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Received Abstract

6 August 2024 This study aimed to find the cause of the excessive sludge generated at the Daedeok mine drainage

Final version Received treatment plant. A lime neutralization experiment, water quality analysis, and measurement of the

21 August 2024 precipitate amount were conducted. Geochemical modeling was performed to predict the weight of the
precipitate, and Fe-pH-Eh and gypsum-Ca-SO, diagrams were prepared. When the acid mine drainage

Accepted (AMD) was oxidized with hydrogen peroxide and neutralized with lime, the major contaminants were

21 August 2024 removed in the following order: Fe, > Al > Mn, as the pH levels increased. Precipitation occurred at

pH <5 at 6.4 g/L. and at pH 7-8 at 1.9 g/L because the precipitation pH of Fe, Al, and gypsum were
concentrated below pH 5. According to the geochemical modeling, Fe, Al, and Mn hydroxides
accounted for approximately 30%, while gypsum accounted for approximately 70% of the total
precipitate weight at pH 8. The significant sludge deposition in the settling pond was mainly attributed

to the generation of gypsum.
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A ol MPAISH 4] SRR AP
Hig fE2 QIR 4 e d@oItH(Kim et al., 2013;
Park et al., 2019). YHHA O 2 A= 0] S&Fo] 31 @
FETF =2 A BE I Y-S FYste] A E
ShaL Akl 739 AFAAshA o &7 =4 RS shar 9l
Th(Hedin and Nairn, 1990; Hedin et al., 1994; Cheong et
al.,2019). 12U AetEL 5o 2743t ch e ekgo] 3
A o] AN A3 A 4l F8) oS
=9l3to] 22222 31931 9lckKim, 2021).

MIRECO(2015)°]] wt2H w5 ©hg9] FAtl4 f-F
2 10.8~58.7 m¥/d 24| HFZF2 182 m¥/dO 2 &8 =g
o|t}. 1L} 422 0 pH 2.95~3.68 5 A 40| Al 172~
468 mg/L, Fe 664~2014 mg/L, Mn 11~21 mg/L 5% 45
© & 53| Fe 29 w%7t =t =4 2 A& 4457
Azt AR Aol A AR SPARE B o 7S RA
& zabshich. ol $5}oRE-S Wl Agshn 2457}
Fhact o] &eiA] 5380l by £48lE Aget
T AR R A0E BAS £50)
9T}, B7) AVEI-S AMg4e] B ol AbslE &0l B
O} 5% FHAFS A (H20,) 8 A G AL F3AIE= 20% A
25| R AAFrt Tl A 2] A AF 02 AAE] 12020
| 198y 24E Al 21 A3 Sl ok
Hprgstal o) A7 Yo] A E o] o]F0] Al Hele]
FQto] &3 Itk(Cheong et al., 2022).

N gAY A ea-24 3] ADFHs A
A2 Wildwood(H,0,-2 A %), Lancashire(H,0,-11
UE &£8X] #4), Brandy Camp(H20,-A45]- 1A %),
Cresson(CO, ©7]-H,0,-24243]) A 2] A4 Fo] ZelE| 1L
9lth(Smoyer, 2013; USPADEP, 2019). %3154 o] A o]
THpblas Q) TS s A 8ke] 27HE & AFSHAl 7| =
&7k HRITH(A] 1, 2). Fe &S Wi 4 7|81l 2
mg/L o|3}= A A - 371 o|H pH 4~59 A 71535t
1}, 27pdo]H pH 89]4 7Hsst 2 F3HA|1 & AHg-3ljof
ghoh(Sengupta, 1993). AHdg=ollA] 27142 Z7| Kt 2t
AbSl=As 5 AFSHA 7| &34 o|th(Leavitt, 2010; Evans et
al., 2020). F3A| 2 LM 31 E AM-SHH Sl A7 ol
Aysto] ke 9 A& B8-S 2T 4= lok(Miller et al.,
2007; Cheong et al., 2019). IASHEAE ARESlo] HS
ARSIAIZ1HE pH 571 §lo] S AT O & A4 3] ALg=F
I} uARE- 23S AT 4= Stk I oA Smoyer
(2013)= &8 R 74 Heto &2 Aoksh v} 9t} Leavitt
(2010)+= pH 5~6 9] 2] g FAku4=e]l 35% pAkSl=
A48 Folslel Felgol TE §EALA Z71 pH A4,
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Eh 3} 71 W53k 271 o Ao} b AlRe st
= e A AISHIE MIRECO(2015) 10l 4= NaOH
SO 2 FopsHHAM 1.5% Al s #-8sto] 271
o Aretaat gl UK 55 H7IREHE ek ob M A5
= = Ikelaea Ffol whE gkl
FAof B A= F7F Brhs Hard vp o vy ey 4
2ol tigt 5% Ihakelras 7ol whE A 2] PR Hal
S]] AL Rl

2Fe?" + H,0, + 40H — 2Fe(OH); o)
Ca(OH), + H,0 — Ca®" + 20H @)
Ca(OH), + Me** — Me(OH), + Ca>* A3)
Ca®* + S04 + 2H,0 — CaS04-2H,0 )

&A= A BT A7 diyol mhebA FEs e
U th7l+= Fe, Al Mn 5 F45(Me™) 524F8HE(Me(OH),)
o} kel B, B BEER TR 3). 533
a4kl R0l e A% A48 AgatE A7 A4
EIth(A] 4). $0,9] BE == 7} 1500~2000 mg/L AE0]
T 2(Tolonen et al., 2014; Nurmensniemi, 2018; Park et
al.,2019; USPADEP, 2019) 2 129 4 & SO, =7}
5000 mg/L ©]/431 79~ A 5= 7t F 3000 mg/L ol /=]
g ojof] A-galAl Azt o wAE Aolth ARz
MIRECO(2015) oA &= A a1 9k © &2 SS7)oF 1.3}
=71 A& 715351l Sl o] Qo e AA 35 F3A|
2 AR A9 uAlgE 2437 S8R Y2 §942
4= ltkMiller et al., 2007, Chen et al., 2009; Zinck and
Griffith, 2013; Aubé and Lee, 2015; USPDEP, 2019). =
o 24212 AHgSHE QR AL E Az £
ol &4 3|7} e 7] & gt

A Taket mEly) L2 I sfskA| Ao A Eshy
B SRS o 1A, AAV ST T E et & Al
AR 4= QlojA] TR Fofol Al 2H8-E] 3L gltk(Bethke,
2008; Ryu et al., 2010; Choi et al., 2022). 334kl # 2]
Eopol| Qlof A e A8} H-3-& HARS k= AFA S0l
B 31 It} Gasparon et al.(2007)2 SGA|9F A
4% W mUstel £45) 25, pH 5 44 WS}
4 FE ATFS =& v Q137 Nordstrom(2020) 2
Cravotta(2021)= %% 2 g(titration simulation)2- 53]}
A S3tbgof w2 3l o] HskE WAREEB) Qi A
T HA Y-S S8l 3 o mE A sl vtk &
A A& A4FetA pH BAE R ofd 4 &0 Eol
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HlB)A chere] Sl A7k walekn WA TR, G
9 pH 414] o] 4151 27 2lo] A1 A4 Thelo] Hat
o] HgIck. £ o] A theleky WAkl 2 o2
1) pH 7)ol nh2 45 5= s} ol YA WAler 24,
2) 5% THAIBE20]) S|t Eh 3t M3k} Fe 2 Mn 2] o
4 940] 3) 23] Aol e 41 Y B 4) F 3
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TA 2 A LA A of] AT e kg FAk
A2 Al dolet. Al E] Al Alete-Sehhe - =
2 A ET A= 5% dAEekA o] AL S 8HAI=20%
W A3l AgAlol A o2 FHr FAdxo
STA7E FRehd HER SRS Este] ¥ &
710014 -5 RAIZ] 5 Geobagoll A 4/ 2 A1 71,

A S RA SIS 50 mLAY 370 A4
SHIL 24417F 73 & ATt S=A9] Ax FH(105°C,
g/L AMD)Z 73tk 2 £214& A FIske] XRD
(X'Pert MPD, PHILIPS) 2 335 £4-2 343} )
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Fol A 5 Ag=sto] Aol A SR, 1) A
B2 AMR-5FITH Table 1). 23413 1.2 231413 119
5t controlo] it 3FAHN4(1 L)E 250 rpm &2 wHE
S A] 20% WAL 44 3] pH 4, 5.., pH 107}4] E2 2 0.
2 FIAFTE AR s 5% Htskeass (1.5
mL/L AMD) HA| ¢g=of Wi wit & S5 H 175
SHA| =8 F}. TAIS g B2 271 O FEE 4
A7) B At F& AR Ao Bdste] d
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g APl 243 Tl mE e WA Bt 277

pH 2 Eh 242 Orion AKStar A215 pH meter) 7]7| =
235t} 2714-8 Spectrophotometer(HACH DR2800
TM)E 2A5HI ) 2248 Al 5= 0.45 pm A T}A| 2
ojsistoich. ol B4 ARO|E SAE Fstn
ICP-OES(Thermo Scientific ICS-6000, USA)= Ca, Fe,
Al Y Mn A58 EA45}9t} IC(Dionex ICS-6000, USA)
2 S04 =S A5t

xiPsist 2aa

2 9J3Lo]| A= Geochemist’s Workbench®(GWB) X2
T olgsto] ofdle] U g-& Sastalch

) g 250) Fe 5=8 Fastel Hd 1000
mg/L "AA3}3L Fe-pH-Eh tlo]ol138of 2330t

Mn9] 5% = 40 mg/LE 414 3}3l Mn-pH-Eh T}o]

b L A4S AT FEE P 24 pH 2

Eh 2372 Fe @ Mn2] pH-Eh tho]ol13of A

Sk, Al -2 LS} 5kstel tholol13)

o A gl

Table 19] Ca 2 SO, =& 27| T2 A5

pH-log,[Ca*"] Ttolo} 1388 2HAJ5kgict. o|uff Yl

4 53} pH 891 A4] S04 5 =(F5 =), & log[SOs™ =

—1.848,-2.595 &} U719} HEFH 2721 loga[COzaq) )=

352 M gPa 480 25°CE WAL,

3) Table 19] Y= ZAS 441 3)(Ca(OH),) 2 & A (titra-
tion simulation)&} 1l 2 P59 E24X| & &35}
Stk oluf Fe**, Fe*", AI’*, Mn*", Ca?"= Fe(OH);,
Fe(OH),, Al(OH)3, Mn(OH),, 431, Wsfj 4] 5 4
B2} 3 WY o] 29 o o 7] 9} P(CO,
atm)& o} 2702 AT,

2

~

S+ Zuat

Fe, Al, Mn 42| &1 pH

oY YRS Fig. 19 #5313k A4 3te 2 ¢
5 Z9ZS W|(Fig. 1, EXP. ) Fe A/ 22| 5= =pH 4
7R FABH| 748}l 71 o] S ¥ pH 77HA] 2hEsh
A A8] skt IAslAE H7tstal 23S o)
(Fig. 1, EXP. II) pH 59]| 4] Fe Al E-& <03 mg/L $=& 0 &
Trastglal 271 0] 371VE R AlgE o] Uehd Axkglth

Table 1. Results of the chemical analysis of raw mine water (Unit in mg/L, except pH)

pH Fe Fe™

Mn Ca SOy

2.8 968 250

18.4 500 5850
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(A1), Al A2 Ak gat faste 2 A 1, 104 5
U3t 5k MsHE Bt

Z3HE I oA Mn JE-2 pH 656 5= H3H} A
25} pH 8o =g g2 212 2.0 W 3.8 mg/L & 46}
31 pH 90} 4= <0.1 mg/L & LERGTH MIRECO(2015) Y
Kim ez al.(2022)-2 pH 9 o] &l of| A A== Q1 g4kl
=0]| A] (Fet+Al)/Mn & H]&0] 35 uf o] & Fe, Al 59 &
7 9 52} 7] 2bof] ofgtrhal YRt Aguiar ef al.(2010)+=
F7FE 2A7F E2te| Qs A = Al AE Tt B stk 2
3} Ao A = H4x(Table 1)o| 4] Fe+Al 5%=7F Mn&]
10817} 3L Fe/Mn = v]7} & 44 E4Jo] ERldc). &
Aol A Mno] pH 6 5-E] A A7} A ZHE| 3L 90l 4] 3 4=
F7NA] AAE G Y10 &2 FHisl=Aa= Fe U AlS] =
AR FAH Y 33 713 5ol BEA o8 g3t Ax)
2 ZhE tHEvans ef al., 2020).

sl S0l M2 MSIERITIZ|(Eh) Hat

%M 0l4] 2743k pH @ Bh 27432 pH-Eh tholo}

o= -

& AMd4=0]aL Eh gro] =& F-& ol EAfsh= v
Fe’* o] 52 3/ pH MSI71A] o] W2 g ol A =3t
ot S H Tof| A pH7} 57FsH A Eh S48 702 48t
o] Fe 32 -8 &73 0l solth7t pH7E 8 o2 AUt A
L4121 Fe(OH), 52 Fe(OH)s G 9ol $1AI81itt. FaH4d
3 104 Fe /d4-0] pH 8 o]$-of] A| A %= 2= sl
Zth(Fig. 12] EXP. ).

Zeu 53 Lol A= Eh 54 gho] pH 5 5§ pH 8
7] Tl &2 A AT 31791 Fe(OH); G ol A =%
1 A Fer} A A= QA thFig. 1, EXP. 1). tho]o} 18] o] 4]
5% th4l 30% o) alE = IHFetpaE AR THE Eh
ol 2 ST I Y SR FUMeA S H *
2 pHollA A AIAE 7T 4= 3= A ZTH(Smoyer,
2013). & IAFS A 0] F = H O I pHo| JF-& =
AL 2 7Idj ). jH Fig. 2(A)of| Al & 5= U5%0] Fe 5=
7} 5t Fe-Fe(OH)s 7] §12]7F Hgho=n Ho| 5=
&= A pHoll 93 = = Sich

-8=Fc =#= Al =8=NMn

1200 100

(EXP. 1)
1000 4 30
3 s0 A
= —
2 \ 0 3
Z 600 \ E
g \ a0 =
T 400 el =
fid [
200 l--_*-\‘-.—...‘_“ 20
L S .
0 -39 —Nm-g-—-2 O

AMD 4 5 6 7 8 9 10

—e—fe ——Al —B~Mn
1200 100
(EXP. 1)
1000 20
S =00 -
13 80 5
= 600 E
= [~
& 400 iy -
&
200 20
0 0
AMD 4 5 6 7 8 9 10

Fig. 1. Changes in Fe, Al, and Mn concentrations with increasing pH.
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ey AV hlaee] 243 F3lof| wE s WARF Ho) 279
Co_ENP.|  =mkem-SO4_EXP. | ol Ca_EXP. || et 504_EXP. Il pH-Eh t}o]ol 13 Alof| A &5 Mn?* Z=2 Fe?* 2o H]
5o 82 eto] o0 Mn HE-S Fig. 2B)0 4 of2)

o] EAsk=d| pH 9 odellA AEER JAPE uf
Mn;04(Hausmannite) -2 manganite 5 F&E2 oA
2= otk Aguiar ef al., 2013).

o)A 9] oL (Macingova and Luptakova, 2012) T}
A¥sk2 0] OJ3 AVSE B UrehUbA] pgte), e Al

AMD 4 5 6 7 8 9 10 A F2Fol A Mn AdE-2 pH 6 FE L7} 34817
o AlZFsto] pH 99f| o] = 2] A A% o] 9hA] A3l 4
Fig. 3. Comparison of Ca and SO4 concentrations in super- H F2F 712k 71919k A0 & of 3l gt

natant with increasing pH.
AM3| EQlof| ME 2Xt BE M=

S Z3Hdg ol w2 Ca W SO, 5= HIE Fig. 30 423}
-5f i teomt 1 1 At SR T L A FFH RS0 4R 5=+
i Gypsum g amomar | P pH 5712 S35 a1 71 o] % A A3 A ckFig. 3). Ca
PO ST 9 50, 4H9] 352 B 43 AT} Belo] glor
+ 25¢ - 103 log,[Ca] - pH tho]o} 1l 28t lth(Fig. 4).
8 7 1 % ohA T 2 A2 SIS 112] 4= 9 pH 80| 4] H4ked
> Bl S I o] BE T (activity) 2l log[SO4> = —1.8(5850 mg/L) 2
45 s : ; —2.2(2710 mg/L)& VERHTE Fig. 32) Ca XU SOy =5
_;:j I = tholol1dlof TP A}t 412 M atof a25HE A
o I & o= AKFig. 4). Aile pHe} F38bA 53} 27]7H
Bl se| | AR E| 21G oF 2= 91T Azizi ef al. (2024) % & A1H
B EEr e e p;H 5 8 10 11 A2 13 14 pH 2.9-9.50]| 4] 4317} A &51= Al & ¥ 115kt 3ha
Ca o] 22 oZe] gHA oA & ol it} Hh-3-5} o]
Fig. 4. Log activity-pH diagram of calcium at 25°C using the v 4L A o] BE-2 pHO| A EtHAubé and
GWB. Assumptions: log a[SO;” =~1.8 and 2.2, log a[COxq] Lee, 2015; Hedin and Hedin, 2016). % log,[Ca]-pH T}o]
= —3.5. The triangle and square symbols represent the pro- o} 12lo] A Whal|Alo] pH 8.55E] AJA = 71 0 2 LpEby

jections of Ca and SO4 concentrations of EXP. II (shown in

Fie. 3) onto this dingram. o @4 A2 Sl ol Al et g el BEol

7 A H (A 5)(Fig. ).
counts/s X
1 G G: Gypsum l

G C: Calcite
il Q: Quartz

1000

] G
500 ‘ ‘
i l ‘ GG
o+ TET T T T T T LT T I T T T T T F[ T FTr LTRSS SR [ e, o R T
10 20 30 40 50
°2Thet
70-0984 Gypsum L 11 1L 1] 111 daigbdyepole | I LI 1 |
83-0578 Calcite I ¥ Ca€CoO3) | L 1] Al
791910 Quartz I sio2] [T 1 I il [ [

Fig. 5. XRD spectra of sludge from the settling pond.

Alerd A4z



280 4% 25
Ca? + HyO + COsaq) = CaCOs + 2H" )

rigs g dlg £d
H = 431 A2 55L& Fig. 60l A XISk &
SR 119] 79 Ateta vtz S 1o v|slA] 27] pH
oA AHE Tl ZlaL dAe] FoA= vt = yE)
sk S3HE 1Y e 592 pH <5(6.4 g/L), pH
7-8(1.9 g/L)o. =2 pH 718 F5F 2}o| 7k Yekydth. pH 5
7R 717 o] HAYRIAL pH SHLE 7 Abo]= iAgRko] 7
o] At pH 57HA]= Fig. 1 & Fig. 304 AH Ca, Al
S04 0] & 1= s 7k A AJ8tod Fe, Al 4ok 71
2z A5 A o] Aatgiet pH 7 0] -] 5-7k= Mn A A,
A1 g Ea A e &gt Aot

Fig. 7:% Table 18] =85 Ca(OH) 2 A3 Al=d 0]
A Atz A 7 FE0] AEdS pH HAE R AR A0
t}. of7]o]| Fig. 6] S3H9 1 JH& 5 7715kt

i)

ﬁ"c

—a—Sw_EXP.Il == Sw_EXP. |

Precipitate (g/L)

Fig. 6. Comparison of precipitate generation with increase in
pH.

Mn{OH)2{am)
Fe[OH)2

—8— Gypsum

12

10

oo

Precipitate (g/L)

—&— Mn[OH)2{am)

S8 1 119] 2 pH 8ol A A& Tl 42 8.4
2 9.4 /L= et Aol A Aget A% Sept
SR RFEL TS HA 9g/L AMD(n=3)& Z4 =]
k. 24 AlEH 0] 42 9.2 g/L At A B 014 Axr}
SoHIE 9 A md ] SeA B S AR
thar e

=

FIAA 1L 72E o) e F-2 pH4 2 pH 89
A 242} 2.3 g/Lit 9.4 g/L itk AlEdo] A 8.2 g/Lat
9.2 g/L %tk pH 40X AR AlEdlol A gk Zfol7t
5.9 g/L& Zpo|7} Uepstth 53 E pH 4ol A Al o]
A Wk A E Sk A9d o= HAsllor g L
AR Akl A =o] AA 549 date wokEh
Fe 9 Al 4822 w27 A s WHd A3 §al e
& AR Sl = Hot oF 108 = AA HHs] A
Z3SFcH(Payette et al., 1991; Aube and Lee, 2015). =314
A FA] Fe, Al $4H8 -2 1A17F o] o o {2t wlete]
A= Az A 02 A3 AEEi B8 52 3
At 22} pH 8ol A= A o 2 F3} AF Al7to]
e Ao R A7t WA 4= Q= Alto] i o] A
I ZA o] © wol wiedE Ao 7 Holh A%fo| MR oF
o= ApAlslEo] vigRE E-Ea s A
AP S 2 ol A Tk EI T kSRS A 3] A& Y
A EA Zpolof| 7]l AL R o]afE 4= qlrt.

A} IS =pH 8 AT &2 24T} pH 8 wj A]
ol Aatol| EW 4 JAFE2 AL (6.3 g/L)>
Fe(OH)3(1.4 g/L) > AI(OH)5(1.2 g/L) > #8141(0.2 /L)
SO AEE 1 AAl= F2E Mn 5 & EA5L it
pH 8ol4= Z AR E oA Aa7} AR ek Hl5S =4
A ALY oF 70%] sl Th Aol JHEo] &2

o BN OH

=elemagy EXP.| Calcte

Fe(OH)3 Al[OH)3

—=8— Total mass

Fig. 7. Comparison of Fe, Al, Mn hydroxides, gypsum, and total precipitate weights according to pH.
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ohee AV 2408 Zol] U HUE WY Bt 281

277} Qlold S 17 BaAE 9lo] ®alrk. 7
H317h & A o] 71017k 2 A Bew Ao

s},

ek AR ARekEeH FHOR semi-
active 4] © 2 3] ) 31 9OV} el A EAgapo] 714
FA) el o] thato] B3 Qle. 5% HaBl o] T2 AF
o} ke A A3o] b4 pHol A HAE I Al 4R oF
AFA pHOl A A7 Eick. Mn] 79 hat8t o] ofat
AFSILIHE GIS1TL Fe 9 Al 4 Eo] ofat 33 9 3o
pH o] e] 4|7 )31 9lc}. F8} el ofat Zhzte] pHol
A 2720 Zepol nhw ~pH 5(6.4 L)ol 4 A2 =]
7V4 Bkt pH 5-7 b Al o] 7o) uhalo] ¢)
EP7k pH 7-8(1.9 g/L) 7ol A S7k2 A H Ik pH S
ol ] AT B2 Fe(OH)s, Al(OH); 7 4 11931 FA4H=
pH 8 714] AV 191k, 214 A Eelo] dei] nhwl 3} pH
8N4 AR oS 431, Fe(OH)s, Al(OH);, 314
© & hepgeh. cheeka Akeh28k 1A A4 chapel
24 WA U9l ATk b 2 7ol E Bl AloR B
whel ik A 9 PRl AR Y Sl e
W% QPeb e S E A 1 37} Z7pei 19
U AT A 02 42 W HA SE7} ol Balx
A A% 2 0 2 A E|o] 27 AL fkshar e,

A A

A AARATY FRARI24-3412) WYY
Qg ee] A€ol Sfalsiet.
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