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The production of elemental sulphur (S° during treatment of Acid Mine Drainage is regarded as a
sustainable solution since the produced elemental sulphur can be re-used for bioleaching processes or as
fertilisers. Biological treatment of AMD primarily relies on the activity of sulphate reducing bacteria which
reduce sulphate to sulphide in the presence of organic matter thus allowing the precipitation of the metals
and increase in pH. However, excess of sulphide remains in the system and if not removed, can be
oxidised to sulphate. The objective of the study was to optimise the oxidation process of sulphide to
elemental sulphur in a batch reactor with glucose as the supplied carbon source. The study also describes
the sulphide oxidation process to elemental sulphur as a Monod-type model with best-fit model parameters
estimated. Up to 95 % of elemental sulphur was formed at pH 8 and Eh -80 mV. The mass balance
calculations confirmed the results. The redox potential was observed to have a greater effect to the
oxidation process compared to pH. This was later confirmed by the modelling results.

1. Introduction

Acid mine drainage is a significant problem to the mining industries worldwide. Various methods have
been established to remediate and treat acid mine drainage. Among the proposed treatment methods, the
biological sulphate removal system is seen to be most favourable. In this system, sulphate reducing
bacteria (SRB) are used to convert sulphate to sulphide which is then either removed as a precipitate or as
the acid gas, H.S (Jiang et al., 2009). The limitation to this method is that the sulphide is precipitated
together with toxic heavy metals forming a toxic sludge (Kai-Guang et al., 2007). An interesting way to
recover the precipitated metals is the use of sulphide material produced by the bacteria which acts as an
absorbent for the heavy metals present in acid mine drainage (Jencarova, 2012). As much as this method
is operated at low cost and is quite effective, the residual sulphide left in the system needs to be
abstracted to prevent the re-oxidation of sulphide back to sulphate or prevent the discharge of sulphide to
the environment because of its toxic, corrosive and odorous properties. Quite a few strategies have been
put in place to remove the sulphide.

Oxidation to sulphur, also known as partial oxidation of sulphide has been the most promising method and
the use of bacteria known as sulphide oxidizing bacteria (SOB) has made the system more effective and
cheaper compared to physic-chemical methods (Rose, 2002). It was reported that a heterotrophic
condition was suitable to generate elemental sulphur at a great capacity (Rein, 2002). Different sulphide
oxidizing bacteria were identified to generate elemental sulphur. Unfortunately, the conditions under which
sulphur production is optimal remain unknown. However, what has been observed is that production of
elemental sulphur requires fine tuning of the pH and redox conditions to a very narrow range (Middelburg,
2000).

The aim of this study was to determine the optimal conditions for sulphur recovery using sulphide oxidizing
cultures obtained from a local wastewater treatment plant. Sulphide oxidizing bacteria were isolated to
determine the most appropriate loading conditions for sulphide removal and if possible sulphur production.
The results obtained can potentially provide a reference for sulphur recovery using a bacterium for future
research.
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2. Materials and Methods

2.1 Isolation of sulphide oxidizing bacteria (SOB)

A modified medium of Rajkumar et al (2012) was composed of different solutions known as A, B, C and D
in 250 mL distilled water and the pH adjusted to 7 at 25 °C. Solution A was prepared from Na;S,03.5H,0-
5.0 g, KNO3-2.0 g and NH4CI-1.0 g in 250 mL of distilled water; solution B was prepared from KH,PO4-2.0
g in 250 mL of distilled water; solution C was made up of NaHCO3-2.0 g in 250 mL of distilled water; and
solution D was composed of MgS04.7H,0-0.8 g, FeS04.7H,0 (2% w/v in HCI) -100.0 mL and trace metal
Selection of the most appropriate SOB solution -1mL. The trace metal solution consisted of (g/L) EDTA-
50.0 g, ZnS04-22.0 g, CaCl,-5.54 g, MnCl»-5.06 g, FeS04.7H,0 -4.99 g, CoCl»-1.11 g, CuS04-1.57 g and
(NH4)2M00s-1.1 g; the pH was adjusted to 6. FeS04.7H.O Solution per 100 mL was made up of
FeS04.7H,0-2 g and HCI. 1N solution - 100.0 mL. The 4 solutions were sterilised then aseptically
combined to make the main solution and the pH was adjusted to 7.

A sample of activated sludge (1 g) was then mixed into 10 mL of the main solution. A serial dilution up to
10" was done. Simple streaking was done by taking sample from the 10° to 102 dilutions. The petri dishes
were incubated at 25 °C for one week.

Heterotrophic growth of a selected strain was determined using the nutrient broth, in which lactate and
glucose were added to determine which one the carbon source is appropriate for sulphide removal.
Determination of sulphide oxidation activity was based on observed removal of sulphide in a 50 mg.L™
sulphide solution under incubation at 27 °C over 4 h.

2.2 Analytical Measures

The Merck Spectroquant® system (photometric colour measurement) was used for sulphide determination
(Merck, South Africa). Samples were collected in test tubes containing 100 mL of 0.1 M zinc acetate
solution. Photometric readings were made using the SQ 118 spectrophotometer (Merck, South Africa).

3. Results and Discussion

3.1 Isolation of SOB Strains

Following above isolation procedure, 6 possible isolates (S1 to Sg) were identified. The cultures were
grown in range of carbon sources to determine the most suitable carbon and energy source for the rest of
the experiments. It was observed that the presence of the organic matter was consumed by the bacteria
and that helped with their growth. The strains could grow well with the presence of both carbon sources
and each of them had a different growth phases which were specific to lactate or glucose (see Tables 1
and 2).

Table 1: Bacterial Growth in the Presence of Lactate

Time (days) Si S S3 Ss Ss Se

1 9.10 180.3 211.4 68.04 74.35 39.27
2 43.33 495.3 226.0 120.5 279.8 133.8
3 134.6 664.2 723.1 404.4 612.9 528.5
4 857.6 949.8 1,100 714.6 1,100 990.5
5 1,023 1,100 1,100 1,100 1,100 1,100
6 1,100 1,100 1,100 1,100 1,006 1,100
7 1,100 812.3 641.9 951.3 914.2 1,100

Table 2: Bacterial Growth in the Presence of Glucose

Time (days) S S, S3 S, Ssg Se

1 131.3 71.9 22.68 473.7 81.16 55.33
2 384.9 167.4 157.5 303.6 171.8 112.4
3 819.4 502.2 456.4 440.5 598.2 270.6
4 1100 650.1 464.4 498.1 975.8 420.0
5 1100 896.2 590.4 585.7 1,100 705.2
6 915.2 1,000 787.9 797.3 1,100 1,020
7 875.6 1,100 950.0 1,100 875.6 1,100
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Table 3: Sulphide removal after 4 hours incubation in 50 mg/L batches using glucose and lactate as
organic carbon sources

Carbon Source Glucose Lactate
Strains [S] (mg/L) % Sulphide removal [S] (mg/L) % Sulphide
S, 3.2 93.6 0 100
S, 0 100 9.4 81.2
S; 2.4 95.2 7.8 84.4
S, 2.8 94.4 3.7 92.6
Ss 1 98 0 100
Se 2 96 0 100
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Figure 1: Sulphide removal at 4 h incubation in batches at initial concentration of 50 mg Lt
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Figure 2: Sulphide removal by reselected sulphide oxidising bacteria (SOB)
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Turbidity value of 1,100 was recorded as a higher value than the instrument could measure and this was
translated at a high concentration of bacteria in the broths.

3.2 Selection of the appropriate SOB

The sulphide removal percentage was calculated as follows: [(Sulphide i» — Sulphide ou) / Sulphide i] *
100 %. After 4 h of incubation, data were obtained as shown in Tables 3 and Figures 1a and b. The
preliminary data shown in Figure 3 indicated that Strain 2 was the most efficient isolate under glucose as a
sole carbon source whereas sulphide removal under lactate did not show a specific trend (Table 3, Figure
1). After 3 h Sulphide concentration increased in the strains 1, 5 and 6 when even after 4 h increased just
increased for a little amount in strain 2. Further experiments tested over a shorter period of incubation
showed that the best overall performer was the isolate S; (Figure 2).

3.3 Kinetic modelling theory

The quantitative determination of elemental sulphur formation was done by mass balance calculation
(Chen et al., 2009) or via sulphite method (Jiang et al., 2009). Xu et al (2013) stated that kinetic models
could also assist during the optimization process of elemental sulphur generation. At low and high oxygen
concentration, sulphide is oxidised to elemental sulphur (Eq 1) and sulphate (Eq 2), respectively.

2HS ™+ O, — 28° +20H (1)
2HS+40; — 2S0,* + 2H" )

According to Eq. 2, sulphur production depends on HS and dissolved oxygen. Dutta (2008) stated that
when two substances limit the biological reaction rate, the rate of the product adopted is the following:

dHs )Xy 45T O, 0
dt k, +[HS"1 k,+O,

where: Xop = Optical density of the bacteria, ki= reaction rate constant (mg L* h'l), k2 = half velocity
concentration (mg L™), ks = oxidative inhibition coefficient (mg L™), [HS]= concentration of sulphide (mg/L)
and O,= concentration of the dissolved oxygen (mg/L). The above reaction rate successfully simulates
sulphide oxidation rate in a batch system is shown in Figure 3.

The optimum kinetic parameter values for the data plotted in Figure 3 were ki = 9.8 mg L h, k2 = 0.01 mg
L'i, Xop = 619 mg L™, and ks = 0.023 mg L™, which yielded an average chi-square value — 7* = 14.74 (mg
L)~
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Figure 3: Sulphur species oxidation in batch cultures at pH 6.7 and Eh -130 mV
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3.4 Identification of the SOB

Isolate X2 was a gram positive, motile, rod shape like that formed white opaque colonies on a nutrient agar
plates. The 16 S rRNA gesne sequence of the isolated X2 (see Figure 3) revealed its phylogenetic
relationship to the Bacillus genus. It was observed that X2 has 99 % homology to Lysinicibacillus
fusiformis and Lysinicibacillus sphaericae. Apart from being a well-known sulphate reducer, Lysinicibacillus
fusiformis

Lysinibacillus boronitolerans AB199591
L Bacillus sp.

=]
I Lysinibacillus fusiformis AF169537

I Lysinibacillus sphaericus AF169495

Qcillus odysseyi AF526913
55
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1

00 { Bacillus psychrodurans AJ277984
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Figure 4: A phylogenetic tree showing the identity of the Bacillus sp. inferred from 16S rRNA gene
sequences using the neighbour joining method. 1000 replicates Bootstrap analysis was done to assess the
reliability of the groupings and Paenibacillus polymyxa was used as an outgroup

is also known to reduce metals such as Cr(VI) to Cr(lll) (He et al., 2011), U(VI) to U(IV) (Kumar et al.,
2013), and Mn(1V) to Mn(ll) (Carrato et al., 2010).

4. Conclusion

The study demonstrated that sulphide can be removed through oxidation by bacteria called sulphide
oxidizing bacteria in the presence of an organic matter. Strain 2 in the presence of glucose was the most
efficient bacterium. The 16S rRNA gene sequence has revealed that strain 2 could either be
Lysinicibacillus fusiformis or Lysinicibacillu sphaericus. More genetic analysis need to be done to
determine the exact identity of strain 2 but however this provide useful information for sulphide removal
thus sulphur recovery.
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