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Abstract - In this paper, an investigation of the selective chlorination of targeted elements from goethite residues is performed. Goethite 

is an iron precipitated residue which results from the zinc industry, it contains many valuable elements as well as heavy elements. The 

recycling of these elements is economically and environmentally beneficial. The aims of this investigation are to recover the targeted 

valuable elements from the goethite which reduces the landfill, and to explain the fundamentals of the chlorination process. The effects 

of using different chlorination agents, such as aluminium chloride hexahydrate and magnesium chloride hexahydrate, as well as the 

influences of using various stoichiometric amounts of these agents, are studied with regard to how effectively the targeted elements are 

extracted. It was found that the targeted elements can be extracted more effectively using magnesium chloride hexahydrate. 
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1. Introduction 
There are millions of tons of iron precipitation residues produced every year. The zinc hydrometallurgy produces an 

estimation of more than 1 million tons in China and approximately 600 000 tons in the European union [1, 2] of jarosite and 

goethite which are usually discarded. These residues contain significant amounts of zinc, nickel, and lower concentrations 

of lead, indium, silver and other valuable and heavy elements [3].   

The recycling of these materials is favourable because of their content of valuable elements. There were many attempts 

to recover these elements from jarosite and goethite through hydrometallurgical and pyrometallurgical routes [4]. The prime 

focus of this paper is recovering these elements from goethite.  

 

1.1. Goethite 
Goethite chemical formula is FeO.OH, it is a solid precipitation which is produced in the zinc industry [2] specifically 

from the zinc electrolytic process, it is a product of the leaching and purification step [5]. This is an essential process because 

iron is considered as an impurity in zinc solutions, thus the iron is precipitated as goethite [6]. 

Goethite has high iron content, significant amount of zinc, and less amounts of lead, indium, silver, copper, and other 

traces of valuable elements [4]. 

 

1.2. Recycling of goethite 
The disposal of goethite represents an environmental challenge as it is disposed in open landfills and it is not 

economically efficient due to its content of valuable elements, thus recycling is favourable [7]. There were many efforts in 

order to take advantage of the goethite by utilize it for iron making [6] or by recovering certain elements which goethite 

contain within its iron matrix. Another method was to convert it to glass ceramic [5].  

One approach used a pyrometallurgical route to recycle zinc and iron from goethite, the residue was roasted and reduced 

to transform ferric oxides to elemental iron, the resulted material is then subjected to magnetic separation which resulted in 

two products, one is magnetic and enriched in iron and one was nonmagnetic and enriched in zinc [2]. 

The benefit of selective chlorination is that it uses the chlorine element, which has a high reactivity to several compounds 

at relatively low temperature. The procedure includes selective extraction of particular elements which are contained in the 

residue [8]. 

In this paper, an environmental aspect is considered, and carbon is not used as reduction agent which makes the 

experimental concept sustainable and moves towards a greener environment. An economical aspect is considered as well by 

attempting to recover zinc which is a valuable element from the iron matrix of goethite. 
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2. Experimental  
 A developed selective chlorination experiments were performed on the goethite; the chemical analysis of the 

material is seen in table 1. As seen significant amount of zinc can be found as well as lower concentrations of lead, 

indium, silver, copper, and other valuable elements. 

Table 1: Chemical analysis of goethite  

Fe 

 

S K Na Ca As Mg Al Zn Pb In Ag Cu Sn Bi Au 

29.1 7.16 0.2 < 0.05 4.78 0.19 0.15 0.89 9.6 0.68 0.041 0.0136 0.9113 0.0308 0.0181 0.0264 
 

The developed concept for the extraction of the targeted elements is as seen in figure 1. The pyrometallurgical 

treatment is simulated in the simultaneous thermal analysis (STA) machine Netzsch STA 409 PC 409 Luxx.  

Sample evaluation was performed by studying the thermogravimetric analysis (TG) thermograms which resulted 

from the STA. The thermograms determine the mass loss of the material and its decomposition mechanism.  

The product material of the reaction is then evaluated in the scanning electron microscopy with energy-dispersive 

X-ray spectroscopy (SEM/EDX) where the morphology of the material was studied before and after the thermal 

treatment.  Furthermore, the EDX was used to determine the efficiency of extraction of the targeted elements.  

The targeted elements for the present investigation were zinc, silver, gold, Indium, lead, bismuth, tin, and arsenic. 

These should be extracted as metal chlorides.  

 

 

Figure 1: General flow chart of the process.  

 

The original goethite material before the chlorination treatment was subjected to a thermal treatment in the STA to 

investigate its decomposition mechanism.  

The main experiments began by mixing goethite with one of two chlorination agents: Aluminium chloride 

hexahydrate AlCl3.6H2O or magnesium chloride hexahydrate MgCl2.6H2O. The final weight of the sample was 100 mg. 

The mixture was then subjected to thermal treatment up to 1000°C using a heating rate of 50°C/min, followed by an 

isothermal hold at the same temperature for 40 minutes, and finally cooled down using a cooling rate of 25°C/min. 

The aim of the experiments was to optimize the extraction rate of zinc as well as other targeted elements by altering 

some parameters. The parameters included the use of two chlorination agents, and the use of different stoichiometric 

amounts of these chlorination agents.  

In this set of experiments, the main variable was altering the stoichiometric amounts of the chlorination agents to 

achieve the maximum extraction of the valuable elements. Therefore, the stoichiometric quantities were calculated to be 

ratio of valuable metal content of the goethite: Chlorination agent amount. To elaborate more, the demand for the 

chlorination agent was calculated according to the valency of the respective valuable element. Therefore, 3 ratios for 

each chlorination agent were used in the present study. This can be more explained as seen in Figure 2.  
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Figure 2: Different chlorination agents and their stoichiometric amounts used in the treatment of goethite. 

    

3. Results  
The aim of the approach is to extract the targeted elements as metal chlorides, this means that the targeted elements will 

be thoroughly volatilized the closer the extraction rate is to 100 %.  

For each chlorination agent 

 The efficiency of extraction of the targeted elements was investigated for each stoichiometric ratio.  

 The decomposition mechanism was studied using the results of the STA machine.  

 

3.1. Efficiency of extraction 

An equation of efficiency of extraction was developed to conclude the results of the EDX analysis and their association 

with the studied stoichiometric amounts and chlorination agents. See Equation 1.  

E for efficiency of extraction:  

𝐸 = (1 −
( 𝑚𝑜𝑢𝑡𝑝𝑢𝑡 ×  𝑊𝑖 )

(𝑚𝑖𝑛𝑝𝑢𝑡 × 𝑊𝑓)
) × 100 (1) 

 
Where 𝑚𝑖𝑛𝑝𝑢𝑡: The input weight of the mixture, 𝑚𝑜𝑢𝑡𝑝𝑢𝑡: The output weight of the mixture,  

𝑊𝑖: The weight percent of the targeted element in the input mixture, and 𝑊𝑓: The weight percent of the targeted element in 

the output mixture. 

For both chlorination agents, the efficiency of extraction was calculated to be approximately 99 % for silver, gold, 

Indium, lead, bismuth, tin, and arsenic. It was also found that the altering of the stochiometric amounts does not affect the 

extraction efficiency for these elements.   

Table 2 shows the efficiency of extraction of zinc for every chlorination agent and every stochiometric amount used of 

them.  For both chlorination agents, the highest efficiency was obtained by using the highest ratio of chlorine in the mixture, 

while the lowest efficiency was obtained by using the lowest stoichiometric amount.   
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Table 2: Efficiency of extraction of zinc from goethite after the thermal treatment using different amounts 

of different chlorination agents.  

Stoichiometric amount 

 

Efficiency of 

Extraction (E) (%) 

Efficiency of 

extraction (E) (%) 

AlCl3.6H2O MgCl2.6H2O 

*2 59 74 

*4 64 82 

*6 70 92 

 
3.2. STA thermal analysis results 

The thermogravimetric analysis (TG) of the goethite before treatment is shown is figure 3, the curve illustrates 2 

steps of decomposition with a total mass loss of approximately 25 wt.-%. This mass loss can be attributed to the 

dehydration of the goethite as well as the loss of sulfuric compounds. 

 

 

Figure 3: Original goethite material thermal analysis curve. 

 

In literature, the proposed mechanism of goethite decomposition is depicted as seen below in chemical equation 2. 

The beginning of the transformation was detected at approximately 200°C, and the decomposition ended at 700°C [9].  

 

2 𝐹𝑒𝑂. 𝑂𝐻 ↔ 𝐹𝑒2𝑂3 + 𝐻2𝑂 

 
(2) 

The findings of the STA differ from the literature as the decomposition ended at 1000°C, and the decomposition 

started shortly after the beginning of the thermal treatment. This difference can be attributed to the hydrates which are 

contained in each material. However, the findings agree with the literature in the proposed equation of decomposition.  

 

3.3. Thermogravimetric analysis of goethite and chlorination agents’ mixtures 
Figure 4 shows a comparison between the thermogravimetric analysis of the mixtures of goethite and the two 

chlorination agents AlCl3.6H2O and MgCl2.6H2O for each stoichiometric amount.  

The aim of changing the ratio of the chlorination agent in the mixture is to determine the most suitable amount that 

ensured the full extraction of the targeted elements. Notes on the STA results: 

 The decomposition mechanism for AlCl3.6H2O consisted of 2 steps in comparison to multiple steps for 

the MgCl2.6H2O, this difference can be attributed to the different intermediate compounds which form 

during the thermal treatment.  
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 For AlCl3.6H2O, the mass loss had always been lower than MgCl2.6H2O, and it was respectively 60 wt.-

%, 67 wt.-%, and 70 wt.-% for the corresponding stoichiometric amounts.  

 For MgCl2.6H2O, the mass loss was respectively 63 wt.-%, 70 wt.-%, and 73 wt.-% for the 

corresponding stoichiometric amounts.  
  
 

 
 

Figure 4: Comparison of the different chlorination agents mixed with goethite using different stoichiometric amount where (a) 

2* stoichiometric amount, (b) 4* stoichiometric amount, and (c) 6* stoichiometric amount. 

 
4. Conclusion 

Goethite was subjected to chlorination treatment under the effect of high temperature. The usage of different chlorination 

agents AlCl3.6H2O, and MgCl2.6H2O was intended to determine the most suitable configuration for achieving the most 

efficient extraction for zinc and other targeted elements.  

The most effective configuration for the reactants is the goethite mixed with 6 * stoichiometric amount of MgCl2.6H2O, 

this resulted in 92 % of efficiency of extraction for zinc. Overall, the MgCl2.6H2O performed better than AlCl3.6H2O in 

extracting the zinc from the goethite. 
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The other targeted elements obtained approximately 99 % of extraction efficiency even when the lowest 

stoichiometric amount was used for both chlorination agents. Which means that their extraction efficiency is not affected 

by the investigation parameters.  
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