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Abstract

Recent development of semiconductors and energy industries results in the release
of trace elements such as gallium (Ga) and indium (In) into the environment. The
contamination of Ga and In in soil and groundwater may lead the risk to human health
via food chain. Hence, it is crucial to understand the fate of these trace metals in the
environment. In soil environments, humic acid and ferrihydrite play an important role in
the fate of metals in the soil environment. In this study, humic acid, ferrihydrite, and
ferrihydrite-humic acid co-precipitates were investigated for the retention mechanisms of
gallium and indium in aqueous solution. The complexation of gallium and humic acid
tends to be stable along with the reaction time at pH 4, whereas the proportion of gallium
in the aqueous phase gradually decreased at pH 7-9. Humic acid may form a smaller
structure which results in increasing complexation of gallium and humid acid, causing
flocculation over time. Under alkaline conditions (pH9), humic acid mainly complexed
with gallium via the carboxyl group. The proportion of gallium in the solution was shown
to be reduced after the addition of ferrihydrite (including co-precipitation). Ferrihydrite
influenced the external charge of gallium humate. As the external charge of gallium was
influenced by ferrihydrite, gallium is suggested to react with ferrihydrite by surface
complexation or adsorption. Similarly, the complexation of indium and humic acid was

shown to be stable at pH 4. However, the complexation of humic acid with gallium or
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indium varied in neutral and alkaline conditions, indicating that gallium and indium ions

exhibit different complexation mechanism with humic acid and different flocculation

abilities of the complexes. Indium was suggested to react with humic acid in the form of

In(OH)3 with or without the presence of ferrihydrite (including co-precipitation)

according to EXAFS results. Although, gallium and indium are both group 13 elements,

their complexation mechanisms with humic acid and the influence of ferrihydrite on the

complexation are completely different. Further studies are needed to elucidate the effect

of the structure and functional group of humic acid on the complexation mechanisms of

gallium and indium with humic acid for understanding the fates and potential risks of

gallium and indium in the environment.

Key words: Gallium; Indium; Humic acid; Ferrihydrite; X-ray absorption spectroscopy
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oAk * v 4p BE LR T R b 2 TR ¢ (White and Hemond, 2012) » %] 4 fré)
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TokP mERFRRM G S 01 1 72 pg L (Kabata-Pendias and Mukherjee, 2007;
Wood and Samson, 2006) - ] & &+ & jT chjp vt > Gadtig ¥ F 1 AP Fe¥t s 2
+ # 7 g 4~ (Burton and Culkin, 1978) » F]t 45 F B4R ~ &0-40-4F 7B ¢ AL EF IR -
AR EF FHERS Y o A FF oMM A0 FEFRD REBY TR E
(Geldron, 1983) » 4 % WX HH B BeaZin v - 4Fpk R £ p A% ¢ 0 10,000 &
(Whiteetal., 2017) ; i Blaus W T ae g4 ¢ F I B kA dur) (3 &
75 mg kg') (Boughriet et al., 2007) -
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0.95-20.05 ug L (Chen, 2006) 5 57 & » § + A 3 7 A3 ~ w fcd s % 7 pl @
B3 F B R B4 frdrik B (0.6 mg kgt 2 0.051 mg kgt)(Tokumaru et al., 2017)
T oS e o d TR T AR SRR Y @7 o FI T AR Bk

I & 5 (Anderson and Welch, 1999) -
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Fe AR £ TR 0 €1 &30 gh(Tanakaetal,, 2010) - @ 4 7§ R4 &
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(Olivares et al., 2016) - % AR fodFftied 7 f & B 4o g il ket
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A FF s o8 e BoRE Pk 'k (Fowleretal, 1993) - 3 # 7
¥ FAFfY £ T RS 0 B % 40T & - (White and Hemond, 2012) » & 45 ~
N Bend vk B @ (LD50)4 %) 5 80.80 ~ 7.45 mg Lt (Hart and Adamson,
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# 1~ 7 F4F)C &+ ehEk # (4 (White and Hemond, 2012)

Compound Species Acute toxicity measure Value

InCls Mice, intravenous LD50 12.5 mg kg

InCls Mouse fibroblast cells TC50 2300uM

InCls Hamster kidney cells TC50 2110 uM

InCls Human gingival fibroblasts TC50 4200 uM

In203 Mice, intravenous LD 50 0.3 mg kg

IN(NO3)s Rats, intraperitoneal LD50 5.55 mg kg!

InCls Americamysis babia LC50 30,48 mg L

InCls Brachionus plicatilis LC50 2442 mg L?

InCls Artemia salina LC50 51.00 mg L™

InCl3 Sillago japonica LC50 >20mg
ITO (nanomaterial) Hydra attenuata (invertebrate) EC50 Very toxic (0.1-1 mg L)
ITO (nanomaterial) Pseudokirchneriella subcapitata(alga) IC50 Toxic (1-10 mg L)
ITO (nanomaterial) 11 microbial species (MARA assay) MTC (~EC50) Harmful (10-100 mg L)
ITO (nanomaterial) Thamnoplatyurus platyurus(invertebrate) LC50 Harmful (10-100 mg L)

Photosynthetic enzyme
ITO (nanomaterial) 1C20 Harmful (10-100 mg L)
complexes (PECs) from spinach

ITO (nanomaterial) Vibrio fischeri (bacteria) IC25 Not toxic (>100 mg L)
ITO (nanomaterial) trout primary hepatocyte cells TEC Not toxic (>100 mg L1
InCls Tilapia larvae LC50 170 uM
IN(NO3)3 Vibrio fischeri (bacteria) EC50 at 24 hr 0.06 mM
IN(NOs)3 Chlorella vulgaris (alga) EC50 at 24 hr 0.68 mM
IN(NOs)3 Daphnia magna (cladoceran) EC50 at 24 hr 0.28 mM
In(NO3)s PLHC-1 fish cell line EC50 at 24 hr 5.9mM

LD50 = lethal dose 50 (dose at which 50% of organisms die); IC = inhibitory concentration; TC = toxic concentration (based on growth rate, not mortality); EC = effective
concentration; MTC = microbial toxic concentration, essentially EC50; TEC = threshold effect concentration (as indicated by significant cell viability reduction)
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FiEpest £ & hents £l 50 T § BEE £ B bokap @i £ PR
RITE £ k@ 07 5 (Yangetal, 2011; Tang etal., 2014) - & e+ e0sg AL

TR & £ R § X D2 F 3% & #r 8% B(Andrino, 2001) -

(-COOH){rps 47 s+ eh(-OH) & 1 & & & B4 & ehE & F it A (Datta et al., 2001)
E pH fod

BEFFIEY AFEARERE E /DI IT B > ¢ A EREE £ Hoe
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https://www.sciencedirect.com/topics/materials-science/peptide

(Boruvka and Drabek, 2004; Reyes-Sol® et al., 2009) - & £ % ¥ » Cu /o pé -1
HAed g~ > @ V-~ Cr~Ni~Znqe Pb ¥ {8 s e fr 4 #33 (Ding etal. 2019) - @
MARD T KR EF 4 £ Cu~Cd 2 Ca§ 7 FAfrd (Cu>Cd>Ca) » & =
3] pH 22 %5(Evangelou et al., 1999) -

ST AR B FRERSELAF o pH EARF 0 £ B E KR & Tt BT
2 o ApH <5 WA g A F i A(-COOH) & Fdg+ £ i f pH 6-7
o S BB R PR AT AR R e gl 4oPbAg-Hg fr Cu &4 pH
(<5) #FiE™ » s g it (-OH) F Jis(Martyniuk and Wieckowska, 2003) -
FLERFREFERF e A 28508 B dFBd Pt nGRlapP LR
P EAREPHYFER? Foilfod 2 Ea BRI ATT B g o
BRAREBNIBEELZEFRE: BELEEL Lw%ﬁﬁﬁiu5®@
(Ringering etal., 2019) - 3 3# % = guﬂ BT ARrdFE ) A 5 BERF B Ao
Fliefe fhiE 2 T € & % ¢ AHA(o-hydroxyl acids)?; = 4p ¥ #2500 5 i &
(Ivanova et al., 2015) » ¥ § & fif fit @) = 4 i (Bridging) <2 & - (Mensinger et al.,

2009) -
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and Taylor, 1989; Mak et al., 2009; Wan et al., 2013) - -K45oh 48 ¥ ¢ S 7 4§
g A 0 Agok? Fe (1) I 0% > REBHF L HF L LT Fe
F (b4 ST 0 S48 FH 0 4B o)(Pedersenetal., 2005) o (k48T ¥ 2 4030 3k
CEBERG REORE TS FmEE R RBTRE AT 5 Y KBS
A% A B Uit & 3 (Benneretal., 2002; Pallud et al., 2010) -
2. KB R

T TESFHS ¥ - A2 A2 Y (Lalondeetal., 2012) > * § #4 foigh i

BT R ERBBH S DT S R Y G BRLDT se Bl

LZEE .

FIEY BBHSF RGBT U A Foengg i 7% (Torn et al., 1997) o
TR AR BB G RTHRERHELEHET T R E S LA
KT AR ROKBHBER S ABRH/EERHF BERE M PR g
WE el s KAREY % &(Huetal, 2018; Luetal., 2019) -

oG e b g B KR R KT T B F D & g
BHEFC]) 2 GRS b W4 i(Cismasuetal,, 2011) > 77 G AT L B R G BT £ UK
AR FRBFH AR B RBH] 023 SR L XA H P (Comell and
Schwertmann, 1979) » F] 5 & R4 T £ Uk & B 4 KT B ;;Lﬂ};rzg;}fr«ﬂ
KA % 4 # 4 (Jones et al., 2009; Chen et al., 2015; Zhou et al., 2018) -
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AR R4 PG & o LR RS & AR e o gf frdr il
B ORILETHRIL R A 0 A RO RBFHE £ F Bl ARG TFEE
§ Lo kBHBERELY o & IRBHOLHY RIS E BT AR o

TRRE R ATRE S 0 A B BB fed F 4 okl .
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Fz & Hpeo
- @ R LS

LR

B8 F kTR Y e L 5§ & (Sigma-Aldrich) 1 # & 7 4p F 48 & (Humic acid »
@ HHA) > T RHAR R 54 2 /]?% VR {T Y o fEBE0 g HA 3 9 dE4r 15 ’T 4r
0.1 gend it (NaF) » 2 4 FiEfe? h% 8 5 10.0LN & § it 4 (NaOH)#HA
f20 A= (s 5 10.01M #EE(HCI)wik » £ 4 3=t (Kim, Buckau etal., 1990) ;
120.1 M HCIF £ HA » #-HAR i$i% 12 20000rpmag > €48 + it i e e 16
YL A R S Bofesk 3% (FASS, Flame Atomic absorption spectroscopy)if] 2 ¢ ik &

a3 (Na) Tz = & v 2R {FNat P £ #8177 ket B el 1 4F eHA
4% 4% §5 % 8 (Kingmech, FD4.5-8P-D)i& 7 /4 i §5 15 » B %R E T H ¥ o
2k aB &

I A ;‘Jc(BowIes 1992):* ¥ #1 7 o pe i (Fe(NO3)s)fr33 & 3 pH 9:NaOH -
540 g Fe(NO3)3#-2 > 5 -k 15 > #-330 ml 0.1N NaOH 12 & 47 1L & 7 v 2 FeNOgi3 i »
@ B 15 20;F eoNaOH 2 jf ? = N\ ;&,] 4v > #120.1N NaOH:#-pH B £ 3 9 o -k 48
7 (Ferrihydrite » i fLFh) i 2 = (5> de B o ¢ FRE > & 475058 (724 g 49
HEF T e pr{ 515K E ehid k> £024 ) s T AL nSem?)» g
HA7T R+ 0 1220000 rpmages {8 AR 0 TR-FRE I L R o R T8 ik e
SokaBTh - FiEp & Rk

Bl A E D RBRL P ERBRHEF AT E LI REFH L]
sIHAE > 30K 18 0 4o » 409 Fe(NO3s)s » I i i 12 0.1N NaOH:# FpHiE 1 9 - #3
REFEP24 S BRZ A S EL Sk TR TR ERKIuScm
Do gEznig 42 & o 120,001 M Az (HNO3)F-0.01 M & e 4h (NaNO3) % § 73 7% fie B

%69 LT HA-Fh /w3 i o
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-8 RERBREE
1LERBR
2 HNO3 £ NaNOs fiz 5 0.001 M HNO3, 0.01 M NaNOs 17 4 14 48 sk ¢ * h#
Bz
2.8 B i
Horl i 45 [Ga(NOs)s] o i 4F(INNOs)s] » [7% » pH 257 0.01 M NaNOs7% i >
B el A0.02 Minggfrdrlg b2 ik v 18 R RS £ R SRiE T -
SRR TR R
M i s eHAR & 0 0 B3Rk 569 LT HAR 3 % (0.001 M HNO3,

0.01 M NaNQs) » & #-pH# & 1 2 -

Y28 BERK

BERHARAL 2R ST 2 A 3AASL AU L B
FoASE i (2. BRI £ (i b KAB TR AR 1 3 2 AR K AR TR £ TR B b

Re » £ 6B ET R F AL AFHRSA I pHA~pHT7 frpHO > &

A GREPRFERREE

b 10mL6g LT HA BB R4 § 2 R b e 4 > 10mL 0.2
mM Ga(NOs)s & In(NO3)3i% % (% #3 7% % 0.001 M HNOs, 0.01 M NaNOgz)*+ .
F 90 feE doki o Atk Sl HAE AT 0 4 x 0.0LMNaOH 3 7% » if .3 pH
4~pH74epH 9 12 0.01 M NaNOgzia i #-3 2 A E ER AT 2 # pH @i b e

NI HEE R v ﬁ?’f?ﬁfﬁff%/}éﬁ °
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M200rpMBFF R o bl EF BEFERF L1149 % > T X S RFR- B
Bl Rt F RPER L 13280% > T XL HRBA- BAIL K BRI
(5 12 045 pm RAEE R 0 A Bk BRI o A FRE T X Kok A
T eomimR R RS E R :ff: Ja & stk 3 ik (Inductively couple plasma optical
emission spectrometry, ICP-OES) | =T 73 /% ¥ 4 2V 4FPE R

B. 4 M’?’f? LR &8 /T de-R4B R

4o 0 10MLEgLT e HA B3 iR 3o e 3 ¢ o 2 264k o 4 » 10mL0.2mM
Ga(NOz)s £ In(NO3)3i% ;% (¥ %3 :% 5 0.001 M HNOs, 0.01 M NaNOg)*+ e # ¢ >
FoE et o B P AR T 5 4 » 0,01 M NaOH 3% » if .32 pH4-~pH7
fepH9 - 12 0.0LMNaNOs A e %3 R A EEAK I F &2 6 pH Eipf chE £
o T gEL SRR KRS £ BER o B s 4o~ 0.069 ST o

200 rpmHFFRF  fAREF BEFL 13183 > N T X AR B
Fld® RS e R R L1342 > 0T XL RF- BAIL - F BREFR IS
50 10 0.45 um B 0 A B B B o o B AR F X kejokE s
17 > @ Jaik 1 ICP-OES Bl =T 75 ik ¥ 45 sV 4FHfesh ek & o

C. GREFPAEB-KBH: RS ALE

fer 10mLEgLY chffEfe--KaBoh & Ul b L Rt e g0 o2 E e
4 » 10 mL 0.2 mM Ga(NOs)s & In(NOa)si% i% (% §i%4:% % 0.001 M HNO3, 0.01 M
NaNOs)*t gt ¥ # » =& 3o b o % 5 P-i# 4L N T > 4c » 0.01 MNaOH 7% i -

# %2 pHA4~pH74rpH 9« 12 0.01 MNaNOsi3 i #-3 R E R AL 5 £ 4

1v

©pH EAp R NE R TR RSB R Y FEME £ BEA -
200 rpmFF R SRl F BEFERF L1118 > T X L RF - B

BOL G AFESL W F B S 13 42 % 0 0T X LR ia- BAST o £ R 5

50 11 0.45 um R g A Sl e b R IR o 15 B X Rk A

¥5 > @ Jgik 14 ICP-OES B = T #73 ik ¥ 4F & dFlfrdBchik & o
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Ye & LELH
1L ERERAY
H#eifite 120.45 uMIR EE R 15 0 T HFR R Y gk~ 4FF 48 § 1 ICP-OESiR| ik

Boo i idmennne o g Wk Al 23R GirE R PE A AT

/{

AR R ARE RRE < 100%
2. Xk kA 45

Xk vz ok 3k 2 47 ) R7JF ) 45 5F7 7 ¢« (National Synchrotron Radiation
Research Center, NSRRC, Taiwan) i& {7 o X3z k3 ¢ 352 X6 3 21T i % S H(X-
ray Absorption Spectroscopy, XANES) % X sk = Jfz i 'w 5 # (Extended X-ray

Absorption Fine Structure, EXAFS) 5 $8 4 o XANSEZ® 4 & 4p i o #& FICP 1R~ % 2

[

Bojcif g 9 40eV2 B o @ EXAFS 5 it ¥ 4 BIACP 15~ % 2 ofzif 4 15 1000eV 2 ’F
B17Ck A ME T & ﬁ]‘ Yoo KAB 7 etk 5-Gazo K edge Xk s T Bl 3% 4 7 » 2 TPS44%
fAE 7 H 44k 5-Gaz K edge =Bl % Inz K edge Xk s B3 A 45 o Xk
Y & 3 chficdy 2 Athenafr Artemis:g 7 a2 > I & Athenaig {7 Linear combination
fitting(LCF) -

3. Visual Minteq

r2Visual Minteq ikt 4 frdmie & 9 5 5 sL? e fa o o
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Frd %ok
$- & BHPEHG o & i
1. 4§
AP pPH2 hiE T > BiF e FRMBEFF oo 2 #32R 2 pH4 -~ pH
7 4vpH 9 - 12 Visual minteq #-#5(% 2) » g5 pH 2 3P cni B Ff 5 Ga¥tr &
PHA~pHT7 fr pHO i3 % ¥ i & /8 5 GaOOH /il » @ /i fifik 53l & 3 A8 L

AR ERI PHBE > AT %7 ULE 045 um g TR 5 7

ok

eI G e
FAefs),m 3 7 i B OF P T & SRR

Bll i FiEpitga st F9%8% - 7 URBRII pH A4 ddZe 7 b F
R AT » AR P RSN BARY g+ 4 i R
14.18+121% B réf £ p L R ERG SR - F A e pHA miE ™ o
R 2 2B L > LT AT RIE S EF BT BRUF, 2019) 0 41
RIS R feds & P B A S A RT RFMAP > A 5 1418 %0 B 1 8
B & EE R iR AR o @ B pH 7 fr pH O hik T o 43 £ BAEF K RPN
S RN ARAREPY B @ 2 28 X A B AEARS L o pt e pHT frpH O AT e
Ff BB R R A PR pHA RIT R o Rl A £ £ F] G A PHdgiiE T
B S H? R g A3 £ 55 4 3 (Lead et al., 1998; Kinniburgh et
al. 1999) » ¥ 33k ¥ ¥ 31T e (DOC) 7 B v o H 4 0 ¥ Bk & ey
W @ BRI Bt bl RUEFF BT AL > ffenpie i o rd ALY

B G > TP RRY GO E0F BGRFRELB EEBT > 2300 § &

T

EXAFS #ic 264 i~ % 343 -
BAE R R rF s & F s 0 #2045 um Jh il B Tl h A T X K
BTk A T UEAR G RRR pH B2 F R TG FRERRE SR DR

252k 372pHEF BRFERT FEREHEEF B X Lok - K F 2
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TSR A pH RET o gen X R ek adRi R E R 0 A kT AR
PR XEEFF RFERG A RO HT o RERSE £ F &g X T
frR R R b pHA iE T (R 2@Q@) T A Pl4 & BF BA9 X 15 X &z

RKFfF e 1 S5 TRFPHLAE oA HREFET OREBREF
it MOATec% o B3 £ pHA F 1 % fopHY £ b 1 = B fe-45 o0 X %2 it
k¥ v % End member - ¥ pH7 Fiafe-45F B 1 = X ke je ke 7Mmpins
(Linear combination fitting) =& % » Bordg e X Bk 4 pH4 2 pHI 2 F &
BESNF RE DR M-pHT AR S pHA ~ pHI 2 FF ensl B 3] i ©

R 2(0)(C)F 1t B > e pH 7o pHY » &7 enF BRERF L 3 3 B X £
Yok o BT Y BERMERLT > GaRERBREEFFIRE o B 4 5
PH QO emig 2™ » ik Jig 1 * 2 49 % e X Bex ek v 5 End members » & {7 28
T X ke kML BRUFREFF REFR L - 4o X ek
FRE RN AT RERE X PR PRETIR -

BI54-F 6 5 pHAfopH O # I 7 P I crf 1 fe-45 48 & 4 4 K-edge EXAFS
R space v k space #t & Bl » ¥-H# & S % FE3 4 3 EXAFS #iedp 5 %7 0 {7
v i pHA ehiE 2T gpenfie mBcdRiT 60 F A kALY © A3 GaxOz etk o
GERILLF P RFGAET FEELDF > Au G 1924 {02034 5 3 Fpe
AT o B F 49 % HuEgR e 0 e g 4R 5 1.96A 40 2.11A o @ R
13 g iodpt » G F PR 4cis » 4EE Be nlicy 5 81 o

mPpHI F Bl X el B FIA & 5 F > Y ¥ FT S A7 Bl i > o w

5 184A 40207 A - s Apmg P > AP M apiER ARG 2R
7 4 & (Martyniuk and Wieckowska 2003) » Jiip| % pHO s J® % @ fgg 3 & 27 46
peenz s & o F AT GTORIFIRE TS ST %R BEH R A T EDF k(R
7)(O'Brienetal., 1997) » 12 4% 7 pH9 ¥ - % a2 e cn EXAFS 5 & S % 22 2.

W BT R R IR S G4 £ e IRBAE L o A AR B 49 R e
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EXAFS % % 22 pH4 F i 49 % 35 5% #500 » A7 & pHO ehif 7 > Jaipl45 & it
Ut T AR §EF PR R SR SR e pHA i A750 ¢ 133w
AEE R ARR ERF BT A A B AR st 0(-OH) > 2w it pH
Mo e s a(-OH) 5 2 & F i F i A (Datta et al.,, 2001) - Fpt 48] & pH4

GET R R S RS S(OH)F b -

% 2 ~ 11 Visual Minteq #-#t 45 3+ 4 #8(0.2 mM Gallium in 0.01 M NaNOs)

Precipitated  Dissolved Percentage distribution among
phase(%6) phase(%6) dissolved species(%0)
Species  GaOOH Ga3* Ga(OH)2" GaOH*"  Ga(OH)s
oH 2 0 100 92.9 0.1 7.0 0
pH 4 99.9 0.1 5.7 50.5 43.2 0.6
pH 7 99.9 0.1 0 0 0 100
pH9 98.8 11 0 0 0 100
60- & pH4
— A pHT
‘&;E i W pHY
E |m I L u
Y 40-
5 " S TR
E | | ||
n i A
£ 20-
0 L] L] L]
0 20 40 60
Day

B 13k pH 0 LM & 53 b R P i B R 6l
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31 (a) 31 (d)
> ey
= — pH 4-1 day o — PpH4-1day
g — pH4-49day £ 2- — pH7-Taay
E £ — pH9-1day
- o
® N
N T 1-
© £
£ 5
o =
z D T T T 1
0 : : : : 10360 10380 10400 10420 10440
10360 10380 10400 10420 10440 Energy(ev)
Energy(ev) <
. (b) 3 (e)
= pH 4-49 day
- : —_ _
= - _ 0
o — pﬂ ; ;; Y — pH 7-49 day
£ 2 P y E — pH 9-49 day
£ — pH749day o
© Q
g N
T 1 g 14
£ =
- Q
z° =z
G 1 T T 1 G ! ! ! !
10360 10380 10400 10420 10440 10360 10380 10400 10420 10440
Energy(ev) Energy(ev)

3 ()
2
s — pH9-1day
3 o — pH 9-28 day
= — pH 9-49 day
o
[T]
N
[
£
o
-
G 1 T T 1
10360 10380 10400 10420 10440
Energy(ev)

B 2~ &% k3% pH %

ek 3 - (2)i% % pH

BT R L 0 R RPET kg K 5 X
40 R RPER L 1340493 s(b) A pH 570 F

PR A 1284049 = 5(c) iaepH 59 F RFFR 5 1284049 % 5 (d) &3
pPH 247409 Fss 1% (€) BiepH 52 4-~7409 F g 5 49 %
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— pH7-1
2 2] -~ fit
m -
I3 — residual
£ — pH9-1
©
g Y — pH4-1
S
é J
=} /k/
Z 5 /) — : : '
10350 10400 10450 10500 10550
Energy(ev)

Bl 3~ pH 57 F BMF S L chFfEf-454 & X e ke mai
BRERE o UBRPH L 4409 F RFERF L 1 X AL e -4 £ X

kxS 2% 17 2 End member -

3.
> — pH9-28
‘0 -- fit
S 2 .
2 — residual
£
3 — pH9-49
N1 — pH9-1
T
E
2

10350 - 10400 10450 10500 10550
Energy(ev)
-1

Bl 4~k pH S 9 F B 5 28 2 i {Efk-4548 & 4 X ks ok (74
PiEE% o W3R pH S 9 F BPEFF L 134040 X BUR e chF e fe-454 & &

e X sk e )z k3 17 5 End member o
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15
15 (C)
— pH4-49
G 10 — it
<2 10
s S
< S
o > 0 e — '\,-\-‘ O O
2 3 4 5
Radial distance (A)
(b)
s : 8 (d) — pH4-49
¢ A 6 - it
4 4/
= 0 = 0
x -2 > -21
x4 * 4
-6 6
-8 -8
-10 -10
5 10 5 10
Wavenumber(A'1) Wavenumber(A™)

B 5%k pH 5 4> Fiepi-4545 & + 45 K-edge EXAFS R space {v k space #t &
B o (@O)F BFRF L 1= 5 (C)(d)F BPEF L 49 =

15, 15
(a) (c)
— pHO-1 — pH9-49
10 10 o
< <
z =
x . = 5
Ppse ‘ Y " S TR VAVA.VALV 4 0 Vs } “' A (P ALV N NI i
] 1 2 3 4 5 0 1 2 3 4 5
Radial distance (A) Radial distance (A)
8 (b) — pHo-1 8 (d) — pH9-49
6 6
4 4
& 2l &
. o2
E 0 § 0
g =
> - > -2
% 4 x4
% i
8 8
10 -10
5 10 5 10
-1
Wavenumber(A™) Wavenumber(A™)

B 673 pH & 9 FrEfk-4545 £ 1 4 K-edge EXAFS R space {- k space # &
Fek o (@(0)F RPFR S 12 5 (O)(d)F BFFR S 49 2
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Ga—0, 1.90 A

Ga—0s 1.98 A
Ga—0; 2.05A
Ga—0s 1.89 A
Ga—0s 1.98 A
Ga—0q4 2.02 A
0,-C 1.42 A
Os-C 1.41 A

Bl 7~ [Ga(Cit)2]* r& 4+ (O'Brien et al. 1997)

% 37 pH & > FiEpe-4p48 £ # ¢ sk K-edge EXAFS 4 & & %

Sample Shell Eo N * S¢? R+AR(A) o’
Ga-0, 8.41 3.20 1.92 0.00160
pH4-1day
Ga-0; 8.41 2.74 2.03 0.00168
Ga-0, 10.01 4.47 1.96 0.00211
pH4-49 day
Ga-0, 10.01 0.92 2.11 0.00174
Ga-01 9.59 4.77 1.84 0.00534
pH9-1 day
Ga-0; 9.59 0.76 2.07 0.00300
Ga-0, 8.69 3.44 191 0.00261
pH9-49 day
Ga-0. 8.69 2.26 2.06 0.00286

aE, = the edge shift; CN= the coordination number; R = the bond length; c? = the Debye-Waller
factor; R-factor = 0.0293, 0.0197, 0.0309 and 0.0276
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2. 4F)
18 5 e sHrps & b 4 B sk o T RS pH 4 SRIL R
OGR4 AT R R Al 3 80 X )k AT A PRI o

¥ i S AR & 0.8140.05% 0 BT 4RI B R AR 1S 0 £in R R

o

B el e 7 BT R AR o X LRI R ¥ AR R A JLR] 1 4 o
BEAN AR LIRS pHA R AT 07 3 AR ER L A E ik

B -~

b
hApent b o A pH7 frpH 9 dyed® e > R 8 4pt b4~ B 5 4.15-5.51 %{r 4.33-
521%  "EFF PFRE e 3L F P DR > BINA BT o PG IR
WResE & gl £ 8 o Bk kY > v Visual minteq #-52(®] 9) » 4F] pH 3.2 14
{6 In(OH)3g % 2 & 48 o Aih4e FEfkte » A pHA HRE T > Pl FHFR kiR
Bo o B AR S 4FIN(OH)s et B R s o 2 F AT A D be R Rk i 2
TR BT ROB B R R o FI LRET AL B R S TR s &
(Ringering et al., 2019; Kouhail et al., 2020) -

FAEArsrgs & F R k{8 BiBip e & FlenF R 7 X ke je kA 47 0 12
BRI ZRPH E2 F R HFE Flepp ok BT B10 5 27 ki3
FPpH - F O RFEFRERT o FHERB4FR? B F RFF X kg o €8 10(d)
FURFEpHApH 7 fopH 9 chpgZ e » grpn X ke je kil P LR
Mo e FORRE R s e R RIE R R L & P A1 (B 10(a)(b)(c)) 0 AE T 4R
e i 2T Eo BT enfie i iE 05 At kAP o

B 1112 % pH44cpH 9 7 I 7 PF I cnfi 48 fa-4F B2 & 4 4F)K-edge EXAFS
Rspace frkspace #t & Bl -3 #-H 3z & B % I 4 4o v 8 A ¢ BB 4 pHA»
4 B R S pEap 2.15A chF ¥ F R B80 X iUt et F 1l X kgt w2 R

b pHO 4FElehs e s 215A > P F R 80 x AR e F R 1

—=
A

IR - i PR e B L BT A BT RRAFR & e
peTR B Tl X P pH ok @ § #rie® o @ 1 A F7 g In(OH)3 2 = &
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No RS HE 0 4P F npEd: 215A 2 220 A & 2.22 A (Lehmann etal., 1970) -
AL A BT i 2 In(OH)s ik 4~ 2 = 7 73 (45 & 4~ (Hiraide et al., 1992) -
REom A F7 g cngr i 28 5 In(OH)3 il 18 £ AR R fE % i o A47 3 & & pH 2
EE TR RS B S pH BAFFOL RS I X B e S o
BRI pH P28 4FpEbrid % 5 In(OH)s » e &2 Frie e, = 7 3 MEas &4 S pH 1+ =
o FAERR R4S ¥ 1T A > Tt B pH F R 5Bk SRR LRSS £
Pooo T AFYRfe TR AR
P Rt ss & 0 45 (14%-42 %)Fr4r]0.8%-5.2 %)i% ik i st bl Er B OAE A
P pRHERERE SRS P RS B LB AR & AF
B FPLBd S AT 2L ARFIHAIF LB HLE o PRI
AR LR SRR T R Y 0w BT AR (F ik, 2019) 0 Fla
U GRSt bl e ¥ - AT Ay DAR(RET 2 U 064 A)T A 20k d(d
L 054R) 8% AR AR SEERS o LA g B B 0 A Bl X SRR
(Sillanpaaetal., 2018) -4 fr4F B+ £ j= 5 0.620A - 0.800A > ¥ F % 13 % >

Flo- RAFfrdFT de F A0 % > Fla FRA F ARG hL R o
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® pH4
A pH7
—_ B pH9
R 6
S|t : .
5 ]
4 g
(7p]
=
£ 24
° o o s ° ®
0 r T r r .
0 5 30 40 50 60
Day

Bl 84seF! $AFEBEF e ~ A pH E > FHA4FLT FF BT 307 &/

BE B

o
N

Concentration(mmol/L)
o
i

o
o

@ 9 ~ 12 Visual Minteq #-#t4F B+ 4~ 7 (0.2mM Indium in 0.01 M NaNOg)
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1.5~ (a) — pH4-7day 151 (d) — pH4-7day
— pH4-39day — pH7-7day
z — pH4-B0day — pH9-7day
@ g
£ 1.0 51.0-
£ E
T E
E 0.5 £ 0.5
o S
z F
0.0 T T T 1 0.0 ; T T 1
27900 28000 28100 28200 27900 28000 28100 28200
Energy(ev) Energy(ev)
1.51 (b) — pH7-7day 1.51 — pH4-80day
— pH7-39day (e) — pH7-80day
> — pH7-80day > — pH9-80day
‘@ ‘a
g 1.0 é 1.0
= £
3 3
N N
| T
E 0.5 E 0.5
2 2
0.0 T T T 1 0.0 v T T 1
27900 28000 28100 28200 27900 28000 28100 28200
Energy(ev) Energy(ev)
1.51 — pHS-7day
(c) — pH9-39day
> — pH9-80day
]
§ 1.0
£
ke
(]
N
®
E 0.51
S
z
0.0

27900 28000 28100 28200
Energy(ev)

Bl 10~ &7 k3% pH 27 FHER-4FRE £ A7 R P aaFIK i X
kwx ek o (@3 pH 5 40 F BPFF S 7% ~39 24080 % ; (b) A% pH %
7o F PG TR 393080 % 5 (c) Ak pH 3 90 F RPN 73 -39
1080 % ;(d) bampH S 4 7409 F 5 7% () AR pH 2 4-7409 £
PR 5 80 % o
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10 10

(a) — pHA-T (c)  —pHa-80
8 - fit 8 it
<6 Te
5 =
x 4 = 4
2 2
s J o N o
0 . . : . , 0 e .
0 1 2 3 4 5 1 2 3 4 5
Radial distance (A) Radial distance (A)
10
(b) —pHa-7 10 (d) — pH4-80
- fit
A0 5 10 10 5 10
Wavenumber(A™) Wavenumber(A™)

B 11~ 3% pH 5 4 4R & + 4FK-edge EXAFS R space fr k space # &
W3k - @QO)F BEE 5 125 (C)(d)F BT 80 -

10 10
(a) — pHO-7 (c) — pH9-80
8 it 8 -~ fit
% o Ea
= =
z 4 x< 4
2 2
X 1 2 3 4 5 N 1 2 3 4 5
Radial distance (A) Radial distance (A)
10 (b) — pHO-7 10 (d) — pH9-80
- fit -~ it
- s
: : WWW
=3 Z o/ AR Ty
Nx >
-5

o
Y
o

5 10 - 5 10
Wavenumber(A™) Wavenumber(A'1)

B 12~ 3% pH 3 9 Fipe4rps & 3 4F)K-edge EXAFS R space 4+ k space #t &
W o @0)F ErFE L 12 5 (O)(d)F KPR ;80 -
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% 4~ e pH & 0 FIEE-4FEE & 4 ¢ chdF) K-edge EXAFS # & 2 %

N * S¢?

2

Sample Shell Ey R+AR (o}
pH4-7day In-O 9.67 5.60 2.15 0.00644
pH4-80day In-O 8.49 5.63 2.16 0.00613
pH9-7day In-O 9.06 5.25 2.15 0.00630
pH9-80day In-O 9.60 5.87 2.15 0.00712

aE, = the edge shift; CN= the coordination number; R = the bond length; 2= the Debye-Waller factor; R-
factor = 0.0111, 0.0066, 0.0141 and 0.0121
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CER N SIBYE Y S Y S U R

1.4%
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AT RBTT N § RS G £ P T KBRS B A
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% 5 % b pH & i 4o kAR T PR 1 -4 K-edge EXAFS 5t & & %

Sample Shell Eo N * S¢? R+AR o’
Ga-0; -3.77 247 1.83 0.00111
pH4-1 day Ga-0. -3.77 3.08 1.93 0.00792
Ga-Fe -3.77 0.99 2.42 0.00175
Ga-0; 4.27 4.61 1.88 0.00485
pH4-18 day Ga-0; 4.27 1.38 2.09 0.00170
Ga-Fe 4.27 0.84 2.46 0.00121
Ga-0; -5.17 5.32 1.82 0.00240
pH9-1 day Ga-0. -5.17 0.81 1.97 0.00300
Ga-Fe -5.17 1.21 243 0.00212
Ga-0; -0.70 2.16 1.85 0.00530
pH9-18 day Ga-0; -0.70 4.28 1.95 0.00347
Ga-Fe -0.70 0.62 2.44 0.00178

aE, - the edge shift; CN= the coordination number; R = the bond length; o2 = the Debye-Waller factor;
R-factor = 0.0168, 0.0234, 0.0117 and 0.0127
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Sillanpaaetal., 2018) - & ipl4FpE 2 4p F #8 41 > & pHA 3B ™ - 45)2 In(OH)3 et
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%06 7 b pH E 7 4o kAR T cHE 18 L -4F]K-edge EXAFS 5t & & %

N * Sy?

Sample Shell Eo R+AR c
pH4-1day In-O 8.49 6.18 2.15 0.00680
pH4-42 day In-O 6.63 5.67 2.15 0.00624
pH9-1 day In-O1 5.99 5.78 2.14 0.00616
In-0, 5.97 2.38 2.08 0.00300
pH9-42 day
In-O2 5.97 3.24 2.18 0.00300

aE, = the edge shift; CN= the coordination number; R = the bond length; %= the Debye-Waller factor; R-
factor = 0.0267, 0.011, 0.0256 and 0.0235
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T~ 7 e pH & > B k4B 7h £ 70k idf K-edge EXAFS 5 & & %

N * So?

2

Sample Eo R+AR G

pH4-1day Ga-0q 2.17 3.82 1.85 0.00204
Ga-0; 2.17 1.24 2.03 0.00167

Ga-Fe 2.17 0.38 2.44 0.01207

pH4-18 day Ga-01 0.91 3.61 1.84 0.00193
Ga-0; 0.91 0.91 2.02 0.00107

Ga-Fe; 0.91 0.42 2.32 0.00280

Ga-Fe; 0.91 0.49 2.51 0.00153

pH9-1 day Ga-0; 2.54 3.92 1.85 0.00245
Ga-0; 2.54 0.89 2.05 0.00370

Ga-Fe; 2.54 0.10 2.34 0.00107

pH9-18 day Ga-0q 3.49 3.78 1.87 0.00267
Ga-0; 3.49 1.31 2.07 0.00348

Ga-Fe; 3.49 0.10 2.40 0.00324

aE, = the edge shift; CN= the coordination number; R = the bond length; 2= the Debye-Waller factor; R-
factor = 0.0191, 0.0158, 0.0172 and 0.0075
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aE, = the edge shift; CN= the coordination number; R = the bond length; 2= the Debye-Waller factor; R-
factor = 0.0164, 0.0259, 0.0285 and 0.012
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