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Development of Effective Biological
Treatment Process for Acid Mine Drainage

Kazuo Kamimura and Tadayoshi Kanao

(Course of Agrochemical Bioscience)

Acid mine drainage (AMD) is acidic and generally enriched
with iron, aluminum, sulfate and heavy metals, such as lead
and cadmium. AMD is a growing problem of emerging
concern that cause detrimental effects to the environment
and living organisms. Yanahara mine in Misaki Town,
Okayama, Japan, had mainly produced pyrite for sulfuric
acid manufacture. Although it was closed in 1991, AMD is
being generated from the mine now. A passive treatment
based on the biological oxidation of ferrous iron is a prom-
ising strategy for AMD remediation. AMD from Yanahara
mine is treated in a plant using iron-oxidizing bacteria,
Acidithiobacillus ferrooxidans and Ferrovum spp. The AMD
generation continues for several centuries with dramatic
consequences on the receiving environments. Therefore, the
development of sustainable and cost effective treatment
process is required. A development of the effective biologi-
cal treatment process with an iron oxidation reactor oper-
ated at pH 3.5 is described in this report. Economic aspects
are also discussed.

Key words : acid mine drainage, bioremediation, iron—
oxidizing bacteria, microbial community, Acidithiobacillus
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WLFRREFE D AHZ O FETHAKEZLILL T 5. LmD
Fe” & dik %2 REIZIMIE L Z2wnE WwWiFRwnw &
5, LTI o 2 M AYE A, PRIEDE D
% b, ZOSKBILME % V2 AN A
SNTN3G.

3. MESAKLET O ZOEIR

[ 1R SERCHT AR S0 111%, BEOHRIZEERT 5
LT, EWBEORRMEDZODOIE () D
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Fig. 1

Process flow diagram of the biological AMD treatment
plant in Yanahara mine.
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W A EHAIKICS LB ZBFE), (4) BT
B A(74VF—=TVLATHAKL, r—FRIZL7Zb0%
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WE a5k E#EE LT, pH3 ~ 4 Tk < HHEY % 851
LA OIEED T DN ZofikiE, pH42, $kik
1251 mg/L C, MUESLIL S oK (pH 25, #RigE
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A. ferrooxidans & 357 2 SRR 258 S 721
EOREZE AV TEY O BB R A SN2 Skt
HH O B3 7 70 — A ZEF E R S S
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20 mM FeSO 77 T CT25 % 107 cells/mL D35 % /R L
72. YCN- 2 O #z#bgsit pH 1335, 54 x 107 cells/mL @
B AR L7z, YCN-213 YCN-1 I2H_C, B4hm L
THed D F I 2 B 7258, BiiEI3 YCN-1 X v
Ziro7e.

16STRNA #fx T 12 X A R ZEDOHEE, YCN-1 IF,
Ferrovum BRI OSBRI C, T TIZH

L07834.1 Geobacter metallire ducens
| MG386692.1 Leptospirillum ferriphilum P1

11 irillum ferr 1sa€€TZT-B1-K4

Acidiphilium in treatment system
LN650699.1 Acidithiobacillus ferrivorans PSB22
AJ278718.1 Acidithiobacillus ferrooxidans ATCC23270
AB070982.1 Nitrosomonas europaea ATCC25978
GU572368.1 U.B. Gallionellaceae clone KWJ C03
E DO386262.1 Gallionella capsiferriformans ES-2
L07897.1 Gallionella ferruginea
JQ279045.1 U.B. Rhodocyclaceae clone sz-3118

YCN-2
JQ278780.1 U.B. Rhodocyclaceae clone fjc-35

1 AM 167950.1 U.B. Gallionella sp. clone BB03

AY766002.1 U.B. Gallionella sp. clone TrefC4

HQ420149.1 U.B. clone LRE22B18
EU266781.1 U.B. Gallionellaceae clone D10 06
EU266776.1 U.B. Gallionellaceae clone D10 01

DO480482.1 U.B. clone G71

EF133508.1 Ferrovum myxofaciens PSTR

KC155322.1 Ferrovum myxofaciens EHS8

NR 117782.1 Ferrovum myxofaciens P3G

KC683343.1 U.B. clone F54

KC683314.1 U.B. clone F25

AB552395.1 U.B. clone OY07-C113
AB552454.1 U.B. clone OY07-C183
AB552429.1 U.B. clone OY07-C155
AB193725.1 Methylophilus leisingeri
AB193724.1 Methylophilus methylotrophus

AB720115.1 Ferriphaselus amnicola
DQ386858.1 Sideroxydans paludicola BrT
DQ386859.1 Sideroxydans lithotrophicus LD-1

NR 112159.1 Nitrosospira multiformis ATCC 25196
HE587139 U.B. clone

[Bacterium in treatment system|

MHO057162 U.B. clone
DQ480481 U.B. clone

KC620926 U.B. clone
HES587229 U.B. clone
DQ480481.1 U.B. clone G5

HE587228 U.B. clone
DQ337058 U.B. clone

0.1

Fig. 2 Phylogenetic tree based on 16S rRNA gene sequence showing the positions of YCN- 1, YCN- 2, and Bacterium in treatment

system.
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BES NI 2 L DI SIRLIIE CTh o 72 (Fig. 2).
—77, YCN-21%, Gallionella J& DO IEALAIT & H#EE S
N, IBOME ILEZEFORFEIN TV DT, =
DM bW THEE SN BEREHIE T - 72
BT A T O AT, AR REZ
2V T A N ORYERE 7 A RE & AR ) A R R D TR
w=fbd B LT\ 5. HHEL 7/ (YCN-1 & YCN-2)
AR L 72 8RR L) % X AR Cadr L 72/ R, e
NOLB L AEAEHETIEH 575, 2~V b~<F 1 b
PRI SNz, GEo T, Bz HBE L 78k LH 1,
FEARPH DY 20 M+ A MERICHHATETH S &
b sz, LEOWIFEmED S, MESLKLHE 7 1 &
A DFRACLIL 2 i e FTAED pH 35 TIT-o T+
IR BERALDSTTRE T, SRS INLEBE S 2L b
T4 e ERHTRE R B LSRR ICE T X B L E
Zbh7.

6. BEEL -#BEHEIC & 5 #%BEER

LK DMBFEER DRI OBRE & LT, HEE L 728k L
M % 73l % 256 L 72, YCON-1 kR, $ik S
Higlk 72 Ferrovum J& O #RRALAIR T, #xi 7Z B9%E pH
% 3MHEICEE > T b, 20mM FeSO,% & & YANA 5
H IR D $1 7K DAL % FE 1B L 72 A L35 ) C%
F L7 YCN-1#:% 6 x10%cells/mL (27 5 £ 9 12N
L. pH 350 YANA ¥ #ty & FUCHEN o8 ke (HRT
hydraulic retention time) %8 I T24FFR @A L 72,
ZORGR, Fe* IITBEIIHALENTD, V¥ —T7 AV
& —N® pH 232512 L, 54 oo LA N o i 1T
FEA8I x 107 cells/mL MK T L7z HRT % 4 FEffic L7
L2 A, YANA iK% S T, v —T77 A%
—MN®D Fe* OEEAI0mM IZ8n L, Fe* #BLd 5
CENTELRD 72, YCN-1 O#kEE AL o &#E pH

rolle ‘-j_.,

Temp controller]
| [}T:JB
—] AMD

¢ Bacterial oxidation -

=Y pump

tank
Jar fermenter for the AMD treatment experiments using
iron-oxidizing bacteria.

Fig. 3
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T2 & o CTHaRBELIEES S SN A o2 D &
Zzohiz, F72, YCN-1 THKDOEBZEBILT 5720
I, SR OB LETH L 2 LS NIk 72,

7. SRR OSKEEHEIC X 5 MESIK DOIKER{LEER

pH I L 22 WIS 1 I3k LR @ pH A3 EkER b o
RIS TR 35, 20K, BEOHED LK
W72 ATHFERICE L TWD 720, HhE & Skt
T PEDRE pH % 3568 1T 123> SRR LR 1R & BRER LA
THEFET A 2 LA TE R, F72, HBEL7Z YCON-1#
W7 SMRICERRTIE, OISO AL
BCTHo7. YCN-1 % T, pH % 3512#EFr L 7254
T CHEBALTE % A L TV vt YCON- 1 o gL
HElL A. ferrooxidans & ) AR\ 7230, BRAUKE O $RERA LI
BHEFRT B 72001212, A. ferrooxidans DFI10RE OBWARD
VETHDH I ERBEIN TV MEIEZEO pH 4 3¢
DOEEESLILBEKIE, MHESLAR LIRSS |28 A S AUCRLEE S
NTWD 0, $iKFI21E pH 35 UL 12 i 72 HE 5l pH
ZFFO YCN- 1 DAL OSBRI b & E T\ b 2 L8
WfEsa, 22T, SKRPISEE NS SRRLNE %2 2
ODFFFHATLIELEL, Fig3llmLiYxy—77 2
v —E R HER LR A 1T o 72, 20 mM FeSO. %
ML 72 pH35®D YANA 55 1M E D 87K % 1 /207 =
I, pH Z35IZHERF L 28O R 8 LR, Somk
IEABlg SNz, BREOLRIFEEICHIL I N,
20mM FeSO,% I L7z YANA 5iHh % 8K 3 2 $kik{b
SREREFERE L 7. SERILLEAE o pH % 35124 L Tt
BraAT o 7245 F % Table 1 (278 L7z, HRT = 70~74F;
Tk L 723k BR T, ALBRAE @K L 72 YANA Kb
O Fe*' %\ IBRLT 5 2 L AT & 72, AN O
¥, miEHOFEETH W2 YCN- 1 oA X0 1H#HiK

Table 1 Time course changes of Fe?* and cell concentrations

in effluents from the iron-oxidation reactor operated
under HRT of 7.0-7.5h(A) or 5.3-5.6 h(B)

(A)HRT=70-75h

Treatment Fe* . Cell
. e” concentration .
period (mM) con;entratlon
(h) (107 cells/mL)
0 0 244
5 092 1.81
24 0 219
(B)HRT=53-56h
Treatment Fe? . Cell
. e” concentration .
period (mM) conFentratlon
(h) (107 cells/mL)
0 0 30
6 72 2.37
24 9.7 0.78




February 2020

WIZH b 5T, EWEERLIEEDSRRS b7z, HRT
%53~b6IFHIC L7235 121E, LB O Fe* 354
[ZHEINT 2 & & 1T, 2405 I 1 o0 LERA A ol R
WA L7z, 2o eid, SoBtiEoMRICIE, H5
TEEE DL E O SBRALE DS EE T, T L SRR L LA
L 72 $kBRALAITE % S LAl IC R 5 2 & GRIR) 3
YThbHEZEZ LN

FaRo X912, Sk EHEM L 72 YANA 5530 pH %
SOICHERF L 2 AT B 18T 5 2 212 & - TR LINE o3
GEASEED 572D T, YANA H# b ) 128K %2 F v
THREBEATo 72, MIEDHIKDBS 531 ORGSR, HME O
BRI R @R E ) VIESIZEA SR WD, K
(21E NHHPOZ 1mM 12725 &) IR L7zd o % Al
HKE LCTHW ., 2ok, 5538 2 Hikd2 5 #kolkil
ML SN, 4 HIRIZIZHAKRF O Fe*' 252 Ilib s
72, BRERAUKHTE OBAGEIC X o THALE N2 b 0 L
Wiz, W2 S L7 DNA 2 HwT, K
MRy — 7 = o —CMEMFHEDOFRIT 21T - 72, FES
1o 7245%% Table 2 1278 L7z, A Wofd 3 L s Ay B
T, 845%7% Nitrosospira \ZJ& 3 MW ThH o7z, 7—%
IR LTV WA, YANA Bidh 2 v TR oA
B S 2B, SERLINE CTH 5 Gallionella J& D
FBEAMES AR L L TR S 7= (R949%). Nitrosospira
B DM bR S 7228, FOEEI1X15% R &Ko
72720, SR L TV BEMIL Gallionella BHITE &
MM SN LaL, dikx 2o FHC8BILEER
T, SRR &l SN D Gallionella JEATE I MAE
WL LT &N h o7z, Table2 @5 > 27 9 (iron-
oxidizing acidophile) IZ#RFRALHIE & A SN 525, b

Table 2 Taxonomic composition of bacterial community in the
iron oxidation reactor treating AMD from Yanahara

mine and operated at pH 3.5

Rank Genus % Accession
1 Nitrosospira 84.48
2 Acidiphilium 11.17
3 Alcaligenaceae 1.24
4 Rhodanobacter 0.99 AJ318146.1
5 Acidocella 0.69 EF087979.1
6 Thiomonas cuprina 0.66 NR_041628.1
7 Stramenopiles 0.32
8 Betaproteobacteria 0.13
9 Iron-oxidizing acidophile 0.1 AY040739.1
10 Burkholderiales 0.07

The V3-V4 hypervariable region of the 16SrRNA gene was
amplified from DNA extracted from sample of the iron oxidation
reactor. The PCR product was sequenced with an Illumina MiSeq
sequencer. When the species identification was not possible, clas-
sification was made at the genus level, the family level, the order
level or the class level.

ghiLpEkaLEE 33

9 70.1% OFM R ASLIAFE A O SRR LG TEZ R L T 5
EIEZEZ DB\, Nitrosospira I& OB DS EEERLIZ
G- L TW5b 2 &R CRB &7z, AHRMERENT OG5 R
(Fig.2), MM B % ME O BIRF 115 O FEK
MO EN TV EA, FEEEELZMEE ST,
ZOHEIIRATH 5.

8. HKERILHOIR

BEIZiR 72 X902, #7212 B3 AL 7' 1+ A Cld,
BRI 2 2~V b= T A b ORIERR R A & R
B EREOBELD BIEL T D, SKICEENT
WAL Z VW2V v — 7 7 A 07— EBR TR
SNTFBAL OLREEIZIEFICE {, BEFZLTT
AR L7 RS - 8k 2 XA mIATE:©
T L72AER, Fig 4 lORL72E 92y a2V kv g
FOARTH o7z HtoT, pHISTEEFT LK D
FRALKTE 2 FHVW T, L <2V b~ A MAERD
WHETHALZENHLNE R 572, F72, Fig 52K L
72X, MEUKZEELZE E0LFEERT, BT

700

w B wn (2]
o o o o
o o o o

Intensity (cps)

N
o
o

-
o
o

10.00 20.00 30.00 40.00 50.00
20 (deg) CuKa

Fig. 4 X-ray diffraction patterns of precipitates from the bacte-
rial oxidation tank operated at pH 2.5 and 3.5.
Arrow heads indicate typical signals for schwertmannite.

|

pH 2.5

pH 3.5

Solutions from the bacterial oxidation reactors operated
at pH 2.5 and 3.5.

Fig. 5
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T Ut A0 pH 25 TOFMELLHK L R D, WEtEo
Fe" 3&FEN TV RnZ &AvFHEI Nz pH 250 84T
DOIETIEENED Fe** 2SO EROER & %
5 TW5%, pH35DFKMBALALEL TIXERILER S 7 5
T3 Ul w2 &SRR S 7z,

9. BEL LEKEICK BEKNIEHR

VX —T 7 AU = BT, #iKk% pH35T
WEPHET L2812 L - C #HOBLP ML TE 72D T,
LI B A LB 35 12 B L 7 S K AL ER SRR 2 1 (Fig. 6)
VT, SKAHRERZ 1T o 72 MRS, O v
FFE L O#LK (680 mg Fe/L) %M bz A L, pH
% 35ICHERF L e 28 D BAIHEE L7246 R, WA ED Fe A3
3 HZIZI0Omg/L IR GUIINZZFD F F i T & % 8kE
) &7 ol ZOWRETHRT 2810ERIC2 % X912
FRLAS 28K & 7 EA L, pH #12%% Y — 4 C35124E
FeL s S8 balba %17 o7, B, 8EF - U VHE
L CNHHPOZ 1mM 2724 L H I L72. HRT A°
10 Cl3 gk 2 BRLC & 72%%, HRT % S HERIZ§ 2 &,
AL T & 2o 72 MR QWL 7' 1+ 2 T,
N F)TEIY Y 7 F =05, St TH L [R)
% BRALAE 2Rk S A5 #8E L T A, HRT Y1085
DREOWBALEN DL () % SV60 (ALF/K100 mL
%60 MEE Lz & ZIZE LD MBMoER) THEL
7oRER, K1 % ThHolz RIITERERILHE 27 L T
Wh7eo, SRERLENORE LSRR T 5. 2
T, BALENOREEZ BN ST, MRt EfT
LT lb L7z BERRY7TEHWT, BILENOTRO
% SV60THI30% 2N s ¥7-. RRHR Y 7ok
DIz, Ry TiiEi i RKRIC L& &G DS L
72720, EJEE 1290 mL/min CHElEEEE L2 BRL
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IZHAT 5 e FMIK (Fe iR 13 F25R I 12680~
930 mg/L O#EIFHTLE) O ARZHINS T, HRT
EFNSL Lo a7 o 7. ZofE, BLEAO
SV60Ix#15% T4 b L, Fig 7 1R T X 9 12 b FHuLE
LK DA REA28 mL/min (LA DA &I LT HRT
A2 W) T H BN O EEOSIEE % 10 mg/L LL
T OGNS T e 22 B RELLT) \SHERE L 72 A% & i fie
AT RE S 2o 72 (Fig 7).

WLERIK % AT L 7245 R % Table 3 1R L7z, ko
FATHh T2, BERLBEKIZE 728, Hish,
RO DEEEWILEELIENTE Lo FRIC
R, TR S (10mg/L) 22 T2
COREDIZOD KR ZEZ LVEN D 5.

bW

B 2 I TR T TRz BRL S 2 ki, 1t
FHIRBRIRALTTEE L W L Tl CH 5. MEDOFLKD

Arsenic
removal AMD

290 mL/min

_)_l

pH 3.5
~45

428 mL/m

Bacteria

oxidation reactor Precipitator
51L pH 3.5 240 L -l

—t

Continuous treatment of arsenic removal AMD in the
pilot-scale reactor using iron-oxidizing bacteria.

Fig. 7

Bacteria
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oxidation reactor

Storage tank

NaOH addition
equipment

am 7

Pumping up
AMD
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Fig. 6 Pilot-scale reactor for the biological AMD treatment experiments.
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MAELILIZIE, 7Ok A OSSO B W
pH 2 ~ 3 T 2L CTh D A. ferrooxidans 73
BASNT. ZOBBEHIE L, BIFEAD SFR404F08H L
725 LK B Ul Tnwad, L, OB
T, FRHE LB OERES S WD, Z
DIFEALA R RO SN T Wz, HiTO 70+ A THEE
END PRI, SRR LLEK IR 2B
Fe* ICRRET 5. B L- 70 ATIE, SMILEAT
WLEK th D8k % 1T ITE S I BT X 5720,
FRBRACMLER i | D VAAEE D Fel AEFE L T v, 2D 2
Lid, BATO 70w A THEE S LT W 2 AR R HITE
I TAEDSAETH AL LR ERL TS, 72, 8
FRALALERIK D SRERA L) O IR BT IS\ 720, 8k
BBAtY OB ICBTO e A THH SN TWwA
1 ppm OEEFN ORI E LEE L v, HEE O 7 1
L ATIE, SRERCHIENIC & o CHMIL TR CAR E NS
PRIRIL TH DY 2NV b~ F A P OFHEDHE ST
Wh. PSS L 70 R A TOSBRILY O 5T ISR EST
7208, V=77 AF = BRTIE, ThETHT
v AR, 2NV RV T A MPERLTWEZ NS
FROAMFAOE S S IFFS N5,

fl%E L7270 ADBRE R CTOMIAE) %, RN
IROBRAAENN OGN = & TEEAE 2> & B LS~ DR e =
PIMELCHELT 2 L, BN TO8KkO HRT 13117

Table 3 Water chemistry of AMD from Yanahara mine before

and after the biological treatment at pH 3.5

Parameter Unit Arsenic removal Bacterial
AMD oxidation AMD
pH — 37 38
Cd mg/L 0.04 0.02
Pb mg/L ND ND
Total Cr mg/L 0.01 ND
Cr (VD) mg/L ND ND
Cu mg/L 19 12
7n mg/L 17 16
Ca mg/L 35 35
Total Fe mg/L 890 2.2
Soluble Mn mg/L 59 59
As mg/L ND ND
B mg/L 0.37 0.29
F mg/L ND 042
Se mg/L ND ND
Suspended solid mg/L 11 3.1
Na mg/L 260 870
NH:-N mg/L 0.06 11
NOs-N mg/L 1.1 0.18
PO~ mg/L 0.05 ND

ND, Not Detected

ghiLpEkLE 35

BHTH L. Zoffild, BTOME 70+ 20 HRT £
D H/NSWET, BEERERILAE & FE O SR LT 7 1 2 A
PREETE/22 L 12% 5. I NORBICLETDH
%, BEbAlio pH Z RS 2 72 OB LW Y — 50
HERO R, LW OERE & RS 5res % BET -
TWABY, BHOHETH L, WE A b k@i, &
A OWEAL, FIF W RE 72 kBRI O R =09 L L AN H]
REZR LKL 7O AT E L L EZ TV D,
6 F OIS CTH 542 O b EE Ry
X, BHGMEDOEREZOWEOFNHTHL. T0
TeDI I3 A Bl L 2 OMEEE AL I35 2 &8
R\, RIFFET, EVEkERILEE & R oA &
D HEKALEE 7 04 Z DB DD EHIL o 7208, Fe ki
5 EBOWMAER OIEARZ IS 2T L EED IR SN TN 5.

RWEFEIL, BILKRFLEBIZZRE MK, §ILKRE A EH80%
mEH KO SHRE L TR T, RIS B ARG -
8 U5 B 565w A T AR W B B B SE ST JE 22, AR W PR R B 5677 5 2 Tt
HEYREREBA TS TR S, AL O — AR RE ST R = ST
L7z KRB, SFERSAERR RIS X o CTEB S Nz, RO
L 72 Wfge o —HBid, —fkl Bl A H AR SLEIR LS 7 © O W se Bk 4
BLUDOWA A— V71 v 7 Lok (DOWA 72 /77
VRIS E o TEBSNE L7z SKOMAD AT & Fi 7z sk
70 2 OFAFEHER T, JIARE SL3E 15 R S A O R AL IR,
RIS SR THDEZHEZBY L 22l T
IS LTS,
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