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Gl ZEnhjol 2o Galw: wgH melel A8 AhsA

R
BRCsm X=s
2 o

SpH] 2 ERH o] 4 FeOf(OH)sa(SO): - nH209] BF3H4S ZHe Alo] BARSI ALY HE = dreld
oIk, M2 Erhol E9 §HEL A\ F20] SA 7B L AR EUI 2 3015 A 4 2
o5& SfaAE WEA Bastth Tt A3 AFAEIt Rashs S 2Evite] o] §aE glof
AR Ao]7} glo] dto] A&ulo] gtk o] ATe] BAL 1 e uIH fH|ZEnhto|E0] GIlE G
2 Aok, o] S Aolo] Zfol7} ik o R 5 Avinin, o] Hol7t WA HAL B3 HHT 4 YA
gohui Folch. |2 Enhto] =9 §3lE ghe] Aol §ajo] Sl Enho] s e ot A, A2
WA clatel Slat G, I Akte] AHEH Dfat 2o Tfol, FH|ZEmRIo] =] ZoYA W AR
o S, ol ZErhto] 9] 315} 249 Zjo] B TR 4 9w, o] F 7P 2 ULE 8k} 249 Kol
A0 2 YZPEh |2 Enhto| £ Bakago] A W9 el H A% 0 Wsk A2 o] FRo] 1A
SHe Folm, 1§l B3 DA TAHE TR vl uet ebaok g gmlgitt. o AT A
HHlZEvhLOE MEAS T BHE 2T F /IS ARt oW 90 BYE 2FolY, o5
T ol e HSke Aofeta ARst HEste] 2% ofetd mele) E TR v g §40 SRS
AAFSHE AL BARAL Brhs sl Tk, 259 BaE SIE g x gl et EAshE Bue Ay
2 Hol, DgARLL ol §3te] Sl ZEnhLo| 2o $HEES o S5He Hlo] 7HsT AOE Hol} ofo] i
Z o 22 9771 Basht T Sl 2Evhto| 9 851 0 2RE Fest SO B 48 AR Axt A A
2EYE S48 2 52 | wshy, Sl 2Enhto =7} Bl 1At oluiet ol 450 SRAYS ek
o}, ol T BFHA o] o3t Bu] Ml LERE 2 Ho|n, oFs ATAE Aol AL ]2 Enhto 7}
e TR S Aol haAE o] AXSHA gk glek. whebA of Hof aAE & o A G
7 AR 4 92 7|,

FR0{: FHI2ETLO|E, o, I8A, o2/ EFA

Jae-Young Yu, 2018, The solubility of Schwertmannite: The applicability of a solid solution model. Journal
of the Geological Society of Korea. v. 54, no. 3, p. 301-309

ABSTRACT: Schwertmannite has been known to be a ferric oxyhydroxysulfate mineral, having the chemical
formula of FegOs(OH)s2x(SOs)x + nH,O. The solubility of schwertmannite is absolutely necessary for the
interpretation and prediction of the behavior of the dissolved species, including the pollutants, in the aqueous
geochemical systems near surface. However, there has been dispute on the solubility of schwertmannite, because
the reported solubility values of the mineral have shown considerable discrepancies among the researchers. The
purpose of this study is to summarize the solubility values of schwertmannite reported by numerous researchers,
discuss the plausible reasons for the discrepancies among the reported values, and check the possibility of
interpreting the discrepancies with a solid solution model. The solubility discrepancies can be caused by the
differences in the saturation degrees of the solution against schwertmannite, the filtration effects during the
sampling, the different thermodynamic data set used in the calculation, the metastability and impurities of the
sample, and the chemical compositional difference. The most significant factor among these should be the chemical
compositional difference among the samples. The continuous chemical compositional variation of schwertmannite
within a certain range suggests that the mineral is a solid solution, and thus its solubility should vary as a function
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of the mole fractions of the end members of the solution. This study examined two different possible combinations
of the end members of the schwertmannite solid solution. At present, the thermodynamic data for the end members
of any combination are insufficient and it is impossible to calculate the solubility as a function of the mole fractions
of the end members based on an appropriate model. However, the solid solution model to estimate the solubility
of schwertmannite may be still promising and need more investigation, because the plot of the reported solubilities
against x values certainly shows a correlation. Meanwhile, the comparison of the mole numbers of Fe and S
calculated from the chemical formula of schwertmannite with those from the analytical results of the real samples
indicates that schwertmannite is not a single solid solution but a mixture of various phases. It is deduced from a
simple comparison of chemistry, while many researchers are still arguing whether the mineral is really a single

solution phase, which may suggest that more detailed research on this subject is also required.

Key words: Schwertmannite, solubilities, solid solution, various phases mixture

(Jae-Young Yu, Division of Geology and Geophysics, Kangwon National University, Chuncheon 24341, Republic

of Korea)
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1. M

TrH| 2 EnR}o| E(schwertmannite; Swm)2 A|0|
ARSI (ferric oxyhydroxysulfate) 3=
ofc}. o] #8o] aAIL o4 0 2 FaOOH)SO,
2 EAIS}RIE, S0,9) o] A7 Wl el wish
11, o7ke] AR47 £ Qo] QurH oz
FesOs(OH)s (SOu)x - nHLOZ AR Yu et al., 1999).
A27HA] BHarE Swm2) SisHalef| k2 (.75< x <2.58
and 5<n <9 9] 7k& ZF=t}(Caraballo et al., 2013).

Swme 599 EFsiR; ¢-& #H2EqHUdo
Schwertmann; 1927-2016) 2] 0]5-2 w}A A2 &
2 AEE 9 HEY Y98 (Commision on New
Minerals and Mineral Names)” of] 23] 199214 ¢ A
A FEE I o] FEL W2 =R e
A 7HE v H SRMER = HAITH Yy, 19%),
AbE AP A o) &k FEolth Swme] A2
P4/me] Z7HES 7HAH, o) F7)= a=10.66 A
26,04 A, B E FeFe 1, YE=3.77~3.99 g/cm’
o|t}(Bigham et al., 1994).

Swm-2 F3g-Eo] F3E = 4Hd 9 St o] o]
Z53t 2PgollA Fe(ll) 74tk RhE oz Bigham
et al., 1996) AP Ak Hig=(acid mine darinage, AMD),
A T 9 A B SollA Swmo] 44| B

=, o= ol 8ol ofF FE Y 2
ZH A1 &= 917] Wi Zolth(Yu et al., 1999). o] &
Al W03 Swm2 ERPgt AdEH 2 EXEh, U
ZFol= A= oPg3t Yyl T 2AM]E(lepidocrosite)
o} 214goethite) 2 Ho[8A) EickFernindez-Mertinez

et al., 2010).

olo} 22 Swmo} 44T Mol A\ H20) 5
AF&7oA ol g2, e HES Z33H §E 3
50| 5ol 583t JE v|X|A HrKRegenspurg,
2002). wheb olefat SRS AE A B oSS
AelAl=, o5 BFehES s AIAE Yol 9
Swme} Qb4 B SHl=s ok B 4 9]
ofof g}, T} BaASHAE. The e AR )
£ A4 FEET v R, A7ASeie nast
£ Swmé| &= ghofl Zto)7} Ql= Aolth(e.g.,
Bigham et al., 1996; Yu et al., 1999; Kawano and
Tomita, 2001).

o] 970 BHE 1 5ot WHH Swme| $=
= A EY, o] FE0 YA ddsel disf &
£33, o] hAE 3l ol F2o] BaFAE
Ajtst= Aolck. 3], o] At F<] HE Swm
9] L= 18A BES T34 sfAlsk= el
5 % o AAIS B2 WA g

2. 2 =9

0k
N

AF7H] E8ol HxE Swme] S8 Hsh=
W2 A 8 318150 S (activity) 2RE A
Abshe Wy A9shz|¢l 2 RE Ak vt
H F 7HA7} St

SEEY G20 &g A= W
2 shte] &) B AFgstaL 1 vl what
FAeAE T oS, o] AL A= 8 A

S0] FFEE tfglste] Axehs Walolh §=

i

=

o

r-lr: ot



THEEOHO|ES| Sof=:

yo) PEEE 85 4U50) FES BT F o
AZE vgo g2 Hy = =4
T SFEE AXRIORN A& 4= 9t BE =
WY B E AREo] 2 TUL o] g, o
1702 PHREEQC (Parkhurst and Appelo, 2013)
2 WATEQ4F (Ball and Nordstrom, 1991) Z-2 A
o] k. shte] FEof thet -Gl W2 o 2] W4
o2 RHE 4 Yy, olgHent oy Aoz
$5) ¥FS-S FATHE B4 whgo| Bheraly|t st
H FE9Y B =5 SAst=t ot ZAI7F =A|
et

71 £5] BEEE Swme] §9) WL thawt
2t}

FesOs(OH)g.2x(SOu)x + (24-2x)H"

= QR3 2 (R1)
=8Fe” +x504” + (16-2x)HO

SRS (R1)el et B Al
pKsp = 8pFe + xpSOs - (24-2x)pH )

9} Zrom, of7]4 pA=-logi[A]S 2u|3tt). o]df [A]l=
8= 48 A9 &Fxolch Swmi} §Ho] HFS

as
PK.=18.0
-2 1 PK;=-10.0 Bigham SonG
PK=0.0 eta,  OSHF
(1996) +F+G

Schwertmannite

pS0O,=2.74
22 T r

> 3 4 5 6 1 8 9
PH

Fig. 1. Plot of pFe versus pH values of some acid mine

drainage waters. Data from Yu ez al. (1999). In the sym-

bol explanation box, S, G, and F represent schwert-
mannite, goethite, and ferrihydrite, respectively.
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ol% Aol N ST §& AR FERRE HF
8 ARRE 4= Sleke, A(1)& o183}l pKyp hE
T 4 Itk %S9, 29 19} o] pFes} pHE
=AJ5}e] 2412 Fol

o]

s 1
W7, o] JAe] gtk
k=(pK.p - xpSOs)/8 @

2 FoXER, pSO, ghe 7R shH k ez
PKp &, 88l= g2 & 5= Aok EAls 24 Al =atct
pSOs gho] RIS FotpKy e 3P| A=
Al 250|349 pSO; ghe 2t AA ™ 7Py stolof
Sth= Holtt. 28 194 &= pSO, gho] 2742 113
=] Sl A2 7PYste] mASIG=H|, A= 2
A58 pSO, 2 o1et 43| =, 0|2 138 Swm
o] =g Axtshed L7 ke 5 ok X577t
A 2318 Swme| g8 T2 BH-(R1)= v
22 3 4|(2)0l o5 A H Aol

ot 22 §E Bl ol s = Hslel e £

A& glofazA FHEH Swme| 43 ¥H3-2 o}
o} 2.
FegOg(OH)g.2(SOu)x + (24-2x)H" ®D)
= 8Fe’" + xS0y + (16-2x)H,0
24H,0 = 24H" + 240H (R2)
FegOg(OH)s.2(SO4)x + (8+2x)H,0
€308(OH)s.2(SO4)x + (8+2x)H (R3)

= 8Fe™" + 240H + xSO4* + 2xH"

9] 23] ¥F-S(R3) 7] &2 £-3) ¥R (R1) o] £ 3
HFS(R2)E A3t A0, o] urgo] BEASE

K'ol2t 8 v o]z the: Alz} o] thehd 4 glck:

pK' = pKep + 24pKy 3
= §(pFe + 3pOH) + x(pSO4 + 2pH) ®

T 4=gofo] Swmet B o] Erhd, 1Y 29
o] £~&H 0 2HE ZHH (pFe + 3pOH) k& H2SH
of wha} 1831 (pSO, + 2pH) S 7k2 20| uhet =
AJ8HH )& o] Fofof s, I A0 A k'

K'=(pKsp + 24pKw)/8 4)
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Table 1. Summary of the sulafte contents (x) and solubilities (pKs,) of schwertmannite.

X PKsp Measurment Method Reference

1.6 -18.0+2.5  Equation (2), Equilibrium modeling of AMD" Bigham et al. (1996)
1.74-1.86  -10.0£2.5  Equation (4), Equilibrium modeling of AMD Yu et al. (1999)

1.05 -7.06£0.09  Equation (2), Dissolution of dry natural samples Kawano and Tomita (2001)
1.64-1.96  -8.04+1.20 Equation (4), Experimental synthesis Yu et al. (2002)

1.0 -9.29+0.35  Equation (7), Thermodynamic modeling Majzlan et al. (2004)

1.26 -18.5+0.2  Equation (2), Dissolution of dry samples Regenspurg et al. (2004)

1.4-1.5 -18.8¢1.7  Equation (2), Titration of lake water Sanchez-Espana et al. (2005)

0.75-2.58  -39.5--5.8 Lquation (2), Equilibrium modeling of AMD ) o116 o1 1. (2013)

and compiling data from the literature

* AMD = Acid mine drainage.
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T=10°C-15°C 5
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,OSO4+2DH

Fig. 2. Plot of (pFe + 3pOH) versus (pSO4 + 2pH) of some
acid mine drainage waters. Data from Yu et al. (1999).
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o] E|H, o|2FF pKp Fh 4= S} Al(4)ollA
o 4 glo], ol Lol 2] ] A K, 2
& gshER QAT psO, S 1T e gl
u}2 W gho 2R pK,, B AXE % Ik Yu
et al. (1999, 2002)+= o] HHH-Z o] 85l Swme] &
=2 ¥ stk

FHHA Q] mdl 2 5 E AAibshs WS Swmo
A2 oA R|(Gibbs free energy)E WA Akl
o|2¥E GES Bl Aolth Folxl Arf &
= TollA 2] Swme] A ZAZF-ollL R (Gibbs free
energy of formation), AG¢(Swm)+= th23} o] &
ofzlc,

AG(Swm) = AH¢(Swm) - TAS¢(Swm) 5)
2](5)of| A} AHH(Swm)} AS(Swm)= 212 Swm2] &

4 gt (enthalpy of formation) Y B4 AEZ 5]
(entropy of formation)®|t}. Majzlan et al. (2004)2
AH{(Swm)Z Swm2] £3) ¥-5-0 tjst a3k =3
O 2 RE ALSEL, AS(swm)= O|EH O R &3}
o] 2)(5) 25 E AG{(Swm) Ft= HIsFIT) o] & o]
&35 BEH(R1) 9] 2o |qA] W3} AGS th33
o] A4ke 4= Qi

AG, =8AG(Fe™) + xAGH(SO4”) ©
+ (16-2x)AGH(H:0) - AG{(Swm)

¥4

-

P

HES(R1)2) B A4 K,

o] Alie o= Ut

AG.Z5¥ offe} 2

pKsp = AG,/2.303RT )

2] (7)014 R oAl A1 4d~(ideal gas constant) o]t}

w

Soil= Hlw

# 12 A7 EaE Swm| A5 =g A
o]t} o] Fofli= Swm2] g4ilto] 2 3HK(x), &3 =4
(solubility product) g, £-31x=24 H7} ¥, 12|31
3 2ol FAISjo] olrk. o] £ Fa) 27
B % Swm| 4t o] 29 3heF W g =4 Fhol



THEEOHO|ES| Sof=:

SRS w9 tHE2& ¢ 4= St} 53] Caraballo
et al. (2013)2 0.75<x<2.58 @ 395 <pK,< -5.82]
£ RS ¥e, 1 ol ATAE0] A
Zba Ak Swmel 4k ol 29] B % S
she] Zo| AW 2 24544

e8] W pK,, 2 HITE A9, K18 3
9] Zh(Bigham ef al., 1996; Regenspurg et al., 2004;
Sanchez-Espania et al., 2011)3} pKp=-10 ©]35}-2] 3t
(Yu et al., 1999; Kawano and Tomita, 2001; Yu et
al., 2002; Majzlan et al., 2004) 2 3A FEES & 4
Stk TES B ATASL 159 AT ARz
10130 pKyp 9 THE 7o) Ak} ulastel, of
® gho] H@shh 4]0 E2& soigich

A)37k) olu] gk# uje o), Swme) sj3t 2
32 479 9] Woll A HE 4= qlth. 53], 34t o]
29] 3, olof| WE A1) g, =3 E(oF
Ol F24) 9] fgo] Alzritt thEd), o] Swm
& =7t o] 5 Aol wet b of fo] FdhS
o)ttt T2 B = Swmo| 35} 24 W3t tigt
a8 glo] pKsp 7k Hladhs A2 BdsiA] g
2 YERHt Caraballo et al. (2013)2 o] & A%
3] A akglon], ofehel o] pK.,7} AL ol 2] g,
29 e e 2l

[e) L
= %=

Kawano and Tomita (2001)

15 4 Majzlan et al. (2004)

[

-20 A

-25 1
Caraballo et al. (2013)
pK,, =15.10x-40.40

30 4

-35

T T T T
0.5 1.0 15 2.0 25 3.0
X

Fig. 3. Comparison of the pKy, values as a function of
the sulfate contents (x) of schwertmannite in Table 1.
The solid line represents the equation given by Caraballo
etal. (2013).
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pKsp = 15.10x — 40.40 (n=23, R*=0.68) 8)

3% 32 HES(R1)] thEt pKp Fhol Swme] &
4h o] 2 g xof| et o B A Ml=A] Kol 1
g3zo|c}. Caraballo et al. (2013)2] Zh AlLJst 3 12]
RE gk o] 2=e AP ), mHA] pKepet
x= A Ao 9= AXAY BeIck Caraballo et al.
(2013) 9] A} &, 2)(8)= ©] L =of| Z=AISHA(Z]A)
Aoz FAREER ¢lofl £0 Y= F A=, Kawano
and Tomita (2001)Z} Majzlan et al. (2004)2] Z+<
A5t B o] Ao] gt AL 2 4 gk

4. E B

3 19 FE AAE Swme] &3l == o] FEo]
& B35 o] (Bigham et al., 1990) A| 71| 3t
=5] e ek s, ARSIt e g 2
SHA=T, ol 842 Swmol| thet L3} H &, A

NF A 2] ool o5t FEF, -Gl = Alstel ARSH
A3} AF7 9] AJo], Swmé] FRHPYA L AR ke,
3lst 240 9] Zpo] Fo] L UMY 4= AUt

A7 9 W2 A5 @FollA A AT
SY AN EE FAR A0S v e ® E3=E ALt
slo] B ustgiet. EAlE o5 & A&7t Swmel tf
3 Z3tE|o] Qltk= FE AT 4= glok= Aot
A5t A 4, At i 5 AAA Y 22 AAG
E323 B T 3E ] & 7hsAdol it o] A
583l BES(R1) ] B 7Hgsto] ALK -&3l= gk
2 BER] OA ok AW 4 B A AHE S50
LS AL A= Sl o] A= uETEA|
2 g9 B3l 7hsAol lrk AFAES o] #gt
ol mhizoll ZF Al & &3 =E wE Aibsr] Hrt
= B2 AEEY §F5EE T = e o]
B2HE AAAQ] BES gpofstar 2aghke st
L2 H1dk= 97t i FEolth

BN NEe tFE ATt BE52 045 E=
0.2 um2] F= IA71& 2= AR E ARG o1t
skt vF YaE EA457] oA Ee Hie
o gt 24 42 % o Zol7] 98 0.1 pm F2
2719 AR S AFEIIE Sk BAE B
77k 2 TS AFETRE oA TSRS A|7to] 7]
SR o 27t Aolch AMITHIIEHAMD;

!

R MU ORI F
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acid mine drainage)+= Swmeo|u #g|slo| =g}
o|EQ} -2 FEo] AEHE tAQ =44, ol
AMDE A2E AFsH= B¢t AAZTe R 4skrt
Yolih= A7t gt o Tl Y& w2 AjTte] 4
g, oHste Fet oln| B =L =o] 7t
2 Abste]o] pHE} Enst 22 % 54 4 Ftol
Hlelal 27kE &2 JEEo] AAE AA=H
Al Fof| EA5HE & AEY Tl g2 7
7} lem, o] ol =9 Hrlo] 77t U
4= Utk

|l = KpE AlLISH] flsliAl= BE=EA] 7]
zo) Qojst A28 olgafolof k. el 3]
273 A4 (internal consistency)”7 H5H &
g} 247 M| E(thermodynamic data set)& ARg-3h=
o], tfEZ 3] 85}t A7 A E Q] o 2= Robie and
Hemingway (1995), Ball and Nordstrom (1991),
Zimmer et al. (2016) 5-°] 1t} TR kg ff
gt B3} o4 3L B BESO e BE A gk
ol A& ANEZY A2 2534 tE o Ak o
olf=2, A= G99 Akt & o8 A=
NEE &85t A& 74 st sh, o|%
Al AL ghE Akl ARE AH2 M ELTE T A
&5k Aol Higrdlsitt. 8w, 22 whgof of
3 A= ohE o5t A7 AEE o835t ¥ ¥
F AT UES AR ZFH TE 0o, TF T
A 3 o7 Am NEE o]&5t ALkt 3¢
Wi A 74 £ = Aok

Swm £2Hg3Hmetastable) FEZA], A|7H0]
Aol wet A- = A2 AL E(jarosite) U 3H 4]
© 2 vHATH(Acero ef al., 2006). Swmo] R} A o]
H E8) BREE o)$E ThE 2T BESY
7| 2 olnbe B4 2 (kinetics) 2] Q1 ZHo
Al o] FEo] T ° dA AEEH7] gEel Ae=
A2 A oA A3 E B2 AlZoA Swmit
ALZARO|E -2 1 FH A 0] 4o T E =T, o]=
A BAEH FLP9E Swmo| A7to] RUbHA] FHA} ¢
gt Az Ao E W FFA 07 Holstr] Bl A
© g2 AZHET) vk A A 0 2 9] Hol whgo] Yo
UH E9 &2 4= s=7HHSR]) E= (R3)9F 2
2 Swm9| g3fjof| &Jsf| 2HE= o] of2} ok
22 Ho] wkge oJs 2 A Hh:

3FesOs(OH)s.24(SOu)x + (16-3%)S04~

+8K" + 6xH,0 + (24-6x)H" (R4)
= 8KF63(OH)6(SO4)2
Fegog(OH)g_zx(SO4)x + 2xH,O (R5)
= 8FeOOH + xS04> + 2xH"
o] ¥k-§-9] ¥h-3- 3}3t=k(stoichiometry)= &-3ff W&
I 2bA3] th2H, whaka] o] ghgof ofsf £ A&
o] A== A BE B8t pKopE Allshe A2

Soe 258 2aR,

Q] ofm] et A Swme] ol stk
FesOs(OH)6SOs0|A|9E, AA|Z= FesOs(OH)s 2x(SO09)x]
sfetsl oz BEstel st 24qo] ZHAYS Ut
W} Bigham et al. (1994)2 x7} 1 Y A] 1.75 Afe] <]
e 2t BRI Ul the A=
of ofsf ojErh E W2 e S A=t ¥
FtH(Caraballo et al., 2013). T+ Swmo| AE s}t
o] FEolgtd, o9 2 249 HIh= Swmo] 1L
SAIE o1F7] thEd Aol Swme| g8 g
5] g2 (end member) 9] Hl&of w} gbd o]
o, mEbA A 9 3ot 244S 2= Swmeof 5t
we] i S =8 FASH7| ks, 3t 24400 wt
2} H3lsl= e =E EA ke o] Bl Aot

9 Swmo| F SAgE7) A, A 7
% Bigham et al. (1994)¢] 2J3] ¥ s}sh4]S 31
23t ©f) FesOs(OH)6S04-FesOs(OH)4(SO4), 7He] 12
SASS)E A3l & 4= Ak 0] SS1 A$- 1=x<2
9] gk& 7HA ok sh=tll, A AFTH= o] HAE
JolA= xgto] Bt vzt Qlok Swmo] A A
oA 9 FE= YHEE AL 7 18AY
4% gtk o9& E9, FeOOH-Fe(SO4).5 7+2] 118
(5528 AZHE 4 ik TEAS ol=E Ty
BEL e A% PRE 2Ed, o] AL BEE
A oA 5] obbhto] E- 2z}l & akagancite-
Komnelite) 7t} 847} 7R o] YTk o] T HEL
%= g Alo] 24 273 (monoclinic prismatic)S
Zh=t} S529] 3}8HA12 FesOsax/3(OH)s-2x/3(SOu)x
o] H=d ol &3] A E= Swme| Ut 3154
FesOs(OH)s 2x(SOu)x &} 4ty $2417] 9 SH4t7] 9] 3
ol o] Aol 7} Ut

IEA swmo| B AAARAUA] G, &
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AG,,,,, = X+ (1= X,)ug) +
[RT(X,InX, + (1— X, )In(1—X;))] +
[RT(G 0N, + (1= X))InA, )] )

= E’ + Gmi]' +a351:

mech
9] AloflA X2 DR 19] By, p'= EE S8k
H4, R 714 A, Te ddl 2%, A= E5E 4
FOIH, G, Gre, G, £ HBEE 7A A A, F
WA 2 A iR Fo A, A7 R EFH &
T, 28A PR Qe TR v, E AA 8-
A BPLR Q% 2R E et o] "
A AR AG,,,, & 2)(6)2] AG(Swm)o] Y3},
A(7)& o]-gshd Swm?] &3l=S 38t 2A4dof w}
2t AR 4= Sl o] F A ALRE pKp 762 21(9)7F
Uetl= g HlEshs G, 2t 2R B9 =
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Fig. 4. Plot of the number of moles of Fe against the num-
ber of moles of S in 100 g of schwertmannite. The solid
and broken curve represent theoretically calculated
values for the solid solution 1 (SS1) and 2 (SS2),
respectively. See the text for the detailed explanation
of'the solid solutions. The measured data obtained from
the literatures listed in Table 1.
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Fig. 5. Plot of Fe/S molar ratios as a function of the num-
ber of moles of S of schwertmannite. The solid and bro-
ken lines represent theoretically calculated values for
SS1 and SS2. The measured data obtained from the lit-
eratures listed in Table 1.



308

T

i)
¥
)
=
*

5% 212 91 4] (10) 3 (11)°] €J3) <1
Feo} 52| £ 4 7| 9 Fe/S9} S & Z}o] 7
A dlolElet vjas) HojF= Ao, o] 24
2 d&E & s AA B4E & a7l o E
& 4= ok whd 14 gro] HEsitid, o] 2
B AR7} BB S As] Zesl ol
Ee= AAZ Swmo| IEAHE °|FA et
AL ou|git} LI =S B UlRE o A 2L
XRD & &3l AR &S A5, At
ek 29 7Rsdo] £ 22 B4 0 Al
Swmol o8] HRTEM 2. 2 325t A3}, Swm-2 ¢
A FEo| ofet 4=3FdAsHE (hydrous ferric ox-
ide; HFO) 9] Wie 243} o] & F2i ol 4
20| FHE 7129 TEU 7Hs Aol HA
3l ch(Hockridg et al., 2009; French et al., 2012).
o] AT Swme] BaH40 2 HE] A4 Fe W
5S¢ EHlE #4E gt vl 23 Swme] 9
Al Tl IZA 7L obd& A AISHH, o]ofl Hidt & o
Ze A7 Baghe NS Ak

rr
N
N

i

e e

-

TR o

o)

5.4 8

FesOs(OH)s.2¢(SO4), 2] 3F5H4S 2h= Swme] x
L= (pKsy) g2 1Et AAER 2
HuEo] =7ho] Z|&Eo] gt} o] 1 glo] thE
A2 gHo| Swmel| gt 23} J=, AR ZFH AL
ofito]] ogt 3, Gal= ALt AMgE 95 A
29| zto], Swme] 94 2 AR &k, 35t
Z/ 9] zfo] F9 ol W2 4= S=dl, ol F 7HF
Z Y12 38 244 9] Zpo] F x ghol thE7| YiEd
o2 Aztdr). w2 AFA= A XY E,
Swm®| 3}5} 24, £3] x gko] 47 H 9] HellA |
£z o2 HIthH Swme Gds] L&A Aol
ot 284 Swm2 TR 7He) e g 1 35t
24 Uehd = Slojof ahe, o] 8 H|&9 T
2 I 2R 52 1 G EE AT
Uofof gt o] ATtol A A E Swme] TR =
2 F 7HR oY, F ol wet e THes SR
2] 7Fsd = ok ofH A9 SR =F
o|d, th7ie) Swme] T & tigt Feet 4t
A 2w 7F B 53 Aol B2 Qe A = H-g d
H3td B g A& v &Y Tl &= E

p

23t Zo] o= A= FF5Ao] glom, ofe| gt
%o 22 77k aghe tehha gtk
FA=Swme] 2 TEARE 5= Holck Swmd]
sotal o 2HE Feoh SO & 42 AN 212t A4
ARZHE BAE B 52 1@she, Swmo] Tl
gAY} ofjek ofe} AEe) EPAS ettt of
39, 9 1A AL Hstel ARk AF7HA
SHNELE R T oulE glojulel A ek o A
Fol A AE AE G Bfakale] ofgt Bulo]w,
obg ATARE Afolof A= Swmo] J2 1R 7
SH ol sl ol7de] A3kA) gkt ik ot
24 o] Hol A= & B AE 9t A7t A

2 5 0 7|

ZAe| 2

o] A= 2016\ = 7 Avhetal thet3l A e=d
LA (FEHE - 520160153) D FH=apstA
A= ALAAY (B HE — C1001838-01-01)2] ]
U ol 35132

REFERENCES

Acero, P., Ayora, C., Torrento, C. and Nieto, J.M., 2006,
The behavior of trace elements during schwertmannite
precipitation and subsequent transformation into goe-
thite and jarosite. Geochimica et Cosmochimica Acta,
70, 4130-4139.

Ball, J.W. and Nordstrom, D.K., 1991, User’s manual for
WATEQA4F, with revised thermodynamic data base and
test cases for calculating speciation of major, trace, and
redox elements in natural waters. USGS Open File
Report, 91-183.

Bigham, J.M,, Carlson, L. and Murad, E., 1994, Schwertmannite,
anew iron oxyhydroxysulphate from Pyhasalmi, Finland,
and other localities. Mineralogical Magazine, 58, 641-648.

Bigham, J.M., Schwertmann, U., Carlson, L. and Murad, E.,
1990, A poorly crystallized oxyhydroxysulfate of iron
formed by bacterial oxidation of Fe(Il) in acid mine
waters. Geochimica et Cosmochimica Acta, 54, 2743-2758.

Bigham, J.M., Schwertmann, U., Traina, S.J., Winland,
R.L. and Wolf, M., 1996, Schwertmannite and the chemical



THIZEOILIO|ES 2

ol

modeling of iron in acid sulfate waters. Geochimica et
Cosmochimica Acta, 60, 2111-2121.

Caraballo, M.A., Rimstidt, J.D., Macias, F., Nieto, J.M.
and Hochella Jr., M.F., 2013, Metastability, nano-
crystallinity and pseudo-solid solution effects on the
understanding of schwertmannite solubility. Chemical
Geology, 360-361, 22-31.

Fernandez-Martinez, A., Timon, V., Roman-Ross, G., Cuello,
G.J., Daniels, J.E. and Ayora, C., 2010, The structure of
schwertmannite, nanocrystalline iron oxyhydroxysulfate.
American Mineralogist, 95, 1312-1322.

French, R.A., Caraballo, M.A., Kim, B., Rimstidt, J.D.,
Murayama, M. and Hochella, M.F., 2012, The enigmatic
iron oxyhydroxylsulfate nanomineral schwertmannite:
morphology, structure and composition. American Mineralogist,
97, 1469-1482.

Hockridge, J.G., Jones, F., Loan, M. and Richmond, W.R., 2009,
An electron microscopy study of the crystal growth of
schwertmannite needles through oriented aggregation
of goethite nanocrystals. Journal of Crystal Growth,
311, 3876-3882.

Kawano, M. and Tomita, K., 2001, Geochemical modeling of
bacterially induced mineralization of schwertmannite
and jarosite in sulfuric acid spring water. American
Mineralogist, 86, 1156-1165.

Lemire, R.J., Berner, U., Musikas, C., Palmer, D.A., Taylor,
P. and Tochiyama, O., 2013, Chemical Thermodynamics
of Iron Part 1. OECD, NEA Chemical Thermodynamics
Series No. 13, 1082 p.

Majzlan, J., Navrotsky, A. and Schwertmann, U., 2004,
Thermodynamics of iron oxides: Part I1I. Enthalpies of
formation and stability of ferrihydrite (~Fe(OH)s3),
schwertmannite (~FeO(OH)34(SO4)113), and &-Fe,0s.
Geochimica et Cosmochimica Acta, 68, 1049-1059.

Parkhurst, D.L. and Appelo, C.A.J., 2013, Description of
input and examples for PHREEQC version 3--A com-
puter program for speciation, batch- reaction, one-di-
mensional transport, and inverse geochemical calcu-

=

309

NEXN Z2He HE IS

lations: U.S. Geological Survey Techniques and Methods,
book, 6, chap. A43, 497 p.

Regenspurg, S., 2002, Characterisation of Schwertmannite-
Geochemical Interactions with Arsenate and Chromate
and Significance in Sediments of Lignite Opencast
Lakes. Ph.D. Dissertation, Bayreuth University, 124 pp.

Regenspurg, S., Brand, A. and Peiffer, S., 2004, Formation
and stability of schwertmannite in acidic mining lakes.
Geochimica et Cosmochimica Acta, 68, 1185-1197.

Robie, R.A. and Hemingway, B.S., 1995, Thermodynamic
properties of minerals and related substances at 298.15
K and 1 bar (105 pascals) and at higher temperatures.
U.S. Geological Survey Bulletin, 2131, 461 pp.

Séanchez-Espaiia, J., Lopez Pamo, E., Santofimia, E., Aduvire,
0., Reyes, J. and Barettino, D., 2005, Acid mine drainage
in the Iberian Pyrite Belt (Odiel river watershed, Huelva,
SW Spain): geochemistry, mineralogy and environmental
implications. Applied Geochemistry, 20, 1320-1356.

Yu, J.-Y., 1996, Precipitation of Fe and Al compounds from the
acid mine waters in the Dogyac area, Korea: A qualitative
measure of equilibrium modeling applicability and
neutralization capacity? Aquatic Geochemistry, 2, 81-105.

Yu, J.-Y,, Heo, B., Choi, 1.-K., Cho, J.-P. and Chang, H.-W., 1999,
Apparent solubilities of schwertmannite and ferrihydrite
in natural stream waters polluted by mine drainage.
Geochimica et Cosmochimica Acta, 63, 3407-3416.

Yu, J.-Y., Park, M. and Kim, J., 2002, Solubilities of synthetic
schwertmannite and ferrihydrite. Geochemical Journal,
36, 119-132.

Zimmer, K., Zhang, Y.L, Lu, P, Chen, Y.Y., Zhang, GR., Dalkilic,
M. and Zhu, C., 2016, SUPCRTBL: A revised and
extended thermodynamic dataset and software package
of SUPCRT92. Computer and Geosciences, 90, 97-111.

Received : May 18, 2018
Revised : June 11, 2018
Accepted : June 12, 2018



	슈베르트마나이트의 용해도
	요약
	ABSTRACT
	1. 서론
	2. 용해도의 평가
	3. 용해도 비교
	4. 토론
	5. 결론
	REFERENCES


