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Abstract

:

Gallium arsenide is used in semiconductor industries worldwide. Numerous waste etching solutions are produced during the processes of GaAs wafer production. Therefore, a complete and eco-friendly technology should be established to recover gallium as a gallium chloride solution and remove arsenic ion from waste GaAs etching solution. In this study, the gallium trichloride and arsenic trisulfide powders were dissolved in ammonia solutions to prepare the simulated solutions, and the pH value was adjusted to pH 2 by nitric acid. In the extraction step, the GaAs etching solutions were extracted using 0.5 M Cyanex 272 solutions in kerosene at pH 2 and 0.1 O/A ratio for 5 min. The extraction efficiency attained 77.4%, which had an optimal ratio of concentration, and the four steps extraction efficiency attained 99.5%. After extraction, iron sulfate heptahydrates were added into the raffinate, and the arsenic ions were precipitated. The removed rate attained 99.9% when the Fe/As ratio was 10. In the stripping step, the organic phase was stripped with 0.5 M hydrochloric acid at 1 O/A ratio for 3 min, and 97.5% gallium was stripped. Finally, the purity of gallium chloride solution was 99.95% and the gallium was seven times the concentration of the etching solutions.
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1. Introduction


Gallium is a valuable metal. It does not exist as a free element in nature but usually emerges as a trace element in sphalerite, germanite, bauxite, and zinc ores. World gallium production was 410 thousand kilograms in 2018 [1]. Various gallium compound materials are produced due to its great physical properties; these compounds include gallium nitride (GaN), indium gallium nitride (InGaN), gallium phosphide (GaP), and gallium arsenide (GaAs).



Gallium arsenide is an important direct bandgap semiconductor material. GaAs has numerous advantages, including high saturated electron velocity and electron mobility, high thermal stability, wide operating temperature range, low noise in electronic circuits, and great resistance to radiation damage [2]. These advantages mean that GaAs has extensive applications in several industries, including for RF modules, power amplifier, substrate material, solar cells, infrared light-emitting diodes, radar system, space applications, and military applications [3]. According to the report of the US Geological Survey, the US imports of gallium mental were 23 thousand kilograms, and the imports of GaAs wafer were up to 630 thousand kilograms in 2018 [1]. The export and import of GaAs wafers were 60.58 tons and 73.32 tons in 2018 in Taiwan [4]. With the development of fifth generation cellular network technology, the demand for gallium arsenide will increase substantially.



Gallium is usually produced as a byproduct of zinc refinery and Bayer liquor obtained during alumina production from bauxite [5]. However, the gallium ion concentration of bauxite varies from 33 ppm to 86 ppm, which is much lower than the waste etching solutions. In the present, the gallium ion concentration of waste etching solutions was 244.9 ppm, which was three times to eight times the concentration of the bauxite [6]. Hence, it would be more efficient to recover gallium from waste etching solutions.



Multifarious extractants are presently used to recover gallium, including acidic extractant [7,8,9], basic extractant [10], neutral extractant [11,12,13], and chelation extractant [14]. Moreover, the alkyl phosphine compounds present an excellent extraction efficiency of gallium. For example, Ahmed et al. used Cyanex 923 (a mixture of four trialkyl phosphine oxides) and Cyanex 925 (bis (2,4,4-trimethylpentyl) octyl phosphine oxide) to recover gallium from a hydrochloric acid medium. Their result showed that Cyanex 925 is an outstanding extractant, but Cyanex 923 is commercially available and recommend [15]. Gupta et al. investigated Cyanex 923 and recovered 96% gallium with 0.2 M Cyanex 923 from a gallium-indium binary system in 5 min [16]. Mishra et al. extracted gallium from aqueous chloride media with Cyanex 921 (tri-n-octyl phosphine oxide) in toluene in pH 4.5. 99% of gallium was recovered in 5 min [17]. Cyanex 301 (bis (2,4,4-trimethylpentyl) dithiophosphinic acid) was also used to extract gallium from Bayer’s liquor, and up to 90% gallium was recovered [18]. Gupta et al. used 0.5 M Cyanex 272 (bis (2,4,4-trimethylpentyl) phosphinic acid) to separate gallium ions and indium ions from the hydrochloric acid medium; it can recover 99% gallium in 5 min [19]. Zesen Zhao et al. also used Cyanex 272 to recover 81.7% of the gallium from the sulfuric acid leach liquor of coal fly ash at a pH of 2.4–2.6 [20]. Based on the previous researches, these alkyl phosphine compounds revealed the outstanding extraction efficiency to extract gallium. Moreover, Cyanex 272 has not been tested for the recovery of gallium from waste gallium arsenide etching solution, and the method of gallium recovery with Cyanex 272 could be suitable for arsenic precipitation. Considering the arsenic in the etching solution, R. J. Bowell mentioned that the arsenic could be precipitated when iron sulfate heptahydrates are added to the solution at a low pH value, high ORP value, and high temperature [21]. Wei-Ting Chen et al. also used ferrous sulfate heptahydrate to precipitate arsenic at a pH of 8 as ion arsenate, and the removal rate was 86% [22].



In this study, a novel way to recover gallium and remove arsenic from waste etching solution was investigated. The gallium ions and the arsenic ions in the simulated solutions were separated and the arsenic ions were removed from the raffinate. In the extraction step, Cyanex 272 was used to as the extractant, and kerosene was used as the diluent. The effect of pH value, extractant concentration, O/A ratio (organic/aqueous ratio), extraction time, and multiple extraction steps were investigated, and the optimal ratio of concentration was chosen. After the extraction step, the pH value was suitable to precipitate arsenic with iron sulfate heptahydrate powders from the raffinate, and the Fe/As ratio was determined. In the stripping step, the organic phase was stripped using hydrochloric acid. The effects of O/A ratio, hydrochloric acid concentration, and extraction time were also investigated.




2. Experimental


2.1. Materials


The waste etching solutions were obtained from EPILEDS Co., Ltd. (Tainan, Taiwan). The etching solutions were ammonia solution and there were numerous precipitates in the solutions. Hence, the nitric acid was used to dissolve the precipitates and adjust the pH value of the waste etching solution to pH 2 at the same time. Table 1 shows the concentration of waste etching solutions at pH 2. The extractant Cyanex 272 (bis(2,4,4-trimethylpentyl) phosphinic acid) supplied by Solvay Inc. (Longview, TX, USA) and used without any other purification. The diluent was kerosene purchased from the CPC Corporation (Kaohsiung, Taiwan). The gallium trichloride powders and arsenic trisulfide powders were supplied by Alfa Aesar (Haverhill, MA, USA), and the iron sulfate heptahydrate powders were supplied by Acros Organics (Morris Plains, NJ, USA). To prepare the simulated solution, the gallium trichloride and arsenic trisulfide powders were both dissolved in ammonia solutions and were adjusted to pH 2 using nitric acid. The hydrochloric acid, nitric acid, and ammonia solutions were supplied from Sigma-Aldrich (Taufkirchen, Germany) and Honeywell Fluka (Shanghai, China).




2.2. Methods


In this study, the simulated solutions were extracted with Cyanex 272 in kerosene and were shaken in 2500 rpm. The aqueous phases were collected after extraction, and the gallium and arsenic concentration of aqueous phases were analyzed by ICP-OES (Inductively Coupled Plasma—Optical Emission Spectrometry, Perkin Elmer optima 2100DV (PerkinElmer Inc. Waltham, MA, USA)). The ICP-OES was calibrated with an ICP multi-element standard solution. Each aqueous solution was analyzed for three-time and averaged for the reported data. To investigate the multiple extractions, the McCabe-Thiele diagram was constructed through six extractions in different gallium concentration and was compared to the actual value of multiple extraction. After the extraction step, the iron sulfate heptahydrate powders were added to the raffinate to precipitate arsenic ion. In the stripping step, the organic phases were stripped with hydrochloride acid and shaken in 2500 rpm. The gallium and arsenic concentration of hydrochloride acid were analyzed by ICP-OES.





3. Results and Discussions


3.1. Cyanex 272 Extraction


3.1.1. Effect of pH Value


The pH value was adjusted with nitric acid and ammonia solutions. The pH value was varied from pH 1 to pH 3 and pH 8 to pH 11 because gallium was precipitated at pH 4 to pH 7. According to Figure 1, the extraction efficiency increased at low pH value and sharply decreased at basic conditions due to the severe emulsification. The extraction efficiency was 99.8% at pH 2. The result corresponded with other research that had an optimal extraction efficiency between pH 2 and pH 3 [19,20]. Besides, pH 2 was chosen as the optimal condition because the arsenic could be precipitated at pH 2 after extraction. Compared with other studies, Gupta et al. revealed that the extraction efficiency attained 95% and 60% in HCl and HNO3 medium, respectively [19]. However, the extraction efficiency in this study also attained 99.8% when the solution contained nitric acid and chloride ions from gallium trichloride powders.




3.1.2. Effect of Extraction Time


The extraction time was controlled from 1 min to 60 min. Figure 2 shows the efficiency in different extraction times. The extraction efficiency increased from 1 min to 5 min and attained maximum at 5 min. The extraction efficiency decreased and attain equilibrium after 5 min. The decrease was attributed to the change of pH value when the extraction equilibrated. According to Equation (1), Cyanex 272 released the H+ during the extraction and changed the pH value [19].


Ga(OH)aq2+ + H2R2org <=> Ga(OH)R2org + 2Haq+



(1)







The pH value dropped from 2 to 1.77 after 5 min, and this was speculated the reason why the extraction efficiency decreased. Therefore, the optimal extraction time was 5 min.




3.1.3. Effect of Cyanex 272 Concentration


The concentration of Cyanex varied from 0.001 M to 0.5 M. Figure 3 reveals that the concentration of Cyanex 272 influenced the extraction efficiency. The extraction efficiency increased from 0% to 99.6% when the concentration of Cyanex increased from 0.001 M to 0.5 M. The stoichiometry deficiency caused the poor extraction efficiency at 0.001M. Hence, the optimal extractant concentration was 0.5 M. Compared with other research, the result also showed a similar positive correlation.




3.1.4. Effect of Extraction O/A Ratio


The O/A ratio was investigated and was set from 0.05 to 2. Figure 4 shows the extraction efficiency, which increased from 47.073% to 99.9%. The most effective O/A ratio was 2. However, the optimal parameter was chosen at O/A ratio of 0.1 due to its outstanding ratio of concentration. The gallium concentration of organic phase increased from 124.8 ppm to 1935.6 ppm when the O/A ratio changed from 2 to 0.1. Despite the efficiency was lower than O/A ratio 2, this problem could be solved with multiple extractions. Table 2 showed the ratio of concentration varied with O/A ratio. Although the extraction efficiency was lower than other studies with an O/A ratio of 0.1, the effect of concentration was excellence and the gallium concentration of organic phase attained 1935.6 ppm.




3.1.5. Extraction Efficiency of Multiple Extractions


Although the O/A ratio resulted in lower extraction efficiency, multiple extractions can solve this problem. The multiple extractions corroborated that the extraction efficiency attained 97.9% in three steps and 99.5% in four steps, respectively.



The McCabe–Thiele diagram and the theoretical extraction step are depicted in Figure 5. The McCabe–Thiele diagram show that the extraction steps were four steps and the extraction efficiency attained 99.9% in 0.1 O/A ratio. Hence, the experimental result was confirmed.




3.1.6. Arsenic Removed


According to the research of R. J. Bowell, arsenic precipitated when ferrous sulfate was added to the low pH value, high redox potential, and high temperature arsenic solution [21]. The pH value of raffinate was in the range of arsenic precipitation and the ORP value was adjusted to 437 mV. The iron sulfate heptahydrate powders were added, and the Fe/As ratio was investigated from 1 to 10. Figure 6 showed that 99.9% arsenic was removed when the Fe/As ratio was 10. In order to remove the arsenic completely, a 10 Fe/As ratio was chosen. The result also corresponded with the research of R. J. Bowell, which means this method has the potential to be used in GaAs waste etching solution treatment. Compared with other studies, the arsenic ion would be useful to precipitate at a low pH value rather than under neutral conditions because of the excellent removed rate [22].





3.2. Hydrochloric Acid Stripping


3.2.1. Effect of Hydrochloric Acid Concentration


After extraction, the pH value of organic phase was 2.87. According to the research of Gupta et al., hydrochloric acid showed a better stripping efficiency than nitric acid and sulfuric acid [19]. To recover high purity gallium chloride solution and investigate the effect between hydrochloric acid and stripping efficiency, the hydrochloric acid concentration was studied in 0.1 M, 0.5 M, 1 M, 2 M. Figure 7 showed that the stripping efficiency increased with the hydrochloric acid concentration. Through the cation exchanged, 99.9% gallium was stripped from the organic phase at 0.5 M. Compared with the result of extraction, although part of arsenic extracted to the organic phase, the gallium could be separated from the arsenic completely in the stripping step.




3.2.2. Effect of Stripping O/A Ratio


To confirm the maximum gallium concentration in hydrochloric acid, the stripping O/A ratio was investigated. Figure 8 shows the result of stripping O/A ratio. The O/A ratio varied from 10 to 0.1, and the stripping was increased from 67.4% to 98.1%. When the O/A ratio was higher than 1, the stripping efficiency decreased violently due to the overload. Hence, the optimal O/A ratio was 1 to strip the gallium.




3.2.3. Effect of Stripping Time


The stripping time was studied from 1 min to 60 min. Figure 9 showed that the stripping attained equilibrium in 3 min and maintained high stripping efficiency. Hence, the optimal stripping time was 3 min.






4. Conclusions


We confirmed an efficient technology to recover high purity gallium chloride solution with Cyanex 272 and to remove arsenic in the raffinate. The optimal extraction parameters were pH 2, 0.5 M Cyanex 272, 0.1 O/A ratio, and an extraction time of 5 min, and the extraction attained 77.4%. The pH value of 2 was chosen because of the optimal extraction efficiency and the range of arsenic precipitation. In order to promote the ratio of concentration, the extraction efficiency was not very outstanding. However, this problem could be solved through multiple extractions to heave the extraction efficiency until 99.5%. After extraction, iron sulfate heptahydrate powders were added into the raffinate at pH = 2, ORP value = 437 mV, 95 °C, for one hour. The arsenic removal rate attained 99.9% when the Fe/As ratio was 10. To recover high purity gallium chloride solution, hydrochloride acid was chosen as the stripping agent. The optimal stripping parameter was 0.5 M hydrochloric acid, 1 O/A ratio, and a time of 3 min. The stripping efficiency attained 97.5 %. In conclusion, the 99.95% purity gallium chloride solution was recovered, and 99.9% arsenic was removed from the raffinate. To fulfill the circular economy, the high purity gallium chloride solution will be used to produce GZO film in an eco-friendly way in the future.
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Figure 1. Plot of extraction pH value vs. extraction efficiency (Eex%). [Ga concentration] = 250 ppm, [As concentration] = 120 ppm, [Cyanex 272] = 0.1 M, O/A ratio = 1, time = 5 min. 
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Figure 2. Plot of extraction time vs. extraction efficiency (Eex%). [Ga concentration] = 250 ppm, [As concentration] = 120 ppm, [Cyanex 272] = 0.1 M, pH value = 2, O/A ratio = 1. 
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Figure 3. Plot of Cyanex 272 concentration vs. extraction efficiency (Eex%). [Ga concentration] = 250 ppm, [As concentration] = 120 ppm, pH value = 2, O/A ratio = 1, time = 5 min. 
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Figure 4. Plot of O/A ratio vs. extraction efficiency (Eex%). [Ga concentration] = 250 ppm, [As concentration] = 120 ppm, [Cyanex 272] = 0.5 M, pH value = 2, time = 5 min. 
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Figure 5. The McCabe–Thiele diagram. 
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Figure 6. Plot of Fe/As ratio vs. arsenic removed rate. [As concentration] = 110 ppm, pH value = 2, ORP value = 437 mV, temperature = 95 °C, time = 1 h. 
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Figure 7. Plot of hydrochloric acid concentration vs. stripping efficiency (Est%). [Ga concentration] = 1300 ppm, [As concentration] = 60 ppm, O/A ratio = 1, time = 5 min. 
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Figure 8. Plot of O/A ratio vs. stripping efficiency (Est%). [Ga concentration] = 1300 ppm, [As concentration] = 60 ppm, [HCl concentration] = 0.5 M, time = 5 min. 
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Figure 9. Plot of stripping time vs. stripping efficiency (Est%). [Ga concentration] = 1300 ppm, [As concentration] = 60 ppm, [HCl concentration] = 0.5 M, O/A ratio = 1. 
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Table 1. The ion concentration of waste etching solutions.
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	Element
	Ion Concentration (ppm)





	Ga
	244.9 ppm



	As
	108.5 ppm
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Table 2. The Eex (%) and the ratio of concentration compared with O/A ratio.
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O/A Ratio

	
Eex (%)

	
Ratio of Concentration (%)






	
2

	
Ga: 99.9%

	
Ga: 49.9%




	
As: 11.1%

	
As: 5.6%




	
1

	
Ga: 99.7%

	
Ga: 99.7%




	
As: 4.1%

	
As: 4.1%




	
0.5

	
Ga: 98.9%

	
Ga: 197.8%




	
As: 6.9%

	
As: 13.8%




	
0.1

	
Ga: 77.4%

	
Ga: 774.2%




	
As: 6.6%

	
As: 65.6%




	
0.05

	
Ga: 47.1%

	
Ga: 1225.9%




	
As: 13.8%

	
As: 276.5%












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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