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Abstract. Environmental damages around mining area caused by acid mine drainage (AMD) require effective yet
environmental friendly methods. The objective of this research is to develop AMD processing with ex-situ bioremediation
on a batch system reactor to increase pH level and remove heavy metal compounds. This literature study is conducted to
obtain secondary data on the performance of Sulfate Reducing Bacteria (SRB), the influencing environmental factor, and
carbon source as growth media for SRB. Cow dung and chicken manure were added as carbon sources. The abundant
availability of SRB can trigger sulphate removal and accelerate AMD decrease on a natural way. Mobilized SRB and FeRB
were able to lower more than 60% of sulphate and 90% of iron (Fe) rates. Chicken manure is ideal to reduce sulphate but
it’s even better to neutralize pH when cow dung is added as carbon source. Batch bioreactor design was produced with an
Anaerobic Sequential Batch Reactor (ASBR), the height of the reactor is at 3.8 m with radius of 3.73 m. If the AMD
concentration composition is at 10% (v/v), the mix culture is at 30% (v/v) and the nutrient concentration is at 60% (v/v),
to lower AMD concentration we will require 49044 L SBR and 98088 L nutrient. The residence time required for SRB to
remove sulphate is 42 hours. AMD bioremediation by SRB on a reactor can become a solution to process AMD with
environmental friendly method because the process does not produce any secondary pollution.

INTRODUCTION

Acid Mine Drainage (AMD) is the main waste produced from mining activities with highly acidic nature and
contains heavy metal compound. AMD is formed through natural oxidation of sulphide minerals such as pyrite,
chalcopyrite, pyrrhotite, or arsenopyrite, which will become highly acidic wastes when they are exposed to open air.
Heavy metal compound in AMD could be passively mobilized into the environment through rain water flowing outside
the mining area [1,2]. AMD can be chemically processed with neutralization process method, which is conducted by
adding chemical compounds such as hydrated lime (Ca(OH)2) or calcium carbonate (CaCOs), caustic soda (NaOH)
or natrium carbonate (Na.COs). AMD processing can also be conducted physically through coagulation, flocculation,
and sedimentation processes. Chemical and physical processing can run effectively, but they require relatively high
maintenance and operational costs, and also has the potential to produce secondary pollution [3-5]. These facts have
driven researchers to conduct numerous researches to develop and improve bioremediation as a sustainable solution
to recover the environment impacted by AMD [6].

Sulphate Reducing Bacteria (SRB) has the potential to absorb heavy metal and reduce sulphate contained by AMD
[7-9]. A number of researches have proven that more than 99.9% of heavy metal compound in AMD can be removed
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by SRB [10-13]. Sulphate Reducing Bacteria (SRB) is able to lower around 90% of sulphate concentration in 20 days
[14] and produce hydrogen sulphide that deposit Fe2*, Zn?*, and Cu?* metals underground. Bacteria that play important
role in AMD bioremediation are Fe Reducer Bacteria (FeRB) with acidophilic nature and SRB due to their high level
of tolerance on AMD acidity [15].

By utilizing natural ability of SRB, bioremediation process can be highly profitable. The cost of bioremediation
implementation is relatively lower than any other chemical-physical processing methods and does not produce
secondary pollution, which is environmentally friendly [3,4,5,16,17].

The success of biotechnology to remediate AMD is influenced by environmental factors such as pH level,
temperature, and dissolved oxygen concentration. The contaminant and nutrition must be available to SRB to make
this happen. Besides that, the activity and content of SRB inside the processed waste must be adequate [18]. The
number of dissolved carbon on AMD is usually very low (<10 mg/L), which makes that electron donor addition such
as hydrogen molecule or organic compound as carbon sources are essential to improve SRB activation and bioreactor
performance [19-21]. The objective of this research is to analyze AMD processing by SRB which has been effectively
proven on various levels of pH, AMD concentration, and carbon sources as electron donor, so that we are able to
produce AMD processing planning on a pilot scale in a batch system reactor.

AMD BIOREMEDIATION

This research was conducted by gathering literature data. Analysis was conducted with a systematic review,
specifically with a meta-analysis method, which is an effort to analyze quantitative data obtained from primary
sources, starting from preparation, categorization based on keywords which are acid mine drainage; bioremediation;
sulphur reduction bacteria; passive system; carbon source; bioreactor, until the composition of this paper.

Mine acid drainage characterization is vital to conduct to acknowledge sulphate, pH, and heavy metal levels. SRB
can be isolated from the soil around mining area, which are commonly dark coloured and reek as the signify SRB
[22]. After the isolation, the bacteria are inoculated on Postgate media [23]. Organic substrate as carbon source that
will be evaluated are animal waste (cow dung, chicken manure, and goat dung), sawdust, mushroom compost
completed with silica sand, and pebbles [24-27]. These organic substrates are commonly used as effective carbon
source to cultivate SRB on AMD removal efforts. The pH level was measured by pH meter, sulphate analysis was
measured with turbidimetry method or UV-VIS spectrometer, and the liquid metal concentration was analyzed by
utilizing ICP-OES (Inductively Coupled Plasma — Optical Emission Spectrometry).

The initial and final concentrations of heavy metal were determined with ICP-EQOS. The efficiency of heavy metal
removal was calculated by utilizing the following formula (1).

% Adsorption = x 100 @

(Co— Ceq)
Co

Co represents initial heavy metal concentration and Ceq represents heavy metal concentration equilibrium in a
solution (mg/L) [28].

The bacteria growth rate kinetic was determined to acknowledge substrate utilization on bacteria growth activity.
The biomass specific growth rate (1) represents the growth rate of each biomass unit [29]. The specific growth rate
can be calculated with the following formula:

1
q=ﬁu+b (2

Y, = lost substrate; Ya = total biomass of each lost substrate unit; g = specific substrate utilization (time); b =
constant that represents substrate utilization per biomass unit on each period of time (time)

Lawrence and McCarty (1970) explained that to determine reaction order, calculations by using formula (3) and
formula (4) is required. Order O happens when Ks < S and Order 1 happens when Ks>S.

~(5). = tens ©)

If we predetermined that Ks is 0, therefore,
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So—S = kxt and—ln%o=1(xt (4)

According to Grau et al., (1975), formula (5) is more accurate to calculate substrate utilization rate for order 2
reaction.

1
=_ 5
Kxt S )

S, = Initial substrate concentration; S = substrate concentration; K1 = constant of substrate utilization rate; Ks =
saturation concentration rate.

RESULTS AND DISCUSSION

Mine Acid Drainage Characteristic

The characteristic of AMD obtained from PT. Kaltim Prima Coal possess high sulphate rate, low pH and high
heavy metal compound (Table 1). AMD characteristic and composition are highly varied. They tend to have different
nature based on local conditions and environmental factors.

TABLE 1. The Result of Mine Acid Drainage found in PT. Kaltim Prima Coal area
Quality Standard

No Parameter Unit ) 2) Results
1. pH (in-situ) - 6-9 6-9 2.47
2. lron (Fe) mg/L 0.3 7 30
3. Mangan (Mn) mg/L 0.1 4 8

4.  Sulphate (SO,) mg/L 400 - 1.039

Manganese (Mn) and iron (Fe) are important nutrients for our life. However, manganese is also toxic for human
when the compound is excessively concentrated in water. Manganese can damage human central neural system [30].
Excessive iron input can also cause corrosion effect on human intestines and biological fluid. Iron can penetrate heart,
liver, and brain cells. The toxicity of iron on plant cells have proven to cause tissue damage [31].

SRB Performance

SRB is able to decently grow on pH level of from 3.5 to 9, with a wide temperature tolerance which is -5°C to
50°C. The higher the AMD concentration, the higher the required SRB concentration will be. The abundant availability
and variability of SRB can trigger sulphate removal and naturally enhance AMD reduction. Mobilized SRB and FeRB
can lower up to 60% sulphate and up to 90% of iron rates. Manganese (Mn) removal was slightly disrupted, but 40%
of it were removed although it is quite difficult to reach 90%. Bacteria that can be categorized as SRB are
Thermodesulfobium, Syntrophobacter, Desulfurella, Desulfomonile, Desulfovibrio and Desulfosporosinus genus [32].
Geobacter metallireducens and Shewanella putrefaciens are examples of FeRB [33-35]. In relation with positive gram
SRB (Desulfosporosinus orientis) and negative gram SRB (Desulfovibrio desulfuricans), Stanley [36] explained that
positive gram SRB plays a more active role in the deposition of sulphate mineral. The occurrence of bacteria cell
autolysis during endospore release will increase sulphate mineral aggression (gathering).

Carbon Source for SRB Growth

Chicken manure and cow dung were showing decent performances as carbon sources for SRB. The utilization of
chicken manure and cow dung respectively produce sulphate reduction of 79% and 63% [24]. Cow dung additional
was proven to be able to increase pH level up to 7. This result shows that chicken manure is also suitable to reduce
sulphate, but to neutralize pH an additional of cow dung is required as carbon source.
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The characterization result of organic substrate on animal wastes such as composted cow dung and chicken manure
shows that animal wastes contain higher SRB level than grass silage, sawdust, and paper wastes. Compost produced
from poultry wastes contains alkali pH meanwhile cow dung contains neutral pH. This will act as decent environment
for SRB to grow inside a reactor that processing AMD [26].

AMD Processing on Pilot Scale

AMD processing on a pilot scale is recommended to be conducted in a reactor. Batch bioreactor design is utilizing
Anaerobic Sequential Batch Reactor (ASBR) [10]. The excellence of Anaerobic Sequential Batch Reactor (ASBR) is
that it can eliminate secondary pollutant sedimentation, high operation control efficiency, and simple operational
procedure [37]. There are several researches regarding heavy metal removal from waste water which have proven that
ASBR can be a low cost and high performance bioremediation alternative [10,37,38].

The volume of AMD from East Borneo Indonesia reaches 16,348.28 litres per day [39]. Reactor volume dimension
on a pilot scale refers to the reactor and AMD volumes on laboratory scale, which are respectively at 200 ml and 20
ml [40], the calculation is as follows:

Volume Reaktor (skalalab) _ Volume Reaktor (skala pilot)
Volume AMD (skala lab) Volume AMD (skala pilot)

200 mL _ Volume Reaktor (skala pilot)
20 ml 16.348.000 mL

Reactor volume (pilot scale) = 163.480.000 mL = 163.480 L = 163.48 m?

3
Tube blanket = 2nrt; Base area = mr?; Volume = mrt = 163.48 m3; t= 2228™ . Areq (A) = Blanket area + Base

w2
+7r?; A =326.96 r! + ar?;

163,48 m3
area; A= 2xrt + mr? = 2ar————

dA

—=-326.9612+ 21r
dar

r=2220% 373 ma37mit="2" 39 m
2m o

Based on the calculation, the reactor height should be at 3.8 m with radius of 3.73m (Fig. 1).

On this planning process, with the assumption of AMD concentrated composition is at 10% (v/v) [41], mix culture
concentration is at 30% (v/v) [42], and nutrient concentration is at 60% (v/v), AMD concentration reduction will
require 49044 L of SBR and 98088 L of nutrient.

Based on research data generated by Stanley [36], the calculation result of sulphate removal rate on AMD, it is
acknowledged that the equation of order 1 reaction rate is Y = 0.0034x + 1.5156. R? value is at 0.4566 and bacteria
growth rate constant is at 0.0034 hour. If the curve equation of mix culture bacteria growth on exponential phase is
at'Y =0.0635x + 7.677 [36], we can determine the residence time (t) required by SRB to remove sulphate on AMD.
The calculation to measure residence time (t) with order 1 equation is as follows:

r2

Y- i _
Y = 0.0034x + 1.5156; Ln S0/S = 0.0034t + 1.5156; t = 52 NereP _ 632-In(5)
slope 0.0034
The growth curve equation on exponential phase is Y = 0.0635x + 7.677; Y = 0.0635t + 7.677 [36]. The growth
curve equation of exponential phase can be rewritten as follows:

6.32—In (s)
— ( 0.0034 )
0.0635t+ 7.677

If the final sulphate rate is at 127.3 mg/L [36], the required residence time calculation is as follows:

0.0635 12+ 7.677 t = £330 () _ 63270 (1273) _ 435 35

0.0034 0.0034
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0.0635t? + 7.677t—432.35=0
-b ++b2-4ac _ —7.677 +./7.6772—(4x0.0635 (—432.35))
2a - 2 % 0.0635

t= =-162 hours = 41.8 hours = 42 hours

38m

Valve for sample taking

r=37m

FIGURE 1. Pilot Scale Anaerobic Sequential Batch Reactor (ASBR) design

Based on the previous calculation, we discover that the required residence time for the bacteria to remove sulphate
is at 42 hours. The implementation of AMD removal by SRB on pilot scale in the field is difficult to reach similar
level of removal as the ones in the laboratory because of uncontrollable environmental condition that influence SRB
performance [43]. Based on that, maximum safety factor of 30% is required to anticipate inefficiency in field removal.

CONCLUSION

Sulphate reducer bacteria including mobilized SRB are able to lower up to 60% of sulphate rate and 90% of FeRB
rate. Manganese (Mn) removal faced a little difficulty but finally able to reach 40% of removal rate but it is quite
difficult to reach 90% of removal rate. Cow dung, goat dung, and poultry wastes are proven effective as carbon sources
with sulphate removal rate of 60% to 90%, Fe heavy metal removal of 90%, and more than 12% of Mn. Pilot scale
implementation planning to process AMD from East Borneo at 16.348,28 litres per day is recommended to be
conducted on a cylindrical batch reactor with 3.8m of height and 3.7m of radius. AMD removal requires 42 hours of
contact time with order 1 reaction rate equation of Y = 0.0034x + 1.5156..

REFERENCES
1. A Sako, Prediction of acid mine drainage occurrence at the Inata gold mine-Burkina Faso, (West Africa, 2014),
pp. 043-051.
2. K.Rambabu, F. Banat, Q.M. Pham, S.-H. Ho, N.-Q. Ren, and P.L. Show, Environ. Sci. Ecotechnology 2, 100024
(2020).

3. A Hussain, A. Hasan, A. Javid, and J.l. Qazi, 3 Biotech 6, (2016).

4. E.A.PondjaJr., K.M. Persson, and N.P. Matsinhe, J. Water Resour. Prot. 06, 1646 (2014).

5. E. Chockalingam, S. Subramanian, and J.J. Braun, Trans. Institutions Min. Metall. Sect. C Miner. Process. Extr.
Metall. 119, 153 (2010).

6. M. Villegas-Plazas, J. Sanabria, and H. Junca, J. Environ. Manage. 251, 109581 (2019).

7. M. Coggon, C.A. Becerra, K. Nusslein, K. Miller, R. Yuretich, and S.J. Ergas, Geochim. Cosmochim. Acta 78,
65 (2012).

8. Y.Bao, C. Guo, G. Lu, X. Yi, H. Wang, and Z. Dang, Sci. Total Environ. 647, 616-617 (2018).

9. S.K.Hwang and E.H. Jho, Sci. Total Environ. 635, 1308 (2018).

10. J.M. Costa, R.P. Rodriguez, and G.P. Sancinetti, J. Environ. Chem. Eng. 5, 1985 (2017).

11. H.T.Q. Kieu, E. Miller, and H. Horn, Water Res. 45, 3863 (2011).

12. E. Sahinkaya, F.M. Gunes, D. Ucar, and A.H. Kaksonen, Bioresour. Technol. 102, 683 (2011).

13. M.G. Kiran, K. Pakshirajan, and G. Das, J. Hazard. Mater. 324, 62 (2017).

14. E.M. Kneg, F.C. Gong, M. Gao, M. Teplitski, A.R. Jones, A. Foxworthy, A.J. Mort, and W.D. Bauer, Mol. Plant-
Microbe Interact. 14, 775 (2001).

15. Y. Bao, X.Jin, C. Guo, G. Lu, and Z. Dang, Environ. Sci. Pollut. Res. 28, 2822 (2021).

16. V. Kumar, S. Shahi, S. Singh, "Biorremediation: an eco-sustainable approach for restoration of contaminated
sites.” In Microbial Bioprospecting for Sustainable Development (2018) pp. 396.

020014-5

pd"2222110°S L ¥1L0020/2y6680LL/L22LL10°S/€901 0L /1op/pd-ajoie/doe/die/Bio-die sqnd)/:dpy woy papeojumoq


https://doi.org/10.1016/j.ese.2020.100024
https://doi.org/10.4236/jwarp.2014.618148
https://doi.org/10.1179/037195510X12772935654620
https://doi.org/10.1179/037195510X12772935654620
https://doi.org/10.1016/j.jenvman.2019.109581
https://doi.org/10.1016/j.gca.2011.11.030
https://doi.org/10.1016/j.scitotenv.2018.04.231
https://doi.org/10.1016/j.jece.2017.04.011
https://doi.org/10.1016/j.watres.2011.04.043
https://doi.org/10.1016/j.biortech.2010.08.042
https://doi.org/10.1016/j.jhazmat.2015.12.042
https://doi.org/10.1007/s11356-020-10248-7

17.
18.

19.
20.

21.
22.
23.
24,
25.
26.
217.
28.

29.
30.
31.
32.
33.
34.

35.
36.
37.
38.
39.

40.

41.

42,
43.

M. Tekere, Biotechnol. Bioeng. 1 (2019).

L. K.Wang, V. Ivanov, J.-H. Tay, and Y.-T. Hung, Environmenttal Biotechnology, Volume 10 (Humana Press,
London, 2010).

G.J. Zagury, V.I. Kulnieks, and C.M. Neculita, Chemosphere 64, 944 (2006).

M. Martins, M.L. Faleiro, R.J. Barros, A.R. Verissimo, M.A. Barreiros, and M.C. Costa, J. Hazard. Mater. 166,
706 (2009).

A.S. Sheoran, V. Sheoran, and R.P. Choudhary, Miner. Eng. 23, 1073 (2010).

M.D. Ruehl and S.R. Hiibel, Miner. Eng. 157, 106554 (2020).

J.R. Postgate, The Sulfate-reducing Bacteria, second ed. (Cambridge University Press, Cabridge, 1984)

M. Zhang and H. Wang, Miner. Eng. 69, 81 (2014).

N. Jamil and W. P. Clarke, Journal of Mechanical Engineering and Sciences 5, 569-581 (2013).

Y. Vasquez, M.C. Escobar, C.M. Neculita, Z. Arbeli, and F. Roldan, Environ. Earth Sci. 75, (2016).

E.F. Kittrell, J.G. Burken, M.R. Mormile, and M. Fitch, Abstr. Gen. Meet. Am. Soc. Microbiol. 113, 337 (2013).
T. Limcharoensuk, N. Sooksawat, A. Sumarnrote, T. Awutpet, M. Kruatrachue, P. Pokethitiyook, and C.
Auesukaree, Ecotoxicol. Environ. Saf. 122, 322 (2015).

J. Monod, Annu. Rev. Microbiol. 3, 371 (1949).

Y. Li, Z. Xu, H. Ma, and A.S. Hursthouse, Water 11(12), 2493 (2019).

M. Jaishankar, T. Tseten, N. Anbalagan, B.B. Mathew, and K.N. Beeregowda, Interdiscip. Toxicol. 7, 60 (2014).
I. Sdnchez-Andrea, D. Triana, and J.L. Sanz, Water Sci. Technol. 66, 2425 (2012).

D.A. Bazylinski, R.B. Frankel, and K.O. Konhauser, Geomicrobiol. J. 24, 465 (2007).

T. Perez-Gonzalez, C. Jimenez-Lopez, A.L. Neal, F. Rull-Perez, A. Rodriguez-Navarro, A. Fernandez-Vivas,
and E. lafiez-Pareja, Geochim. Cosmochim. Acta 74, 967 (2010).

L. Castro, M.L. Blazquez, F. Gonzélez, J.A. Mufioz, and A. Ballester, Hydrometallurgy 179, 44 (2018).

W. Stanley and G. Southam, Can. J. Microbiol. 64, 629 (2018).

J. Martins Costa, R. Piacentini Rodriguez, and G.P. Sancinetti, J. Water Process Eng. 31, 100825 (2019).

B.F. Vieira, P.T. Couto, G.P. Sancinetti, B. Klein, D. van Zyl, and R.P. Rodriguez, J. Environ. Sci. Heal. - Part
A Toxic/Hazardous Subst. Environ. Eng. 51, 793 (2016).

D.D. Prakoso, P. Sri, and S. Solihin, Konsep Pengendalian Air Asam Tambang dengan Memanfaatkan Kapur
Tohor di PT MNO Provinsi Kalimantan Timur, in Pros. Tek. Pertamb. (2020), pp. 888-894.

M.C. Ozcar, "Upaya Netralisasi Nilai Keasaman dan Penyisihan Logam Besi Dalam Air Asam Tambang
Batubara Menggunakan Bakteri Efektif Clostridium sp. Dan Thiobacillus sp." Thesis. Universitas Trisakti.
Jakarta, 2020.

A. N. Putri, "Netralisasi air asam tambang oleh bakteri Pseudomonas aeruginosa dan Brevibacterium sp." Thesis.
Universitas Trisakti. Jakarta, 2020

M.J. Mukwevho, E.M.N. Chirwa, and D. Maharajh, Chem. Eng. Trans. 74, 517 (2019).

T. Wilan, R. Hadisoebroto, and A. Rinanti, J. Phys. Conf. Ser. 1402, (2019).

020014-6

pd"2222110°S L ¥1L0020/2y6680LL/L22LL10°S/€901 0L /1op/pd-ajoie/doe/die/Bio-die sqnd)/:dpy woy papeojumoq


https://doi.org/10.1016/j.chemosphere.2006.01.001
https://doi.org/10.1016/j.jhazmat.2008.11.088
https://doi.org/10.1016/j.mineng.2010.07.001
https://doi.org/10.1016/j.mineng.2020.106554
https://doi.org/10.1016/j.mineng.2014.07.010
https://doi.org/10.15282/jmes.5.2013.3.0054
https://doi.org/10.1007/s12665-016-5374-2
https://doi.org/10.1016/j.ecoenv.2015.08.013
https://doi.org/10.1146/annurev.mi.03.100149.002103
https://doi.org/10.3390/w11122493
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.2166/wst.2012.477
https://doi.org/10.1080/01490450701572259
https://doi.org/10.1016/j.gca.2009.10.035
https://doi.org/10.1016/j.hydromet.2018.05.029
https://doi.org/10.1139/cjm-2017-0545
https://doi.org/10.1016/j.jwpe.2019.100825
https://doi.org/10.1088/1742-6596/1402/2/022110

