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Bio-leaching of heavy metals from electroplating 
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Abstract: The removal of heavy metals from electroplating sludge is important for its safe disposal and recycling. Two bacteria strains were separated to investigate the bio-leaching characteristics of heavy metals from electroplating sludge: Thiobacillus ferrooxidans separated from acidic wastewater of a pyrite mine in Yunfu, Guangdong province, China, and Thiobacillus thiooxidans separated from hot springs containing H2S in Xinxing, Guangdong province, China. The results showed that the cultivated bacteria can leach heavy metals from electroplating sludge. With the addition of suitable nutrient and reductant, the metals existing in the electroplating sludge, such as Cu and Ni, can be leached effectively in an acidic and aerobiotic system at 30 ℃ for 7 days, but no removal of Cr was observed. The adaptability of the two Thiobacillus strains to highly toxic electroplating sludge is also discussed.
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Nowadays, there are tens of thousands of electroplating factories in China, which discharge about four billion cubic meters of electroplating wastewater each year. This kind of mixed sludge, containing several kinds of heavy metals, is generally recognized at home and abroad as hazardous solid waste. At present, a chemical precipitation process is the main disposal mode for treating electroplating sludge. So, a mass of sludge with toxic heavy metals such as Cu, Ni, Zn, Cr, is produced. Research on recycling and removal of heavy metals in electroplating sludge is becoming more and more urgent.

Bio-leaching of oxide and sulfide minerals has been investigated extensively in recent years. This is the oxidation of insoluble metal sulphide by cells of specialized bacteria[1-2]. Two mesophilic and chemolithotrophic bacteria are known to catalyze this process, Thiobacillus ferrooxidans and Thiobacillus thiooxidans. Both species can obtain energy from the oxidation of reduced sulphur compounds using oxygen as the final electron acceptor. Thiobacillus ferrooxidans can also oxidise iron(II) to iron(III) under aerobic conditions, and even elemental sulphur using iron(III) as an electron acceptor under anaerobic conditions [3-7].

The increasing acceptance of biological processes for the treatment of refractory mining concentrates should be considered as a positive move both in terms of process flowsheet development and its commitment to the environment. Research and development is now focusing on the application of moderately thermophilic and extremely thermophilic acidophiles for environmental pollution control [8-10]. 

Electroplating sludge is poisonous for most bacteria [11], and so biological processes have been actively researched. Bacterial reduction of Cr was studied by Hai et al[12]. Suzuki et al. demonstrated that the bacteria eliminated Cu and Cr in electroplating waste effectively [13]. Atkinson showed that Cu, Zn, Cr, Ni can be effectively eliminated by a biological method. Bewtra et al. found that bacteria can transform the metal ions to sulfides that are not soluble in water [14]. However, biological processes are still confronted with the questions whether the sludge produced during this process will create secondary contamination and how to culture highly adaptable bacteria.
1  Materials and methods

1.1  Microorganisms
A Thiobacillus ferrooxidans strain was separated from acidic wastewater from a pyrite mine in Yunfu, Guangdong province and a Thiobacillus thiooxidans strain was separated from hot springs containing H2S in Xinxing, Guangdong province (Fig.1).
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Fig. 1  Sampling locations of two Thiobacillus strains
1.2  Chemical reagents and nutrient medium

The chemicals used for making the nutrient medium for the Thiobacillus ferrooxidans and Thiobacillus thiooxidans and for analysis were all of AR grade.

The Thiobacillus ferrooxidans strain routinely sub-cultured in reformed 9K medium (Silverman and Lundgren, 1959) and the Thiobacillus thiooxidans strain subcultured in thiosulphate medium were used throughout these experiments. The pH of the two media were adjusted to a value of 2.0(±0.02) using H2SO4.

1.3  Sludge chemical characterization

Electroplating sludge was collected from the sedimentation tanks at an electroplating factory in Guangzhou, China. Its physical properties were as follows: greyish green in appearance, green color of leaching liquor of electroplating sludge, strongly alkaline, small average particle size, no large particles and 86.6% moisture content.

The metal contents (g·kg-1 air-dried sludge) in the samples were: Ni 37.34, Cu 13.42, and Cr 80.74, respectively. All samples were ground to 0.15 mm for the experiment.

1.4  Experiment for adaptability

Decrease of pH value of the solution was used to investigate the tolerance of the bacteria to the electroplating sludge containing a high level of heavy metals. If two strains of Thiobacillus adapted to the sludge, iron(II) and elemental sulphur were oxidised, the pH might decrease, or may rise because of an acid-base reaction between H+ for pre-acidifying and alkaline granular sludge, tending to stabilization finally. The pH was measured each 24 hours.
1.5  Optimal conditions for bio-leaching of electroplating sludge

According to previous research [15], conditions like the type of substrate, ratio of bacteria, pH and sludge concentration, play important roles in the process of bioleaching. So a four -factored, three -leveled factorial experiment was designed to determine the optimal conditions for bio-leaching using Thiobacillus ferrooxidans and Thiobacillus thiooxidans (Table 1, Table 2).
Table 1  Factors and levels
	level
	Factors

	
	Types of substrates: A
	Ratio of bacteria
（T.f∶T.t）：B
	pH: C
	sludge concentration
（W/V）：D

	1
	Fe2+
	1∶1
	2
	0.1%

	2
	S
	1∶2
	3
	0.4%

	3
	Fe2++S
	2∶1
	4
	1%


Table 2 Experimental design for optimal conditions 
for bio-leaching--L9 (34)
	
	Factor

	
	Types of substrates: A
	Ratio of bacteria
（T.f∶T.t）: B
	pH: C
	sludge concentration
（W/V）: D

	①
	1
	1
	2
	3

	②
	1
	2
	1
	1

	③
	1
	3
	3
	2

	④
	2
	1
	1
	2

	⑤
	2
	2
	3
	3

	⑥
	2
	3
	2
	1

	⑦
	3
	1
	3
	1

	⑧
	3
	2
	2
	2

	⑨
	3
	3
	1
	3


For the leaching experiment, conical flasks sealed by gauze were used. A constant temperature water bath-vibrator was used as an experimental set, and the operating conditions were 30 ℃, 120 r/min.
1.6  Further leaching test
After the three-factored, four-leveled factorial experiment, the optimal conditions for bio-leaching using Thiobacillus ferrooxidans and Thiobacillus thiooxidans were used in a further experiment of bioleaching of higher concentrations of electroplating sludge.
1.7  Analytical methods
Bacterial number was countered by fluorescence microscope (OLYMPUS CX41). Cu, Ni, Cr were determined by atomic absorption spectrophotometer (WFX-1C, Beijing, China).
2  Results and Discussion

2.1  Adaptability of Thiobacillus spp to electroplating sludge 

The pH decreased and the Eh continuously increased when the two Thiobacillus strains were cultured in a medium containing electroplating sludge. These changes showed the adaptation of the two Thiobacillus strains. Fig 2 shows the pH over four weeks after electroplating sludge was inoculated with Thiobacillus spp.
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Fig. 2  Trend of pH in electroplating sludge of concentration 2% 
and 4% after inoculation with Thiobacillus spp
In the leaching systems of 2% and 4% sludge concentration, the pH value was adjusted to 2.0 by H2SO4 in advance, but the pH value did not decrease as we expected, the pH rising instead at first. It showed that Thiobacillus spp. performed poorly with the 2% sludge concentration. The two strains of Thiobacillus couldn't adapt to higher concentrations.

However, bio-leaching by Thiobacillus did not commence: there were no obvious signs of bio-leaching. The high concentration of iron was toxic for the two strains of Thiobacillus.
For this reason, a lower concentration of sludge was used in subsequent experiments. With 0.15% sludge, after 7 days of bioleaching using the two strains which were domesticated in 0.15% sludge, Cu and Ni removal exceeded 90%. In the system of 0.5% sludge concentration, removal exceeded 40%. The pH also fell. Table 2 shows the pH change in the sludges of 0.5% and 1% concentration.
Table 3  Results of the change of pH value
	No
	Sludge concentration/%
	Initial pH
	Final pH
	Final ORP/mV

	1
	0.5
	3.99
	2.72
	604

	2
	0.5
	4.04
	2.67
	572

	3
	1.0
	4.04
	3.69
	422

	4
	1.0
	3.90
	3.68
	410


The pH of experiments Nos.1 and 2 decreased markedly and the pH also decreased for experiments Nos.3 and 4, but to a lesser degree than for the first two experiments. The change of pH indicated that the Thiobacillus had adapted and acidification was occurring in the presence of the Thiobacillus.
The high toxicity of heavy metals was presumably the main cause for the death or inactivation of bacteria, so the Thiobacillus should be domesticated to improve its tolerance to heavy metals for the application of bio-leaching of high-concentration electroplating sludge.

2.2  Factorial experiment
2.2.1  Leaching of copper and nickel

The results showed that in the process of bio-leaching using Thiobacillus ferrooxidans and Thiobacillus thiooxidans, the most important factor for the leaching of copper and nickel was D (Sludge concentration), the second main factor was A (Types of substrates), the third was ratio of bacteria, and the last was initial pH. The leaching rate of copper was 0~100%, and for the nickel it was 0.74%~70.30%.
For the copper, the optimal leaching condition was: D1A3B3C1, which was 0.1% sludge concentration, Fe2+ and Na2S2O3 as substrates, T.f∶T.t=2∶1, initial pH 2.0. The optimal leaching condition for Nickel was the same combination of factors.
2.2.2  Influence factors
The results of the factorial experiments showed that the importance of the four factors for bioleaching ranked D, followed by A, B, and C. That is to say, D and A are the main factors influencing leaching. Fig.3 shows the relative influence of each factor.
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Fig. 3  The proportion of influence degree of each affecting factors
The sludge concentration had a significant effect on the bioleaching process. This is because a high concentration of heavy metal iron has strong toxicity for the two strains of Thiobacillus before domestication; and the toxicity of a lower concentration of sludge is less than for more concentrated sludge.

However, too low electroplating sludge concentration will greatly increase the cost of treatment, which would limit the engineering application. Considering combining heavy metal tolerance with engineering value, the bacteria separated from the mining waste water and hot spring should be repeatedly domesticated.

A lower initial pH led to easier start-up of the bio-leaching process of Thiobacillus. Correspondingly, the removal of heavy metals was increased.

The mixed cultures of Thiobacillus ferrooxidans and Thiobacillus thiooxidans have the characteristics of complementarity, so it was mixed strains of bacteria that contributed to the leaching of the metal iron [16-17]. In a general way, Thiobacillus ferrooxidans has both direct and indirect effects on bioleaching. Thiobacillus thiooxidans played an indirect role in that process [18]. 
The mixed types of substrates, like the mixed cultures of Thiobacillus spp., favored the growth of bacteria.

2.3  Results of further leaching test

Thiobacillus ferrooxidans and Thiobacillus thiooxidans were domesticated to improve their tolerance to heavy metals for the application of higher concentrations of electroplating sludge. After domestication of Thiobacillus, further experiments for leaching of copper and nickel were conducted. 
The results showed that with an initial pH of 4.0 and using the strains which were domesticated in a sludge concentration of 0.15%, removal of Cu and Ni exceeded 90% and 40% respectively in the system with 0.5% sludge concentration. However, these strains performed badly for leaching at a concentration of 1%.

3  Conclusions
The factorial experiment showed that suitable conditions for bio-leaching using Thiobacillus ferrooxidans and Thiobacillus thiooxidans are as follows: under 0.1% sludge concentration, using Fe2++S as substrates, 1:1 of ratio of bacteria (T.f:T.t), initial pH of 2.0. But too low electroplating sludge concentration and initial pH will greatly increase the cost of treatment; it’s not suggested adopting these two optimal conditions in engineering application. Furthermore, the results of the factorial experiment indicated that the initial pH does not have much effect on the bioleaching system used in this research. According to the relevant investigative outcomes [19-20], the initial pH can be setting between 4.0 and 6.0.

Based on recent developments of bioleaching, obtaining strains with the characteristics of growing quickly and vigorously and high efficiency of leaching is a difficult. The investigation of genetic engineering of bacteria is in a developmental stage and has potential, which may change the situation of low efficiency, which is attributed to biocompatibility in the biological process, in the near future.
Adaptability of Thiobacillus spp to electroplating sludge was discussed in this paper. Within a particular concentration range of electroplating sludge, Thiobacillus ferrooxidans and Thiobacillus thiooxidans have the capability of oxidizing ferrous iron and sulfur, in which H2SO4 is produced, so that bacterial leaching results in increased dissolution of the heavy metals from electroplating sludge, and the leaching of Ni and Cu was accelerated with the two strains of Thiobacillus.
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利用硫杆菌淋滤电镀污泥中的重金属
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摘要：从广东云浮硫铁矿矿山酸性废水中分离得一株氧化亚铁硫杆菌（Thiobacillus ferrooxdans），从新兴县含硫化氢温泉中分离得一株氧化硫硫杆菌（Thiobacillus thiooxidans），并将其应用于电镀污泥的生物淋滤的研究，该污泥含铬、镍及铜分别为80.74 g/kg自然风干污泥、37.34g/kg 自然风干污泥和13.42 g/kg自然风干污泥。利用未经驯化的氧化亚铁硫杆菌和氧化硫硫杆菌，以底物类型、菌液比、初始pH值和污泥浓度为四个因素，设置3个水平进行L9（34）正交实验，得出电镀污泥的最适淋滤条件：污泥浓度0.1%、硫酸亚铁和硫代硫酸钠作底物、菌液比T.f∶T.t=1∶1、初始pH值2.0。为了将分离得的两种硫杆菌应用于更高浓度的电镀污泥，对所得菌进行驯化，以提高该菌种的重金属耐性，并应用于高浓度污泥的生物淋滤。经过驯化后的细菌，成功地适应了电镀污泥环境。结合上述最适条件，加入了合适的营养底物及还原剂之后，电镀污泥中的重金属，如铜、镍等，在30 ℃酸性好氧的环境中，能够在7天内被有效地淋滤出来，混合菌对污泥浓度为0.5%的污泥中铜的滤出率达90%以上，镍的滤出率40%以上；对1%的污泥的淋滤效果较差；对铬的淋滤效果不明显。本文还讨论了两株硫杆菌对高毒性电镀污泥的适应性。即在一定的污泥浓度范围内，氧化亚铁硫杆菌和氧化硫硫杆菌能够氧化底物，并产生硫酸将污泥中的重金属溶解，两株硫杆菌能够加快镍和铜的滤出效率。
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