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ABSTRACT

This study assessed the optimal injection dosage of calcium polysulfide (CPS) for the remediation of groundwater
contaminated with cadmium (Cd) and zinc (Zn) at varying concentrations. CPS, a powerful reducing agent, was applied to
groundwater samples from two contaminated sites with high and low heavy metal levels. Increasing CPS dosage resulted
in higher pH and lower oxidation-reduction potential (ORP). In the high-concentration sample, a CPS dosage of 0.3% achieved
over 99% removal of Cd and Zn, with CPS/heavy metal mass ratios of 2.29 for Cd and 3.13 for Zn. In the low-concentration
sample, CPS dosages between 0.03% and 0.06% also achieved 99% removal but required higher mass ratios (15.88 for Cd and
5.33 for Zn). Surface analysis using X-ray photoelectron spectroscopy (XPS) and scanning electron microscopy with energy-
dispersive X-ray spectroscopy (SEM-EDS) confirmed the formation of metal sulfides such as CdS and ZnS. The findings
suggest that lower metal concentrations necessitate higher CPS-to-metal ratios for effective remediation, underscoring the
importance of site-specific optimization of CPS injection for stabilizing heavy metals in groundwater.
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F83hs FHUENA A A AFS =4S 7t
3S =0 (Jung et al., 2006; Lee et al., 2015; Akiyama
et al. 2017)

TEES R AR 725 THE Bt
Bol 2k Adeolld € a7t o sl EEE
ek o2 Agslr] Sl IrbAoR o § ol
W, o3, JAEH T B -58H A FRe] AR

Ho}. 1oy AT vl o] 4124 (heterogeneity) 0= {13H
LA Wle} vt Bsla ts e 49,
12 (pump-and-treat) 3> *2] & FAE S
ol A 3HA]7F ATHChoi et al., 2009; Lee, 2010; U.S.
FRTR, 2024). o]&|3t TAE djdsl7] #1380, FTol=
AR (in situ) A2E B3 FEE0] 18 (stabilization)2}
o5 d(mobility) A7+ 7I&o] FEaL Qlvk. 53], 38t
2 kel Wke-S- &85k 2 (chemical precipitation)
< B3 TEES UTE WellX a4sla, AEdleEs
H aaxoF Felelele At &ds] ZsiEa ot
(US. EPA, 1999; Fruchter, 2002; U.S. DOE, 2007; Asmare
2021).

A AR Dok AF FEE A E 99
3}8} %2} (In Situ chemical treatmenty> AJ&E3H *i2]

et al.,

Hol| 285k BAl= 3KS), Z(Fe) 7IWro2 & 7}
581 Di-(m-Octyl) Phosphinate, FeS, FeSO,, CaS,, NaS,0,
T o Al tigk A7t 19 v Uk(Esalah et
al., 2000; Chrysochoou et al., 2011; Cheng et al., 2018; Zhang
et al., 2020; Asmare et al., 2021; Estay et al., 2021; Hu
et al, 2021). 22} B4 7+ A oHEAl, HelAl 59
Z2AZ0] Holsta AA EE EF FI3F o7k o],
2242 ggos PP #9892 AY Caleium
polysulfide (CaS,, CPSy’} T2 ARSHE Zo2 HiEy
I THArantani et al, 1979; Soya et al., 2008; Zhong et al.,
2009; Mpouras et al., 2020; Li and Zhang, 2021). CPS=
Ashe W A 0 BEA EE ] F ol isheast
Hk-S-3lo] W2 &= F Calcium thiosulfate (CaS,0;)
Hydrosulfide (H,S)E A%t &, S55Me* ) Hkg-31
< B3lE(metal sulfide, MeS)S A3} ol= T
5% 75 FE(metal hydroxide, metal carbonate)l] H13]
B3 KV BA SR WokFig. | #x%) A8
TFsol Sluleled Fa4e] A W sl k-
3 Ao A& Uti(Yahikozawa et al. 1978; Dahlawi
et al. 2017; Pohl, 2020; Go et al. 2023; Yoon et al.,
2024). ApAIEE W34S Eqs. (1)~(4)° AAISFATE
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Y v gEe] i) Swr) HolAs F224& 5o 9o 2
E4S Agslr] s d7Ea on, Hg WhHo| u} CaS,+CO,+H,0— CaCO;+H,S+(x-1)S )
2F °FE 53 (chemical injection), o A M62++C0S203+H20C>MCS(S)+CaSO4+2H+ 3)
(permeable chemical barrier) & 3= 3P (bioremediation)
Sog PRI 4 r(Yin, 1999; Ott, 2000). °KE 79 Mc™ +HyS & McS(s) +2H' @)
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Fig. 1. Comparisons of solubilities for metal sulfides and metal hydroxides as a function of pH.
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Me*": represents the heavy metal cations, MeS: represents

the precipitated metal sulfides

ol FPH AFNNE FTEEHSE 29%
CPS solutions 83 'S Agshe 59 A+7F A
Y= S (Chrysochoou et al., 2011; Dalawi et al., 2017;
Mpouras et al., 2020; Hu et al., 2021; Li et al., 2021),
Cd*™, Zn* 59 27} Fol2(Me* ) E 2 HH As&
Asketr] 913 A7 ARIZE Mgk Aot 58] =y
oME st TR B Fu5oE 29E A% A8t
T AskE g d77F G5 9 A7 A2 K Go,
2023; Yoon et al., 2024), 24 FX2] A Eo]H(site-
specific) 547 =2 olgehy 4 To] BF H=EE
CloRE 2719] Askel] CPS B4 83 WS sjop
a7] siek 74 77} Basio

w7 O FEe) FE4 ETED ol 4
o] kst Aslg: W CPSE FYste] 34 AAS
718k HZ CPS % & H FYZFE A=k Aol &
A7) T8 EFolot FAAQ] A EiEe (1) ohdst
x| B3 FEEoE odH & Xl AlEel CPSE
283l Fas T 9 v HA g4 Y 20s

A&l ARS8 Calcium polysulfide (CaS,, CPS) -8
L EY e He Wl F55 AsE S8 AR
=37 Q1= CPS 29% 89 (Lianyungang YoSoo Industrial
Technique Co., China)yS w3l A&l AME-ghTh. CPS
42 pH (pHeps = 11.2~11.6)7} vi-¢- =31 A5kl
21(ORPeps = -240~260)7} wll-¢- 2 Aoz RIS
3 BHTF U (s = 123128 glem’y} 2 Ao
LdHA QO H(EFSA 2010; Dahlawi et al. 2017), ¥
A8 AgtellA B E2islelE 548 Table 190 A
33T} Fig. 20 YRt uke} o] CPSe pH H<lollA
CPS Y] && JHlZ EAleke & ol (sulfur ion)y> T2
HS ¢} ¥ ¥ 2 FAEh AA 83 A8k W) 44
Al AgkE Wi Me** 9k CPS Wl HS™ 2 S* 7} ¥E8-3ll Metal

&l
£

299 Xl A= 93} Calcium polysulfide (CPS)S] & FUH =& 51

Table 1. Physicochemical properties of calcium polysulfide (CaSy)
(EFSA 2010; Dahlawi et al., 2017; Go, 2023; Yoon et al., 2024)

Molecular formula CaS, (x = 2~7)*

Molecular mass 200.4 g/mol*
pH 11.2~11.6"
ORP (mV) -240~260%
EC (us/cm) 37,446°
DO (mg/L) <0.2°
Density (g/cm®) 1.23~1.28%
Boiling point 104.8°C*
Appearance Amber liquid

(orange colored liquid)?

Surface tension 71.33 mN/m at 20°C*

*EFSA 2010; Dahlawi et al., 2017
%Go, 2023; Yoon et al., 2024
‘In this study
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Fig. 2. Chemical equilibrium between different sulfide species as
a function of pH.

sulfide 3= FEHIE Td5hs A2 YAtk (Migdisov
et al., 2002; Lewis, 2010; Prokkola et al., 2020). A3k
HS-21.- Egs. (5)~(8)°l #AI31saTt.
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Ak A7 FAE Ssite=, A A FA Y Al-bA
9 &HA] B T F8 9o otE= 9AE
AR oH, B AL QI AR ERE F9- Al Hi9
TR QB AT W FE5 s=7F 4% FAHAS 7t
$740] U= A eE ARSI Aekr Alsel gk
7 o]3}8}2 EA(pH, ORP, DO, EC)S thekst thah
=X71715 &85}tk pHe ORPE YSI 4110 (YSI Inc.,
USA)S &-8319°2™, DOE YSI Pro 1202 (YSI Inc.,
USA)E, ECE= YSI Pro 30 (YSI Inc., USAYS A}85}o]
SA3IE A8l Ul EAlske 559 T8 ol
FrEdgEetzet WgEAH (ICP-0ES, ICP-MS, iCAP
Q/QR, Thermo Fisher Scientific Co., USAYS ©]-83}3.S

, Sole-2 ol 7ulET1gfu)(IC, 940 Professional IC
Vario, Metrohm, Switzerland)S Z3l #2433}t

382 A (Batch testyS 50 mL ZUZ FHOA AL
(25°C) 202 s 29% CPS &S oheksh
Hl&o] 24w FA8le] | miE ZH]8kaL, 49 mLo)
Tas 29 Askrd Hrlste sk W a5 A7
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Fig. 3. Pictorial views of batch reactor with CPS injection.
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FYeke o]H 3 (Go, 2023; Yoon et al., 2024)°lA]
ZA1E 25 U] 8 222 A 223 mass ratio
(CPS/Heavy metal, w/w)S 7[HEo.2 9] CPSe] &&= H
AA A 0~1.5%, B A 0~0.12%)S 2Hg3lon wt
S0 AL Fig. 3(a), (bl AAIEATH

CPSE FUg A Al AISE 130 rpm Z70l|A]
24 hr 5% aRksle] WREAIZL & 24417 7t AR A
AAA 1Y FEE APt o]F FeHE 353t
0.45 um GHP filter2 13t 5, §Ao] 4 o|5)shy

S4S solela $E4 SRS PP

o FEjE HHES 45°C Ax2OA 3Y oY Hx
7 3l

AR 3 XA FRR B (XPS, Thermo Fisher Scientific
Co., USA)E o] &3l Id F5& IAES] 4%

A A BT w3, AHEY =4 2 ),
T893 FAE U 94 BIE 3R] 93 FARAE
v /oA EAHE B3R 29 (SEM/EDS, UHR FE-

SEM(SU8230), Hitachi Tech., Co., Japan)yS 2A|&}53T}.

w
Y

2 o D

4.5~5.1 B2 2H3S HRO™, ORP (mV)E 163~182 mV

< ERISKITE DO (mg/Ly= B A4
oA T A YRt ¥ EC (us/em)d] 29 A AH
Act. ol DO ¥ EC %
o] zlel= F AFE Al W T55 w59 Aol 7]
olg Ao g FET) Table 20 QoFd S84 TS
B3 F AR 1 FEE F= A7t ERIEeH, A A
Aol cd7} 27.18 mg/L, Zn7} 1,529.77 mg/LE S35
A3, B AFolA Cde 1.58 mg/L, Zn7} 113.64 mg/LE
=450l T XA 7t F= 27t &F 10~158] o1 A
o7 LA} web A AHES aFE F(Sample

Table 2. Chemical properties and concentration of heavy metals and sulfate in groundwater samples

Sample EC TDS  ORP DO DO oH Cd Mn Fe Zn Mg Ca S0

(uS/em) (mg/L) (mV) (%) (mgl) (mgl) (mgl) (mgLl) (mglLl) (mgLl) (mgl) (mgL)
A 4502 2251 1639 227 204 511 2718 4461 004 1,529.8 11956 352.81 3,568
B 1,977 988 182 476 416 451 158 3024 009 11364 13136 26324 1,284
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3.2.1. AFE F25 24 ABlS Fx W3

A AA A3l A8 CPS £HS FI3 & uhgx

S ol3lstd] E4Jo] W3S Fig. 4(a)ll AAISFATE
pH % ORPS] 7-¢- 271gk tivl CPS A& &7t 57}
4= pHYF HRF o2 7FAEkaL ORPZF HRHo= =
7Fkant. 28y vkg-% W CPS E57F oF 0.1~0.3%2
ke AEHE pHY 4% 571 2 ORPY 5243+
g UeRIIE T, Aalr i) T4 A7 oiF
2AABR= 7nd] FE7) 27]) B% uE] 99% o)Ak A
AE Aoz IQFIL o]#d A= ol AT
(Yahikozawa et al., 1978; Tu et al., 2018; Go, 2023; Yoon
et al,, 2024)9} FAlSIH, v W F4E CPS 99
HS™ o]} S35 Sy Askr A8 Ul 88 55
Z3} whg-3te] AHE(CAS, ZnS 5) FA0lLH)S
Ao Z4 pH7L HRXZF o' 7443 Ao ATkt
(Eq. 7, 8 #=x). o]F ¥H&x Ul CPS F=7} 0.3%%
ke AlgdMe 8 55 UMl 23 9% CPSe
g3l ola) w3z W pHO =7} ¥ ORP| #HAS
7% RHow ATk}

A A3 A3l AlFol CPS £ FUI F wkgx
W 3<% 5 H3lE Fig. 40l AXEATH 4
slel2 5/9e] Wsle} fARHI, CPS $57} S71el w
2} CdY) F5E 743 7249 vhE 7t Mn, Mg &
T JARAHo=m AT ES CPS FYF=Tt
0.1~03%= 2331 745, Cd Zn 57t 345 24
3 A8 BRIEIgth £3] 0.1402%2] CPS 57 #8-9
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AlgoflA Cdo] EFZNot Detected, N.D.)E1.21, 0.3%
o] CPS ¥57} A&H AlFoIX Zn F57F 1,233.66 mg/L
— 0.11 myLE A7=o] oF 99.99%°] A7 a&S
ERiiTt. olejgh A= 4 o|5}ehH Edo] msle] 7]
w3k CPS H2 F9 FE9) 0.3%2} Blad Ax)eh, ¢

Al &% (critical concentration) ©’e] CPS7} U= H$-

o Al Wi FEHS] AHE 58 v Age] &8
Ads & o Aok w9k, 2 FEs E CPs HA FE
St Bold AR e, ofe g4 Fsk=e v
SEmsl A} gt ERisket QA met &

A7) wWizoltt.
T g3ke I AgollA wkeLwet At FH

k)

= Tus o9 FHst W(charge density), 83=H
F(K,p), pH, A8 Zdei ol e dA7E )i 4

f

50, Cd2 zndll BIE| O 2 K, 3 7K,
CdS=1.0x10%, ZnS=1.6 x 107%), o= HA gAdo] &
qskxo = o FE|ds vERdT olefgt 5402 <l
Cde Jdoz e CPS FEoME a3z AA
2 &= tH(Huang et al., 2021). ¥HH Zn2] 739 Zn*" ]
298] st D=7} Cdroll nigl wol g3kE g4 2
Q3 g3lol 2 FErt HH o R o T} o2 <I8)| Zn
AAZ JelHe o ®& CPS v=7} 8790 w3
T4 o] 11 Aol EAlE F8%H YIS vz
Aol o] AL 745, BA ol Fslol k| vt
50| FAEo] thE o] 9] HHo] AAdE = Ut o
= 5°], Mg¥¢} 2 @] EFS o]R0] Zn* E Cd**
9} FAle EAletd Fslol2e] A vhgo = Qla
ZnS 2 CdS o] AAE 7Fsrdol =okItklo et al,
2007; Lee et al., 2020). ©]¢} 2o], TF52] 3184 &
7} Wk 3ge] Elslety o] Adslie] 7t 549
CPS HZ FY T&7t Aolst 49E Yehfle 3e=

;

O

f
|
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Fig. 4. Changes in heavy metal concentration and water qualities following the injection of varying concentrations of calcium polysulfide
(CPS) in a batch reactor containing high concentrations of heavy metals (A sample).
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Fig. 5. Changes in heavy metal concentration and water qualities following the injection of varying concentrations of calcium polysulfide
(CPS) in a batch reactor containing low concentrations of heavy metals (B sample).
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322 A5 334 09 Asis: s
B A4 Ajals: Almel CPs 89 0% F W U] 4

2 o]z 549 ®ISkE Fig. S(all AXEAT A A
A= 2o, B AR AlECAME CPS 5571 0.03%E &
H3l= AIHFE pH 9F ORPE] syt #EFHA o=
WEE Tudk AR HF CPs FY FE=Q 03% Wl
ofF 10 vl e ==, Al Alg W Cpset v &
wre] Aol FiFog Hof I Wil Bagk CPS
s AFS ou|gith. =% DOE CPS F=7}
0.03%= 23 A9 FHsshe Zl0F ERIFUET, o=
HZA FYUF oPde] CPs7t A8 o] FFo] CPSE s
HWheE W 85 A 4l 7 VIR Kk Blo R
gadn. a8y ECeE 1EE NSk A8 A gy
HA FUF ol CPS7} A& Ho® F7HFo] At
o7 37 FE, ol CP7t 23 FUETiEkE CPs)
32 Qg §EEA] Yol ¥hgE U ECY TVHE
FrofmlsiAl 308 v A 947] wiiEe] A0 siiddnt.

B A% A5 Aol CPS &S FUg F wh
W S5 w59 ¥WElE Fig. 5(bpell Al 4 ©
88k 53] wslel 292, CPS E57) 0.01%5 ZHh=

i

—_

745, Cdo] E-7HZNot Detected, N.D.)E .21, 0.06%2]
CPS 557} 8% AlFA Zn %7} 108.81 myL —
0.03 mg/LE 7Ha3ked oF 99.97%2] AA &8-S5 BHach
ol#gt A= 4 o|seld 5439 wslel] 7|9iek CPSe]
HA U TR 0.03%2F B Apol7E /low, CPS
T4 Al sk F3AH,S) B B3k o] &HS )
AL T35 W8 s T35 WS- bl {4
TEE IFE JAAES FAHA Xt 243t
(crystalization) I4-S 93 F714<1 CPS F=H&o] T8
2 317] wiTolt}. o]t CPSe} 8 THEES ke &
o} AAFE xolE CPSY E&ot HE A7 Wk
Z Ul pHoll W2} 24 22}tk Aspillaga et al., 2023).
ATE Tu5o A¢ a4 x| ek 243}
o] ThATk] AYEEA] @4al Bk &8 CPS Yol
{7%2Z pH 3 ORPY ®ist 7|¥F CPS FU& Bt
A AE B0 2 ddhET) gk 9hg-xo)] CPS §4S
g FUshA &Y o] HEsK(supersaturated) FEH 7} F]o]
FRoluu A2 A3 o] AgEE 7] DAllA vhE
E57h AdHoRE =9d F Qe AeE HuHa ik
(Luther et al., 1999; Finney and Salvalaglio, 2023). ©]2{gk
ARE THE A AFre FEEHAAME pHY ORPE
wsletelete Faol FAE7] faixle 71491 Cpse)

L

R

Table 3. Comparison of the optimal mass ratios of CPS to Cd and CPS to Zn with initial concentrations of Cd and Zn between this study

and previous studies

Initial Concentration (mg/L) CPS/Cd CPS/Zn
Contents
Cd Zn (W/w) (W/w)
Yoon et al., 2024 1,000~10,000 1,000 1.74 3.00
Go, 2023 130.17 3,563.6 1.45 2.50
High-concentration heavy metals on sample A 27.18 1,529.8 2.29 3.16
Low-concentration heavy metals on sample B 1.58 113.64 15.88 5.33
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%9 Tt FEE A CPS FHF HHE AT
sl AFgsllor ke A7 2 4 UTH(McGinty et al,

3.23. 385 54 33 CpS FYUF Hlu

55 T HEH TEE(C, Zn)d] S me FUE
CPS9] Z(mg)2] weight ratio (CPS/Heavy metal, w/w)
£ Table 39 AABIAT. TeE Aol 7 72 F
FE(Cd, Znyd FYE CPS2 weight ratio (CPS/Heavy
metal, w/w)y= CPS/Cd=2.29, CPS/Zn=3.13%] Ao& %
AR ATE. o]= oA A (Yoon et al., 2024)014 Harg
CPS/Cd = 1.45, CPS/Zn=2.5 TR] At og & 43|
olt}, o] AFA Cdo FE== 9F 130.2 mg/L, Zn®]
FEE oF 3,563.6 myLE B ATl A8 XJElE AR
e] Cd == 9F 49, zZn F== F 29 o) =
webA B ATre] Xelg AlgollA= CPSse} HkgsE 8=
TEEY go] HUHoR Hof, A7k FFEo] CPSe}
S50y A3 (crystallization) TAINA 22 (nucleation)
33+ F(Qian et al,, 2021) FZo|= A S T3
Adelz 3% v k) cpsy o3l Avlw wd
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Fig. 6. X-ray Photoelectron Spectroscopy (XPS) results of the precipitates recovered from sample A (Fig. a) and sample B (Fig. b).
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Fig. 7. Scanning Electron Microscopy coupled with Energy Dispersive X-ray Spectroscopy (SEM-EDS) results of the precipitates

recovered from sample A (Fig. a) and sample B (Fig. b).
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