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ABSTRACT

This study investigated the effectiveness of calcium polysulfide (CPS; CaS,) injection for the in-situ immobilization of
cadmium and zinc-contaminated groundwater. The research focused on the impact of CPS injection on groundwater
quality parameters, such as dissolved oxygen (DO), oxidation-reduction potential (ORP), and pH, as well as heavy metal
precipitate formation and aquifer's microbial community dynamics on a field scale. The results demonstrated that the
injected CPS formed a reactive zone, effectively reducing cadmium and zinc concentrations for a limited period. However,
contaminant rebound occurred over time, necessitating repeated CPS injections. A single injection of CPS achieved a
removal efficiency of 70~99%, lasting approximately 20 days. In contrast, repeated injections sustained the removal
effects up to 37 days. Chemical analyses confirmed the precipitation of cadmium and zinc sulfide (CdS and ZnS), which
remained stable in the aquifer even 86 days post-injection. Elemental sulfur (S) was detected in a significant quantity,
contributing to the observed low DO levels. Microbial community exhibited a shift from an initial prevalence of sulfur-
oxidizing and iron-oxidizing bacteria to a later dominance of sulfate-reducing bacteria following the cessation of high DO
recycled water inflow, potentially enhancing the formation of CdS and ZnS.
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9P % o} HAG EY B Aol B} ol olA
oF Sk} (Akpor et al., 2004; Li et al., 2019; Parvin and Tareq,
2021).

FE%0R 998 Akt YuHoz B85k
B8 P 8 AAAPY o= J3 & 5 9o
(Kikuchi and Tanaka, 2012; Hashim et al., 2011, Zamora-
Ledezma et al., 2021), =1 5 3}sh%] HWPHo 2 3hrkA|d
A (FeSO,), W= 97F&(Fe’), Calcium polysulfide (CPS),
B L UEFNS,05), 71843 2848 24,
Hd) 5o SAAE )83t Al W T55 o2
= AN A 8 FEE WAL HFgskehs el @
AMEETH Chrysochoou et al., 2010; Ding et al., 2021; Ludwig
et al., 2007; Mpouras et al., 2020; Mystrioti et al., 2018;
Yang et al,, 2021; Yang et al., 2024). 53], CPS= 2~77<]
gol A=FHE Zetd SFER 382 Cas o,
CaS,ZHH ale|d Si= T34 ol whgato &3
EF(Ky) #ke] w9 2 Y-S pH WA= Hget
&8 (metal sulfide)s sk Ao=Z deA Aok
(Huang et al., 2021; Najafi et al., 2022; Pohl et al., 2020).

53], Agkr 552 Wt TSR 299 Mt
A BA lo] el Qg A Aol sV A=
A elre FAl FUS B3 TEES HFEs) sl AT
Aelsh= Zlo] 3Rl Ao ¥ arsar Itk (Huang et al.,
2021; Yoon et al., 2024). 2A|= ZME= 100-A ] (Hanford
100-K, Washington, USA), Hl¥lth S73)-§- 9 EHA]
(Nevada Environmental Response Trust site, Nevada, USA)
N FE(Cr) £ FFHAel| CPSE FY3I A|55=2]
AES A= 3l IHAIA A3l vt Atk(Petersen
et al,, 2006; NERT, 2018). ©]¢} 70| CPS EIA|S o83k
Tu5 s 71e Ak W Cr Ak {3 At
T2 TREeH, FEEY JI=F(Cd oA (ZnE
3t Aol 28871 913k AR R A7t HE
== 1} UTHGo et al., 2023; Yoon et al., 2024).
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Fig. 1. Groundwater flow distributions and water table depth
(below ground surface).
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Fig. 2. CPS injection schedule of (a) 1% (3/14) and (b) 2™ monitoring (6/13, 6/27, 7/19, 8/1, 8/17, 8/29) (note: water quality of recycled
water: pH = 5.86, ORP = 13.7 mV, DO = 9.22 mg/L, Cd = not detected, Zn = 2.14 mg/L, Ca = 3.59 mg/L, SO,> = not detected).

Table 1. The initial water quality data (mean + standard error) from the remedial action site

oH DO EC ORP Zn cd Ca SO
(mg/L) (us/cm) (mV) (mg/L) (mg/L) (mg/L) (mg/L)
1 row 4.01 1.75 7168.33 349.00 4220.63 262.26 295.57 10452.83
(#0.23) (+0.08) (+230.30) (£18.45) (£552.52) (+23.73) *12.16)  (£1227.41)
2 row 3.99 1.78 7470.60 329.80 3713.28 220.22 324.47 9914.70
(£0.07) (+0.34) (#379.37) (+38.41) (+374.56) (+30.58) (#21.61) (+710.56)
3 row 3.39 0.93 7455.00 444.67 4345.03 257.84 239.39 10437.42
(0.01) (+0.34) (+153.87) (+23.33) (£74.03) (#9.27) (+2.60) (£155.40)
4 row 3.68 1.52 7373.33 399.00 3768.88 266.50 307.67 9280.25
(#0.15) (+0.60) (*133.61) *17.21) (+208.35) (£9.25) (+29.84) (+463.41)
5 row 3.58 1.87 7516.20 394.00 3873.75 215.10 286.58 10065.82
(+0.20) (+0.53) (+426.59) (+14.98) (+141.43) (+21.80) (£10.45) (£162.38)
6 row 3.88 2.37 8783.50 269.50 2897.25 115.99 355.56 9199.50
(0.12) (0.78) (#119.32) (*15.51) (+£96.05) (+6.03) (+£35.66) (+198.86)
7 row 2.94 3.35 9027.67 385.33 3192.00 121.51 287.83 9448.08
(#0.17) (1.01) (+83.75) *17.17) (+26.88) (#3.12) (20.11) (£31.66)
8 row 3.69 3.46 8338.00 264.00 2343.69 87.91 417.38 8368.81
(+0.34) (+0.56) (+£338.02) (+47.14) (+349.01) *11.11) (+43.28) (£533.52)
9 row 3.49 5.70 7414.50 145.50 2513.38 103.12 402.80 9596.31
(#0.27) (+0.41) (+258.08) (+87.76) (+124.37) (+5.74) (+67.88) (+457.45)
LM FHH] 29%)S 3)4sle] ARSI o]24<2] CPS Theoretical concentration of CPS(%) =
T =T S B2 APlA 71=F oFdo] 99% (Cd(ppm) x 1.45)+(Zn(ppm) x 2.50) )
ol AAREE Ha T vl&GHY] 145, 2,507 7=

B olde] 271E =57} 262.26, 4220.63 mg/L) AL
sle] 2] (D 2ol AXFFATH(Yoon et al., 2024). ©o]=
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20233 62 8YFE 109 SUZHAZ A2E AAHAWIL,
IW12, IW13, IW14)°] 5% CPSE Z+Z} 1000 LY oF 2
Aoz FJ3UKFig. 2). &, A23k AU 2ol CPS
E FYHA| e o= Y9 cpse] S F

A7171 918 HHoZ e x| TS Fo TF

Aol FAsHTh(Fig. 2).
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AR AN WL E o83t Ak AR 4LE
ANFSAT. 2NFHT Al Az AN A @2
FE(EEA(DO), 40l FE(pH), 4138 & 9]
(ORP), 7= =(EC)re S7838oH, AT Ask
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Ak sl FrEAgE etz P8hlEEa17) (inductively
coupled plasma optical emission spectrometerscopy (ICP-
OES, Perkin-Elmer, USA)E ©]-83}] F54(Cd Zn)
9 Ca ¥5F w4, o] AZrtETHI(lon
Chromatography, DIONEX ICS 1500, USA)E ©]-8-3}]
SO, =& A
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2%, 6% 8, 79 6%, 89 8Y, 9¥ 6, 10¥ 5yl 2A
A5k A& 3LE AFHSEL 045 pm o Millipore,
USA)OZ o}t & oajute] sl £44& AAIRT CPS
Tl W2 A v E e 5495 vlwstaz) o7
g0 ZHE] DNeasy PowerWater Kit (QIAGEN, Germany)
£ o]ga}o] A|zAke] wPol] W} genomic DNA (gDNA)
FZ315th. 2% DNA9 F=9} ol gk QA/
QC+= Multiskan SkyHigh Microplate Spectrophotometer
(ThermoFisher scientific; USA)2} o712 2~ (Agarose)2 S
AREEE A7 EHRS Bl ERlsknt

ZHAIT] D714 E-4 (next-generation sequencing, NGS)
2 Macrogen Inc. (Korea)®] Miseq (Illumin, USA) “ZH]
£ o83t mAYES] 16S ribosomal RNA (165 rRNA)
AR V4 FHE GO0 E AR Wl ot 5
Foplth. NGS A=z ol d71dSe QIME 2
(version 2022.02)5 ARS8t HAE] R BAEH £4s
I=3Y819H(Bolyen et al., 2019). 971E2 demultiplexing
H8E AA AMES BE3lal, DADA2 dfo]ZeRlS
AMESEe] QS HASKL 0|25 A A3} amplicon
sequence variants (ASV)E T8I tH(Callahan et al. 2016).
TE ASVE q2=phylogeny plugins A-8-3}d mafft
methodZ A E3}93 Fasttree methodZ phylogenyS
E-935190H(Katoh et al. 2002; Price et al. 2010). ASVE
Silva 16S ribosomal RNA database (release 138)5 1L
slo] EReHR o= TSIt Bk rE Y F ok
Fd FSE, AE T A T TR B4 QIIME
2 pipeline (https:/qiime2.orgys ©]-8-3f] =3P3}3 ).
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Fig. 3. The concentration changes of Cd, Zn, pH, ORP, DO, Ca?" and SO,*" during the first monitoring period.

RIS = AATHFig. 7).
CPS 79 ¥ F487 s 2+ d(H4~9¢)e] ¥

4
T Cd AAEL 2090] g Foll= Ha 70% oS

[e]

J. Soil Groundwater Environ. Vol. 29(5), p. 14~26, 2024

FABIIAT A1, 2, 38| WAL 6do] A A5+
°F 50% olste] AIAES HATKFig. 4). °IHH FU4

Qo] AAgo] Az A Aoy B8 WS whe}



FAE o183 Asl W s 7k=E okl 343 Vs A A8

o] CPS7} F= & FkeHA] Fahad] 7I/1shs A&
AT Zn® Cd HISSE B3RS Bolou, 79 § 7
o] At AR AR sk e 7 A4-99)
ANA HF zZn AAEES 67-98% ©]AaL, o|F A AL
A ASHAT. 037 CPsell 93t FEE A E A
A= CdEY Zno] WkET), Sl F g W
Cd (Kgpca=8.0 x 1072)0] Zn (Kgp, zns= 1.0 x 10721y T} %
AHoz wkgsl] o =8 AAEY X&EaHE FAI%
Zo 7 e

A= AUl 7175t DOE Hit 0.89 mg/LollA]
CPS Y % 0.80 mg/LOZ 7431t v S7h=
BEFS B, Y F 49Y0] AYAME 2.7 mg/L o8t
2 9 A FJtkFig. 3). oA cpsele] wkgow
/3% CdS ZnS &HS 7] ol 499 Bt =3
Aol P F AR 25 DO7} 8 my/Lol|l EEslo=
8% A k=H](Yoon et al., 2023), 7R e] whe
DO (2.7 mg/L)E X8l A= A5l % CdS2} ZnS7H
ZslElo] ABZEA] S AoR AaE

pHE CPS 0|3 Hd] 9.68714] 53 BAHE AN

o,

7} 8 8% A E) mujE)R 19

Ak 20€0] A 4¥ 399 BAHES] pHe HIF-E 7008}
AkFig. 3). K Aol oJshd, 4~842] DO7} 8.4 mg/L
ol pH7} S, 7, 8%1 XA ZnSe] AJ&=E5/32 pH
7} 821 A= ALjslae 2A7 3 AAE aexas
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Fig. 4. The concentration changes and removal rates of the row-averaged Cd and Zn during the first monitoring period.
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dZHE 9m GOzl 3P A8EHY 989] Jl=F F=
i 1449 mg/L, H] 7223 mg/LE A|1~783% & 2o
£ Btk ol A&k freidd Wt CPs7t WA=
gFol 9m o dFEHE HH|g Ao R AoHETh Eg
9] 7l=F FHAAEL 99 6ol A2EH A58
AQlelal BE 7I7F B BF 70% oS A3
THFig. 6).

ol¥dt A AR Al2a BUEY 73 Bt
A1l 7871K12] BANM Zne] FEE CPS Y &
Bt 55.61 mg/L, Hh 1646.93 mg/L o|&}d o}, 31 A8
A3} 989] 7Zn FEE HiF 726.61 mg/L, JtH 2040.50 mg/
LZ A 1~78HT} =90} T3k A=} BUEY Ae] 79
CPS 9] ¥ oF 200 At AHRE] B #HlA
Zn®] A|AEo] F43] et 74?% Hhs)], 5201 CPS
Y F 72 E i Zno] AAELS CPS T F 37¥0]
AE AgEH 988 AQsl BE GollA 90% o)t
S FA3KFig. 6).

A2z} CPS T AUl 717F <t DO7} 9.22 mg/L]]
Aol8E WA o2 Fqlslde CPS 4 ©1F- DO
o] #ZolA 1 mg/L olske FAISIA=T (Fig. 5),

_,F

tlo 1N 08,

ol ARBHEE-0 2 AAvt AHlEE AL 9wt kA
A3 22" DOZL 1 mg/L o]kl SHellA= CdSet
ZnS9] 2kspEgo] YouA] kS A0 o=, 23]H
2l 3" CPS FYo= AAE SV 8F4kAet 94
Aoz 9hgsle] TE4e 4elE JAlste] dAelA
AE Cdse} znS HRAEo] 2k} 2719 R34l =&
Hojgks aksll] <3 ggko ZRE g Aog Alg
HhH(Yoon et al., 2023).

s +§02»320§’ +(x-2)s" 3)
pHS 7% CPSE WHE- FY3t A3}, Al1x}F CPSTH
AlUE] ¥ T} pH 8o A8k TS0l BAT

T8 At d BHES 701—8}912\31, CPS ¢
T 370 AFAHNME F ,M 2, TW03, OW052}+
A3 AH(OWI12, OW13)S A|2ls L—t— 5 701819
(Fig. 5). ©]d A7)4 DO7} 84 mg/L ¢l 2 4
ol 23} 8 4kl o5} z; HAEe] A8FEo] Yo
WA DO7F 1 mg/L o8tz W 2% Al8=e] ¢
oU=A F7HQI A é&o}E}(Chou et al, 2018).
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