraction (81.45%) and total 

dissolved weight (14.46%) were obtained with 

75 g/L of sulfuric acid. The lowest Fe extraction 

of 1.89% at 75 g/L sulfuric acid is desirable, as it 

minimizes the dissolution of iron during the 

leaching. This is important for maintaining the 

selectivity of the leaching process and avoiding 

contamination of the leaching solution with 

unwanted metals. Higher sulfuric acid 

concentrations can result in increased zinc 

extraction, but an optimum concentration needs 

to be identified to balance extraction efficiency 

and acid consumption. A sulfuric acid 

concentration of 75 g/L was identified as the 

optimum condition for achieving a balance 

among high Zn extraction (%), total dissolved 

weight (%) and low Fe extraction (%), acid 

consumption (ton H2SO4/dissolved ton Zn). 

 

3.3. Effect of leaching temperature 

 

Leaching experiments were carried out over a 

wide temperature range (25°C-90°C) to 

understand the effect of temperature on the 

leaching process. Leaching temperature 

experiments were performed with a leaching 

time of 60 min, H2SO4 concentration of 75 g/L, 

particle size of -82 µm, solid/liquid ratio of 1/10. 

Leaching experiments at different temperatures 

are shown in Figure 5. 

 

The results from Figure 5 show a positive 

relationship between leaching temperature and 

both total dissolved weight (%) and Zn extraction 

(%). Increasing the leaching temperature from 

25°C to 80°C resulted in a gradual increase in the 

total dissolved weight (4.22% to 24.68%) and Zn 
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extraction (76.85% to 87.95%). These results are 

consistent with those of Santos et al. [13], who 

observed a significant increase in zinc extraction 

from 36% to 90% when the temperature was 

increased from 70°C to 90°C during the leaching 

of zinc silicate ores. 

 

 
Figure 5. Effect of leaching temperature on the 

sulfuric acid leaching 

 

As the leaching temperature increased from 25°C 

to 80°C, an increase in acid consumption was 

observed from 3.33 to 4.71 ton H2SO4/dissolved 

ton Zn. This indicates that too much acid is being 

used in the leaching process at higher 

temperatures. It can be seen that the leaching 

temperature was also effective for Fe extraction 

(%). At a leaching temperature of 80°C, Fe 

extraction reached 29.96%. Although it is known 

that iron dissolution affects selectivity, an 

optimum leaching temperature of 80 oC was 

chosen to increase Zn extraction, while other 

parameters were investigated. Figure 5 shows 

that at a leaching temperature of 80 oC, 24.68% 

total dissolved weight, 87.95% Zn extraction, 

29.96% Fe extraction and 4.71 ton 

H2SO4/dissolved ton Zn acid consumption were 

achieved. Thus, leaching temperature of 80 oC is 

considered to be the optimum leaching 

temperature. 

  

3.4. Effect of particle size 

 

Four different particle sizes (-104, -82, -60 and -

49 µm) were used to determine the effect of 

particle size on the leaching process. The 

leaching experiments were conducted under the 

conditions: leaching time of 60 min, H2SO4 

concentration of 75 g/L, leaching temperature of 

80 oC and solid/liquid ratio of 1/10. The leaching 

experiments with different particle sizes are 

shown in Figure 6. 

 

 
Figure 6. Effect of particle size on the sulfuric acid 

leaching 

 

Figure 6 shows that decreasing the particle size 

had no noticeable effect on the total dissolved 

weight (%), Zn extraction (%), Fe extraction (%) 

and acid consumption (ton H2SO4/dissolved ton 

Zn). Contrary to the expectation that decreasing 

the particle size would positively influence the 

leaching process, the experimental results show 

that the highest total dissolved weight (26.50%) 

and zinc extraction (88.68%) were observed at 

the -60 µm particle size. This can be explained 

by the possibility that some other factors (surface 

area, agglomeration effect, and mineralogical 

properties) interact with the particle size to 

influence the leaching efficiency. An acid 

consumption of 5.47 ton H2SO4/dissolved ton Zn 

was achieved at this particle size. Based on these 

observations, a particle size of -60 µm was 

selected as the optimum for zinc leaching under 

the given conditions. 

 

3.5. Effect of solid/liquid ratio 

 

Four different solid/liquid ratios (1/10, 1/7.5, 1/5 

and 1/4) were investigated for their effect on the 

leaching process. Leaching experiments were 

performed under conditions in which the 

leaching time, H2SO4 concentration, leaching 

temperature and particle size were kept constant 

at 60 min, 75 g/L, 80 oC and -60 µm respectively. 

Leaching experiments with different solid/liquid 

ratios are shown in Figure 7. 
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Figure 7. Effect of solid/liquid ratio on the sulfuric 

acid leaching 
 

Figure 7 shows the inverse relationship between 

the solid/liquid ratio and total dissolved weight 

(%). As the solid/liquid ratio decreased from 1/4 

to 1/10, the total dissolved weight (%) increased 

from 12.75% to 26.50%. A decrease in the 

solid/liquid ratio resulted in increased values of 

Zn extraction (%), Fe extraction (%), and acid 

consumption (ton H2SO4/ dissolved ton Zn). This 

indicates that a lower solid/liquid ratio results in 

a more efficient leaching process but requires 

higher acid consumption. 

 

The experiments showed that the highest values 

for both the total dissolved weight (%) and Zn 

extraction (%) were obtained with a solid/liquid 

ratio of 1/10, giving 26.50% total dissolved 

weight and 88.68% Zn extraction. Based on these 

results, a solid/liquid ratio of 1/10 was chosen as 

optimal for the studied conditions. These results 

are consistent with the study by Espiari et al. [1], 

who reported that the leaching rate increased as 

the solid/liquid ratio decreased. They achieved a 

maximum zinc recovery of 98% at a solid/liquid 

ratio of 1/4. 

 

4. Conclusion 

 

This study investigated the extraction of zinc by 

sulfuric acid leaching from low grade oxidized 

zinc ore. Five main parameters including 

leaching time and temperature, acid 

concentration, particle size and solid/liquid ratio 

were optimized. The following conclusions were 

drawn: 

 

(1) Smithsonite (ZnCO3) and zincite (ZnO) were 

identified as the major zinc oxide minerals in the 

studied ore. The solubility of zinc in sulfuric acid 

was confirmed from these minerals. 

 

(2) Zn and Fe extraction increased with an 

increase in leaching time, sulfuric acid 

concentration, and leaching temperature. This 

indicated a positive correlation between these 

factors and the efficiency of Zn and Fe 

extraction. 

 

(3) Decreasing both the particle size and 

solid/liquid ratio contributed to an increase in Zn 

extraction (%). This suggests that finer particle 

sizes and lower solid/liquid ratios improve 

leaching efficiency. 

 

(4) The following optimum conditions for 

maximum zinc extraction: 

Leaching time: 60 minutes 

Sulfuric acid concentration: 75 g/L 

Leaching temperature: 80°C 

Particle size: -60 μm 

Solid/liquid ratio: 1/10 

 

(5) Under the optimized conditions, the study 

achieved maximum Zn extraction of 88.68%, 

with a minimum Fe extraction of 25.83% and 

acid consumption of 5.47 ton H2SO4/dissolved 

ton Zn. The highest total dissolved weight was 

obtained as 26.50%. 
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