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A concentration-dependent dosing framework was developed for calcium polysulfide (CPS)-mediated immobi-
lization of cadmium (Cd) and zinc (Zn) in acidic, smelting-impacted groundwater. Batch experiments were
conducted using three groundwater samples representing low, intermediate, and high Cd and Zn concentrations.
The effects of initial metal loading on CPS demand, sulfide supersaturation, metal removal, precipitate forma-
Metal immobilization tion, and immobilization stability were evaluated using geochemical interpretation, mass balance, and extraction
Metal sulfide precipitation analysis. Dosing with CPS rapidly transitioned aqueous chemistry from oxidizing to reducing, sulfide-favorable
Zinc conditions. However, substantial Cd and Zn precipitation occurred only after the metal-sulfide ion activity
product exceeded the solubility threshold, defining a critical CPS dosage threshold (Ccps,cr). A slightly greater
optimal CPS dosage (Ccps,0ps) promoted sustained precipitation and reduced metal extractability. As the initial
metal concentration increased, the optimal CPS-to-metal mass ratio decreased markedly from 15.9 to 1.46 for Cd
and from 5.33 to 2.47 for Zn, indicating greater CPS utilization efficiency at higher metal loadings. Solid-phase
characterization by SEM-EDS, TEM-EDS, XRD, and XPS identified crystalline ZnS), elemental sulfur, and Ca-
bearing gypsum. Although crystalline CdS() was not resolved by XRD, Cd immobilization was evidenced by
up to 99.7% aqueous Cd removal. Overall, the extractable metal fraction decreased with increasing initial metal
concentration, indicating that immobilization stability depended on both CPS stoichiometry and supersaturation-
controlled nucleation and precipitate growth. These findings demonstrate that CPS dosage should be based on
both metal loading and site-specific geochemical demand rather than only stoichiometric sulfide requirements.

1. Introduction interfaces, and organic ligands, which collectively regulate long-term

persistence across aqueous and solid phases [5,6]. As a consequence,

Groundwater at mine smelting facilities frequently is impacted by
persistent heavy-metal contamination derived from ore extraction and
metallurgical processing, resulting in long-term geochemical impacts on
adjacent soils and aquatic systems [1,2]. Among these metal contami-
nants, cadmium (Cd) and zinc (Zn) are of particular concern because Cd
and Zn are abundant by-products of non-ferrous metal smelting and
exhibit high mobility and persistence under diverse hydrogeochemical
conditions [3,4]. Both speciation and phase partitioning of Cd and Zn
are controlled by pH, redox potential, competing ions, mineral
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Cd- and Zn-contaminated groundwater poses serious environmental
risks including threats to aquatic systems, food safety and human health
when used for agricultural or domestic purposes [5,7].

Because dissolved metal contaminants cannot be degraded, remedi-
ation generally depends on speciation transition, phase transfer, or
immobilization rather than destructive transformation. Conventional ex
situ approaches such as pump-and-treat, membrane separation, and ion
exchange can reduce dissolved metal concentrations, but field perfor-
mance often is constrained by aquifer heterogeneity, long remediation
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timeframes, membrane fouling, and secondary waste generation [8-10].
Consequently, in situ immobilization approaches whereby redox
manipulation and mineral precipitation isolate metals from the
biosphere through stable-phase transformation rather than groundwater
extraction have emerged as viable alternatives [11,12].

Among in situ chemical remediation reagents, sulfur-bearing com-
pounds and iron-based reductants have been evaluated extensively for
immobilizing metal contaminants through redox transformation, sulfide
complexation, and precipitation of sparingly soluble metal sulfides
[13-15]. Representative reagents include iron sulfides (FeS/FeSy),
ferrous iron-based reductants, sodium dithionite (Na;S,04), and calcium
polysulfide (CaSx or CPS) [12-17]. Among these reagents, CPS has been
shown to be particularly attractive for field-scale injection, because CPS
is highly soluble, strongly reducing, and capable of supplying reactive
sulfur species under subsurface conditions [12,16-23].

Upon injection, CPS undergoes hydrolysis and sulfur-speciation re-
actions to produce polysulfide, hydrosulfide, sulfide, and intermediate
sulfur species, including HS/HsS, S?{, and SgO%’ [13,18]. These sulfur
species react with dissolved divalent metal ions (Me?") to form metal
sulfide precipitates (MeS)), provided the ionic activity product (IAPpss)
exceeds the solubility product constant (Kg, ves), where IAPyzs and K,
Mes are defined as follows:

IAPyes = {Me*" }{S*"} €Y}
and
KSP«MeS = {Me2+ }eq{527 }eq (2)

where {Me”}eq and {SZ’}eq are the thermodynamic activities of free
divalent metal ions and sulfide ions, respectively, in equilibrium with
the corresponding metal sulfide solid phase, and Ky s is the solubility
product constant for a given MeS ). Because metal sulfides, particularly
CdS(s) and ZnS), typically exhibit substantially lower solubility than the
corresponding hydroxide or carbonate phases, CPS-induced sulfidation
can promote more persistent immobilization and lower susceptibility to
re-dissolution under appropriately controlled geochemical conditions
[13-15,24].

Despite these advantages, most CPS-based remediation studies have
focused primarily on the reductive immobilization of hexavalent chro-
mium (Cr°Y)  [12,16,17,25]. In contrast, mechanistic and
design-oriented applications to redox-inert divalent metals such as Cd?*
and Zn?" remain limited, particularly for field-derived groundwater
with mixed-metal chemistries. For example, recent studies have
demonstrated the feasibility of CPS-induced metal immobilization in
homogeneous porous media, concentration-screening batch systems,
and site-specific column configurations [19-23]. However, these studies
have been limited to empirical dosage information, such that more
generalized practical guidance for predicting CPS requirements across
different metal concentration regimes at the field scale remains
insufficient.

Building on these aforementioned studies, the present work advances
CPS-based remediation from empirical dosage selection toward a
mechanistically grounded, concentration-dependent dosing framework.
Specifically, this study links dissolved metal concentration, sulfide
availability, supersaturation, nucleation behavior, and post-remediation
stability by defining a critical CPS precipitation-onset threshold, Ccps, cri,
and an operational optimal dosage, Ccpsop, based on coupled
geochemical response, residual metal removal, and diminishing benefit
of additional CPS addition. The central hypothesis is that CPS-induced
immobilization is governed by both the stoichiometric sulfide demand
and whether the IAPy,s of a dissolved metal and reduced sulfur species
exceeds the supersaturation threshold required for nucleation and sub-
sequent growth of stable MeS). This framework is evaluated experi-
mentally on the basis of laboratory batch experiments by relating CPS
dosage to Cd and Zn removal behavior, mineralogical and surface-
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chemical characteristics of the resulting precipitates, and resistance of
these precipitates to post-remediation extraction.

The proposed framework was evaluated using site-specific ground-
waters representing low, intermediate, and high metal concentrations
that were collected from multiple monitoring wells located within a
single smelting-impacted site. Experimental evaluation linked CPS
dosage to geochemical responses, residual aqueous metal concentra-
tions, solid-phase mineralogical and surface-chemical compositions,
mass balance behavior, and post-remediation extractability. The specific
objectives of this study were to: (1) identify the critical precipitation-
onset CPS threshold (Ccpscr) and the operational optimum CPS
dosage (Ccps,0pr) required for Cd and Zn removal under varying con-
centration regimes; (2) determine whether CPS-derived precipitates
contain sulfide-associated Cd and Zn phases using complementary solid-
phase characterization techniques; (3) evaluate the stability and reten-
tion behavior of immobilized metals using acid extraction and sequen-
tial extraction analyses; and (4) develop a concentration-adjusted CPS
dosing framework for mixed-metal groundwater systems.

The significance of this study lies in advancing CPS treatment from
empirical dose selection toward a concentration-dependent dosing
framework. By distinguishing the operational critical dosage, Ccps,cri,
from the optimum dosage, Ccps,opt, and linking these thresholds to metal
concentration, precipitate characteristics, and extractability, the results
of this study provide a practical basis for site-specific CPS optimization.
The results further show that CPS demand cannot be predicted solely
from stoichiometry, but also must consider groundwater chemistry and
supersaturation behavior. Accordingly, the proposed framework sup-
ports concentration-adjusted CPS screening and dose optimization in
field-derived mixed-metal groundwaters.

2. Background

Upon dilution and injection into groundwater, CPS undergoes hy-
drolysis, dissociation, and redox-dependent sulfur-speciation reactions,
generating several reactive sulfur species, including hydrosulfide (HS),
hydrogen sulfide (H5S), sulfide (SZ'), thiosulfate (SZO%), and elemental
sulfur (%), that depend on pH, dissolved oxygen (DO) concentration,
oxidant demand, and groundwater composition [13,15,18,25]. The
distribution of reduced sulfide species is governed primarily by
pH-dependent acid-base equilibria (see Fig. S1), where H,S is favored
under acidic to near-neutral conditions (pH < 7), HS” dominates from
circumneutral to strongly alkaline conditions (7 < pH < 13), and sz
becomes increasingly important only at very high pH > 13 near or above
the second dissociation constant of HsS. Because HS™ is the dominant
dissolved sulfide species over circumneutral to strongly alkaline pH
ranges [13], MeS(, precipitation should not be interpreted as being
controlled solely by free S concentration. Instead, the precipitation
potential reflects the combined effects of total sulfide availability,
pH-dependent sulfide speciation, metal complexation, and the satura-
tion state with respect to MeS) formation [13-15].

These reduced sulfur species can react with dissolved Cd?* and Zn%*
to form sparingly soluble MeS() when IAPy,s exceeds Kg pes of the
corresponding sulfide phase. The saturation state is expressed as Qs
= IAPpes/Kspmes [13], where the magnitude of Qpes determines the
driving force for nucleation and crystalline growth, and Qs > 1 defines
thermodynamic supersaturation. Near-critical supersaturation (Qpes <
1) may result in incomplete or kinetically limited precipitation, whereas
higher Qs lowers the nucleation energy barrier and promotes rapid
formation and growth of CdS() and ZnS(,). Thus, CPS dosage can be
linked directly to reduced sulfur availability, Qs development,
nucleation behavior, and the immobilization potential of dissolved
metals.

Metal sulfides generally exhibit substantially lower solubility than
the corresponding metal hydroxides, providing a thermodynamic basis
for sulfide-mediated immobilization of divalent metals such as Cd%* and
Zn* [13-15]. However, the stability of MeSs) depends on pH, redox
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potential, sulfide activity, competing ligands, crystallinity, and oxida-
tive aging [13-15,24]. As a result, Cd- and Zn-bearing sulfide phases can
remain sparingly soluble under reducing, sulfide-bearing conditions, but
may undergo partial remobilization when dissolved oxygen or
oxidation-reduction potential (ORP) increases or when pH decreases [5,
13-15]. Therefore, CPS treatment should be regarded as
condition-dependent  immobilization rather than irreversible
stabilization.

Several reaction pathways govern CPS transformation, sulfide
speciation, and MeS, precipitation. First, for CPS transformation and
sulfur release, the following reactions are relevant:

CaS, + %oﬁc:ﬂszo3 + (x—2)8° 3)

CaS, + CO, + Hy0—~CaCOs(s) + HyS(aq) + (x — 1)S° @

Second, sulfide-mediated precipitation of divalent metals is repre-
sented as follows:

Me?*" + H,S < MeS,) + 2H" )
Me?" +HS™ < MeS;) +H" (6)
Me*" + 8%~ & MeS )

Next, pH-dependent sulfide speciation is given as follows:

- +
stﬁ»Hs* +H" K= IS JiH) pKi =6.99 ®
[HS]
S2-1 1t
Hs X2 g2 +H" Ky = % pK; =129 9

where the brackets represent dissolved concentrations, and pK is defined
as the negative base-10 logarithm of the corresponding acid dissociation
constant (K), i.e., pK = -log K. Finally, the supersaturation criterion
representing the thermodynamic onset of metal sulfide precipitation can
be evaluated using the saturation ratio, Qps, defined as follows:

_ IAPyes _ {Me*" }{s*"}

sp,Mes Ksp ,Mes

pes >1 10)

where IAPys is given by Equation 1 and Kgp s is given by Equation 2.
Although thermodynamic activities are formally related to dissolved-
species concentrations through activity coefficients, y, or {} = y[], ac-
tivities were approximated by measured dissolved concentrations in the
present study by assuming unit activity coefficients (y ~ 1). Conse-
quently, the calculated saturation ratios should be regarded as approx-
imate indicators of metal sulfide precipitation potential rather than
rigorous thermodynamic saturation states.

Thermodynamically, Qs = 1 represents equilibrium with respect to
MeSs), and Qurs > 1 indicates supersaturation favorable for precipita-
tion. The reactions given by Equations 3-10 were used as the theoretical
framework for CPS dosing and interpreting precipitation behavior, su-
persaturation development, and post-remediation stability in subse-
quent experiments.

The theoretical precipitation threshold (i.e., Qs = 1) was evaluated
via batch experiments by identifying the lowest or critical CPS dosage,
Ccps,cri; at which the CPS-induced transition within the pH-versus-ORP
domain coincided with the onset of substantial Cd and Zn precipita-
tion. Although HS' is typically the dominant reduced sulfide species
from circumneutral to strongly alkaline conditions, metal sulfide pre-
cipitation is ultimately governed by the pH-dependent activity of > and
the total availability of reduced sulfur species, ¥S%. Therefore, CPS-
induced immobilization is controlled by not only bulk aqueous condi-
tion as characterized by pH and ORP or redox potential (Eh), but also
whether or not CPS addition generates sufficient reduced sulfur activity
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to increase Qs above the thermodynamic precipitation threshold and
sustain MeS).

3. Materials and methods
3.1. Experimental materials

A commercially available calcium polysulfide solution (29% CPS;
Lianyungang Yosoo Industrial Technique Co., China) was used as the
sulfur-based remediation reagent in this study. Detailed physicochem-
ical properties of the CPS solution, including those measured in this
study, are summarized in Table S1. In brief, the CPS solution was an
amber alkaline liquid comprising primarily calcium polysulfide species,
generally represented as CaSy (x = 2-7). The solution exhibited strong
alkaline conditions (11.2 < pH < 11.6), a highly reducing ORP (<
—240 mV), low dissolved oxygen (DO < 0.2 mg/L), and a density of
1.27-1.28 Mg/m°, consistent with previously reported physicochemical
properties of commercial CPS solutions [18,20].

3.2. Groundwater characterization and batch experiments

Groundwater samples for the CPS batch experiments were collected
from three monitoring locations, designated GW—1, GW—2, and GW-3,
within a multi-metal-contaminated area affected by historical smelting
activities. Field parameters, including pH, ORP, DO, and electrical
conductivity (EC), were measured immediately after sampling using
calibrated portable probes (YSI Inc., USA: YSI 4110 for pH/ORP, YSI
ProOBOD IDS for DO, and YSI Pro 30 for EC). Major cation concentra-
tions were measured via inductively coupled plasma (ICP) with detec-
tion using optical emission spectroscopy (ICP-OES, iCAP PRO, Thermo
Fisher Scientific, USA), whereas trace and heavy metal concentrations
were measured using ICP with mass spectrometry detection (ICP-MS,
iCAP RQ, Thermo Fisher Scientific, USA). Major anions were determined
by ion chromatography using a 940 Professional ion chromatograph (IC
Vario system, Metrohm, Switzerland). The chemical compositions of the
groundwater samples are summarized in Table S2.

Marked differences in groundwater chemistry and dissolved metal
concentrations were observed among the three sampling locations.
Sample GW—1 comprised the lowest concentrations of 1.58 mg/L Cd
and 113 mg/L Zn, whereas sample GW—2 comprised intermediate
concentrations of 27.2 mg/L Cd and 1530 mg/L Zn. Sample GW-3
comprised the highest concentrations of 151 mg/L Cd and 6670 mg/L
Zn, including substantially elevated concentrations of Mn, Mg, sulfate
(SO?{), and ionic strength (I) relative to the other sampling locations.
Thus, these groundwater samples represented a broad range of Cd and
Zn concentrations that provided for an evaluation of CPS-induced metal
immobilization across marginally, moderately, and highly contaminated
groundwater conditions.

Batch experiments were performed in triplicate using 50-mL poly-
propylene (PP) conical tubes at 25 + 1 °C. In each reactor, 49 mL of
contaminated groundwater was combined with 1 mL of CPS reagent
solution prepared by diluting the commercial 29% (w/v) CPS stock so-
lution with ultrapure water (EC < 0.5 mS/m). Site-specific CPS dosage
ranges were selected based on preliminary tests and previously reported
CPS-to-metal mass ratios [19-23], resulting in final CPS concentrations
(v/v) of 0.0001-0.12%, 0.005-1.5%, and 0.001-10% for GW—1, GW—2,
and GW-3, respectively. For each groundwater sample, Ccpscri was
assigned as the lowest CPS dosage that induced rapid pH increase and
ORP decrease coinciding with the onset of substantial Cd and Zn
removal, and Ccps,op: (> Ccps,cri) Was assigned as the lowest CPS dosage
that achieved near-maximum Cd and Zn removal without substantial
additional improvement observed at higher CPS dosages. When Ccps, cri
and Ccps,op: occurred within the same tested dosage range, the critical
transition and operational optimum were not resolved further within the
experimental dosage resolution.

After CPS addition, the sealed batch reactors were placed on a



J. Choi et al.

horizontal orbital shaker and agitated at 130 rpm for 24 h to promote
CPS dispersion/dissociation, sulfur-speciation reactions, and metal sul-
fide precipitation. The reactors then remained undisturbed for 24 h to
allow quiescent settling. The supernatants subsequently were filtered
through 0.45-pm hydrophilic PP membranes and analyzed for physico-
chemical parameters and residual dissolved metal concentrations (see
Figs. S2 and S3).

3.3. Characterization of precipitates

Following batch experiments, the supernatants were decanted and
the recovered solids were dried at 45 °C for 72 h prior to characteriza-
tion. Crystalline phases were identified using X-ray diffraction (XRD;
SmartLab, Rigaku, Japan), and surface chemical states were analyzed
using X-ray photoelectron spectroscopy (XPS; Thermo Fisher Scientific,
USA), focusing on the Zn 2p, Cd 3d, and S 2p spectral regions. The
morphology and elemental distribution of the precipitates were exam-
ined by scanning electron microscopy coupled with energy-dispersive X-
ray spectroscopy (SEM-EDS; SU8230, Hitachi, Japan; AMETEK, USA).
Furthermore, transmission electron microscopy coupled with energy-
dispersive X-ray spectroscopy (TEM-EDS: HF5000, Hitachi, Japan;
Ultim Max, Oxford, UK) was employed to determine the internal struc-
ture and elemental distribution within the crystalline precipitates of
sample GW—2. High-energy EDS linear scanning was performed across
selected particles to specifically elucidate the elemental configuration
inside the spherical precipitates, which were identified as potential
crystal nuclei. Collectively, these analyses were used to determine
whether CPS dosing produced sulfide-associated Cd and Zn phases
together with secondary mineral phases formed during precipitation.

3.4. Leaching and sequential extraction tests

The stability of CPS-induced precipitates was evaluated using
modified aqua regia digestion [26] and modified Tessier sequential
extraction procedure [27]. Precipitates recovered from the three
groundwater samples were digested with aqua regia (HCI:HNOs3 =
3:1 v/v) under microwave-assisted conditions at 95 °C for 2 h. Because
aqua regia digestion does not fully decompose silicate-bound metal
phases, the extracted metal mass was interpreted as the pseudo-total,
aqua-regia-extractable fraction. Therefore, dissolution of metal sul-
fides during aqua regia processing was considered an operational
oxidative extraction process involving oxidation and solubilization of
sulfide-associated metals rather than a stoichiometrically defined
elementary reaction as follows:

MeS + OAM—MeZ, +5° /SO} +DMC an
where OAM represents oxidizing acid mixtures (e.g., HCI-HNO3) and
DMC represents dissolved metal complexes (e.g., CdCl*, CdCl,, ZnCl",
Zl‘lclg).

A modified five-step Tessier-type sequential extraction procedure
[27] was performed subsequently to evaluate the operational distribu-
tion of Cd and Zn among exchangeable (F1), carbonate-bound (F2),
Fe/Mn oxide-bound (F3), oxidizable organic matter/sulfide-associated
(F4), and residual (F5) fractions. This procedure was applied as an
operational tool to compare the relative extractability and chemical
stability of CPS-derived precipitates based on different initial metal
concentrations. Because these fractions are reagent-defined rather than
mineral-specific, F4 may include metal sulfides, organic-associated
metals, and other reduced sulfur-bearing phases, whereas F5 repre-
sents metals released only during the final residual digestion. Therefore,
aqua-regia digestion and sequential extraction address different opera-
tional endpoints and were not interpreted as directly equivalent stability
tests. The Cd and Zn concentrations in all extracts were quantified by
ICP-OES.
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4. Results and discussions
4.1. Geochemical transition and sulfide precipitation thresholds

The addition of CPS to the contaminated groundwater induced a
pronounced transition from acidic, oxidizing conditions toward more
alkaline and reducing conditions favorable for sulfide-mediated pre-
cipitation. As shown by the Eh—pH trajectories in Fig. 1, the untreated
groundwater samples initially were positioned within dissolved Cd**/
Zn2" stability fields, whereas CPS-treated samples transitioned toward
geochemical conditions that were favorable for CdSg) and ZnS, for-
mation. This transition is consistent with CPS hydrolysis and sulfur-
speciation reactions generating reduced sulfur species, including poly-
sulfides, HS/H,S, and trace S%, that can react with dissolved Me?* to
form sparingly soluble metal sulfide precipitates [12,16-23,25,28].

Accordingly, Fig. 1 should be interpreted as a conceptual geochem-
ical trajectory diagram illustrating the transition from dissolved-metal
conditions toward sulfide-favoring conditions, rather than as a fully
quantitative Pourbaix diagram. Specifically, thermodynamic phase
boundaries were not calculated since dissolved sulfur activities, ionic-
strength corrections, and conversion of measured ORP values to ther-
modynamic Eh were not fully incorporated in Fig. 1. Nevertheless, the
observed transitions provide useful mechanistic insight into the
geochemical evolution induced by CPS addition and demonstrate the
associated shift toward conditions favorable for sulfide-mediated Cd and
Zn immobilization.

However, transition into a sulfide-favoring Eh-pH domain does not
necessarily guarantee measurable MeS) precipitation, because mineral
formation requires that IAPpzs > Kgp mes for the target MeS(s). Therefore,
Ccps,cri should be interpreted as an operational rather than absolute
precipitation-onset threshold representing the lowest CPS dosage at
which the CPS-induced geochemical transition, indicated by a rapid
increase in pH and decrease in ORP, coincided with the onset of sub-
stantial Cd and Zn removal via sulfide precipitation. For CPS dosing
lower than this threshold, CPS addition may still alter pH and ORP, but
the availability of reduced sulfur may remain insufficient to sustain
CdS(s) and ZnS precipitation. Once Ccps,cri is exceeded, supersatura-
tion increases, the nucleation barrier decreases, and rapid metal sulfide
precipitation becomes both thermodynamically and kinetically
favorable.

As aresult, Ccps,0p: (> Ccps,cri) is defined as the lowest CPS dosage at
which Cd and Zn removal approaches a near-maximum plateau, such
that further CPS addition produces only marginal additional removal
while increasing the potential for excessive increase in pH and decrease
in ORP, residual sulfur accumulation, and secondary precipitate for-
mation. Thus, in this study, Ccpscri represents the apparent
precipitation-onset threshold, whereas Ccps,op: represents the practical,
minimum operational dosing such that additional CPS produces only
marginal improvement in metal removal efficiency. This interpretation
is consistent with the inflection points observed in residual Cd and Zn
concentrations shown in Fig. 2, where metal removal increased sharply
as CPS dosage exceeded Ccps,cri and then approached asymptotically a
limiting plateau near Ccps,opt.

Quantitatively, the Ccps ¢ values for Cd were 24, 40, and 220 mg/L
for GW—-1, GW-2, and GW-3, respectively, and coincided with the
corresponding Ccps,op: Values within the tested dosage resolution. For
Zn, the respective Ccps,cri values were 286, 1970, and 1.00x10* mg/L,
whereas the respective Ccps,op: values were higher at 580, 3860, and
16,500 mg/L. The consistently lower thresholds for Cd indicate that
substantial Cd removal began at lower CPS dosages, whereas Zn
required additional reduced-sulfur capacity to achieve near-maximum
removal. Because these thresholds were identified from discrete exper-
imental dosages, these results should be interpreted as operational
rather than exact thermodynamic transition points. The significant
separations between Ccps,cri values for Cd and Zn also suggest a potential
selective precipitation window. For GW—2 and GW-3, Cd removal
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Fig. 1. Approximate Pourbaix diagrams of pH versus redox potential (Eh) for Cd and Zn showing the measured geochemical trends from before to after calcium
polysulfide dosing in batch reactors. [Notes: Experimental conditions transitioned from acidic, oxidizing groundwater toward more alkaline and reducing sulfide-
favoring conditions, consistent with the shift from dissolved Cd*"/Zn*" to CdS()/ZnSs)-stability fields. Water-stability boundaries are shown for reference. Min-
eral boundaries are schematic and intended only to illustrate the direction of geochemical evolution after CPS dosing.].

began at substantially lower CPS dosages than Zn removal. However, the
exact boundaries of this window cannot be resolved because the tested
dosages were designed to identify co-immobilization thresholds rather
than selective separation conditions. Further titration experiments using
closely spaced sub-critical CPS dosages are required to verify preferen-
tial Cd precipitation before substantial Zn removal.

The observed threshold behavior was metal-specific. For example,
Cd was removed at lower CPS dosages and across narrower transition
intervals than Zn, reflecting the lower solubility and greater precipita-
tion tendency of CdSs) relative to ZnS,. In contrast, Zn immobilization
required greater reduced sulfur availability and higher supersaturation
conditions, resulting in broader removal transitions, particularly under
the higher concentration conditions at the locations of GW—2 and
GW-3. These differences indicate that effective CPS dosing cannot be
determined solely from total dissolved metal concentration or bulk pH
adjustment. Instead, design of effective CPS dosing must account for
metal-specific sulfide solubility, reduced sulfur speciation, and
competing geochemical demand. In sulfate-rich, multi-metal-contami-
nated groundwater, a portion of the injected CPS also may be consumed
by background oxidant demand such as Fe/Mn redox cycling, secondary
sulfur transformations, and Ca-bearing precipitate formation, thereby
reducing the fraction of CPS available for targeted CdS¢) and ZnS()
precipitation [19-23].

4.2. Site-specific geochemical response and concentration-dependent CPS
dosing framework

The coupled geochemical responses and residual metal concentra-
tions as a function of CPS dosage for the three groundwater samples are
shown in Fig. 2. Across all samples, CPS dosing transitioned ground-
water towards conditions that were more favorable for sulfide-mediated
metal precipitation, as indicated by increasing pH and decreasing ORP.
However, DO and EC responses were dependent on the groundwater
sample and partly non-monotonic, reflecting the combined effects of
sulfide addition, oxygen consumption, precipitation reactions, ionic-
strength changes, and matrix buffering. These observations indicate
that CPS-induced transitions should be interpreted using the coupled
responses of pH, ORP, DO, EC, and residual metal concentrations rather
than any single geochemical parameter.

Relatively low CPS dosages were required for remediation of the
groundwater sample with low metal concentrations (GW—1), resulting
in relatively modest changes in pH, ORP, DO, and EC. This result sug-
gests that added CPS was consumed primarily by background oxidant

demand and competing matrix reactions and was insufficient to estab-
lish persistent sulfide-rich conditions. Near the critical dosage (Ccps,cri),
ORP and DO decreased and pH began to increase, marking the onset of
reducing and sulfide-favoring conditions. The residual metal profiles
indicate that Cd decreased rapidly and approached near-complete
removal at lower CPS dosages, whereas Zn required a slightly higher
dosage and exhibited a broader removal transition. Manganese (Mn)
decreased primarily near or above the optimal dosage range (Ccps,opt),
while magnesium (Mg) remained comparatively persistent, indicating
that Mg immobilization was limited under the tested conditions and was
not controlled primarily by stable sulfide precipitation.

For GW—2, the geochemical transition and metal removal occurred
over a broader CPS dosage interval. Because the initial Cd and Zn con-
centrations were substantially higher than those for GW—1, greater CPS
addition was required before a distinct decrease in ORP, increase in pH,
and near-complete metal removal were achieved. Cadmium removal
again occurred at lower CPS dosages than those for Zn removal,
consistent with the greater thermodynamic favorability for CdS) for-
mation. In contrast, Zn removal required a wider dosage interval and
higher reduced-sulfur availability, reflecting the greater Zn mass loading
and the need to generate sufficient supersaturation for sustained ZnS,
precipitation. The Mn and Mg responded primarily at higher CPS dos-
ages, suggesting that removal was associated with stronger perturbation
of bulk groundwater chemistry rather than selective precipitation under
the initial Cd/Zn sulfide-precipitation threshold conditions.

The greatest CPS dosage required to achieve comparable trans-
formation among the three groundwater samples was observed for
GW-3, the most contaminated and highest ionic-strength groundwater.
In the lower CPS dosage region, pH and ORP changed only gradually,
indicating that much of the added CPS was consumed initially by the
high dissolved metal mass loading, oxidant demand, and competing
matrix constituents. A pronounced transition occurred only at higher
CPS dosages, where ORP decreased markedly and pH increased sharply.
Cadmium reached the removal threshold at lower CPS dosages than Zn,
demonstrating distinct concentration-dependent precipitation responses
between the two metals. Manganese decreased mainly under high CPS
addition, whereas Mg remained relatively resistant to immobilization,
further supporting the interpretation that CPS remediation selectively
favored Cd and Zn sulfide precipitation over Mg removal.

Collectively, the batch results define three operational CPS dosages.
In the sub-threshold dosages, CPS addition partially modified pH and
ORP, but reduced sulfur availability was insufficient to sustain complete
Cd and Zn precipitation, resulting in elevated residual metal
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Fig. 2. Geochemical responses and aqueous metal removal as a function of calcium polysulfide (CPS) dosage for three groundwater samples (GW—1, GW—2, and
GW-3) collected from different locations within the same smelting-impacted site. [Notes: Left panels show changes in oxidation-reduction potential (ORP), pH,
dissolved oxygen (DO), and electrical conductivity (EC), whereas right panels show residual aqueous concentrations of Cd, Zn, Mn, and Mg. Shaded regions indicate
the optimal (operational) CPS dosage ranges selected to achieve substantial Cd and Zn precipitation while minimizing excessive geochemical disturbance.].

concentrations and limited geochemical perturbation. For optimal dos-
ages, CPS addition generated sufficient reduced sulfur activity to exceed
the saturation threshold for CdS() and ZnSg), i.e., Qpres > 1. Under this
condition, substantial Cd and Zn removal was achieved within the
experimental reaction period, without excessive increases in pH, EC, or
an unnecessarily large decrease in ORP. In the excess-reagent region,
further CPS dosing produced stronger geochemical perturbation but
little additional Cd or Zn removal, indicating diminishing returns in

remediation efficiency. Excess CPS may, therefore, be diverted into non-
target pathways, including sulfur-speciation transitions, secondary
sulfur-phase formation, reactions with competing matrix constituents,
and Ca-bearing secondary precipitate formation.

The absolute Ccps,op: values identified from Fig. 2 increased from
samples GW—1 to GW—3, reflecting increasing initial metal concentra-
tions and geochemical matrix demand. In contrast, when the dosage is
normalized to the dissolved Cd and Zn mass, as shown in Fig. 3, the
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required CPS-to-metal ratio decreased nonlinearly with increasing
initial metal concentration. Specifically, the optimal CPS/Cd mass ratio
decreased from 15.9 for GW—1 to 2.29 for GW-2 and 1.46 for GW—3,
whereas the corresponding CPS/Zn ratio decreased from 5.33 for GW—1
to 3.13 for GW—2 and 2.47 for GW—3. Although the absolute CPS
dosage increased with initial metal loading, the CPS requirement per
unit metal mass decreased substantially. This trend is consistent with a
proportionally greater influence of background oxidant demand and
matrix reactions at low metal concentrations, whereas higher metal
concentrations more readily promoted sulfide supersaturation.
Additionally, this trend indicates that groundwater contaminated
with low concentrations of Cd and Zn requires disproportionately
greater CPS addition per unit metal mass, because a substantial fraction
of CPS is consumed by background oxidant demand, pH buffering, sulfur
transformation, and competing matrix reactions before effective metal
sulfide supersaturation is achieved. This behavior suggests a transition
from a low-concentration regime, where background matrix demand
and nucleation limitations dominate CPS utilization, to a high-
concentration regime, where target-metal sulfide precipitation be-
comes more efficient because supersaturation is more readily achieved.
Conceptually, the optimal CPS dosage can be expressed as follows:
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Cepsopr =f (CMe.Iniv Qptes; Ksp mes, matrix chemistry) 12)

While the absolute Ccps,op: increased with increasing Cpemi, the
normalized CPS-to-metal ratio decreased nonlinearly with Cpse mi. This
deviation from simple stoichiometric scaling likely indicates that CPS
demand was not governed solely by Cd and Zn sulfide precipitation.
Instead, an apparent site-specific baseline CPS demand likely was
consumed by background oxidants, pH buffering reactions, sulfur-
speciation transitions, and competing matrix reactions before suffi-
cient reduced sulfur activity became available to drive supersaturation-
dependent nucleation and growth of MeS() precipitates [19-23].
Consequently, the values of Ccps,cri and Ccps,op: should be regarded as
matrix-specific dosing parameters that require site-specific calibration
rather than universal stoichiometric constants.

Overall, a mechanistically based CPS dosing framework is estab-
lished in Figs. 1-3. The direction of geochemical transition toward
sulfide-favoring conditions is demonstrated in Fig. 1, the site-specific
threshold and optimal dosage regions based on coupled geochemical
response and residual metal removal are identified in Fig. 2, and these
observations are translated into concentration-dependent CPS-to-metal
scaling relationships in Fig. 3. This framework advances CPS remedia-
tion beyond empirical dosing by linking reagent demand to initial metal
concentration, metal-specific sulfide solubility, supersaturation devel-
opment, and geochemical matrix demand (see Equation 12). For field-
scale application, this distinction is critical because CPS overdosing
may increase pH and EC, and cause unnecessary ORP depression without
proportional removal benefits, whereas CPS underdosing may fail to
exceed the values of Ccpsop: required for sustained Cd and Zn
immobilization.

4.3. Mineralogical and surface chemical characterization of CPS-derived
precipitates

The combined results of the mineralogical and surface chemical
analyses using SEM-EDS, TEM-EDS, XRD, and XPS indicate that CPS
injection produced a chemically heterogeneous precipitate assemblage
comprising metal-sulfide-associated phases, Ca-bearing sulfate min-
erals, and secondary sulfur species (Fig. 4, S4, and S5). This mixed
assemblage reflects the simultaneous occurrence of metal sulfidation,
Ca-sulfate precipitation, and transformation of CPS-derived reduced
sulfur species under sulfate-rich, multi-metal-contaminated ground-
water conditions.

Mapping by SEM-EDS revealed precipitate-enriched domains in
which Zn and S were strongly co-localized, supporting the formation of
solid phases with Zn-S. Calcium also was spatially associated with
several precipitate regions, suggesting the coexistence of Ca-bearing
secondary minerals, such as gypsum (CaSO4e2H20). However, since
EDS provides elemental distributions rather than crystallographic in-
formation, Ca-S co-localization alone should not be interpreted as direct
proof of gypsum formation. Instead, the SEM-EDS results indicate that
CPS-derived precipitates were not comprised exclusively of metal sul-
fides, but rather included mixed sulfide- and sulfate-associated phases.

This interpretation is consistent with the sulfate-rich groundwater
matrix, where dissolved sulfate can promote Ca-sulfate precipitation
following CPS dissociation and Ca2* release [21-23]. Such secondary
Ca-bearing precipitates may influence precipitate texture, spatial con-
tinuity, pore-scale accumulation, and apparent reagent efficiency.
Therefore, SEM-EDS results should be interpreted together with XRD
and XPS analyses to distinguish between elemental association, miner-
alogical identity, and surface chemical binding states. In this context,
the co-occurrence of Zn-S-rich domains, Ca-S-bearing regions, and
sulfur-bearing secondary phases supports a heterogeneous immobiliza-
tion mechanism in which Cd and Zn sequestration is driven primarily by
sulfide precipitation, while Ca-sulfate formation represents an impor-
tant competing or accompanying reaction pathway [21-23].
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Fig. 4. TEM-EDS elemental mapping of three groundwater samples (GW—1, GW-2, and GW—3) confirming nanoscale spatial association among Cd, Zn, S, and Ca,
consistent with coexistence of Zn-bearing sulfide-associated precipitates and Ca-bearing secondary phases.

The TEM-EDS analysis provided higher-resolution evidence of
nanoscale precipitate formation (see Fig. 4). The TEM images revealed
aggregated, electron-dense particles with irregular clustered morphol-
ogies, consistent with rapid precipitation under locally reducing and
sulfide-rich conditions. Elemental mapping further confirmed spatial co-
localization of Ca, S, Cd and Zn at the nanoscale, supporting the coex-
istence of Zn-bearing sulfide-associated particles and Ca-bearing sec-
ondary precipitates. In contrast, the Cd signal was insufficient for
reliable spatial localization, possibly because of the relatively low
abundance and the nanoscale or poor crystalline nature of the Cd-
bearing phases. Because TEM-EDS provides elemental rather than

crystallographic information, these observations do not independently
confirm the formation of crystalline CdS,. Instead, Cd immobilization
through sulfide-associated precipitation is supported by the collective
evidence based on aqueous removal, mass balance, sequential extrac-
tion, and XPS, but remains partially inferential in the absence of direct
crystallographic identification. More definitive confirmation would
require High-Resolution Transmission Electron Microscopy/Selected
Area Electron Diffraction, or analysis of Cd-enriched precipitates
generated under selectively controlled dosing conditions.

The XPS results provided surface-sensitive evidence for metal-sulfur
bonding and sulfur speciation within the CPS-derived precipitates. The
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Zn 2p and Cd 3d spectra were consistent with Zn- and Cd-bearing sulfide
coordination environments, supporting the interpretation that both
metals were immobilized, at least partially, through sulfide-associated
bonding. Deconvolution of the S 2p spectra indicated multiple sulfur
species, including S (161.8 eV), S° (163.7 eV), and SO7 (168.5 eV).
The coexistence of reduced, intermediate, and oxidized sulfur species
demonstrates that CPS remediation generated a chemically

Journal of Environmental Chemical Engineering 14 (2026) 124647

heterogeneous sulfur assemblage. The sulfide component supports Cd
and Zn sulfidation, whereas S° and SO components indicate concurrent
sulfur transformation and secondary mineral formation. Therefore, the
XPS results strengthen the interpretation of sulfide-associated immobi-
lization, particularly for Cd, whose crystalline sulfide phase was not
clearly detected by XRD.

The XRD analysis identified gypsum, sphalerite-type ZnS), and S° as
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Fig. 5. Mass-balance comparison in milligrams of Cd and Zn in three groundwater samples (GW—1, GW—2, and GW—3) before calcium polysulfide (CPS) dosing,
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total mass transferred to CPS-derived precipitates, and red bars indicate the fraction re-extracted by acid treatment. The remaining gray fraction represents the acid-

non-extractable residual metal retained in solid-associated phases.].
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crystalline phases in the CPS-derived precipitates. The detection of
crystalline ZnSg) provides direct mineralogical evidence that Zn
immobilization occurred, at least partially, through sulfide precipita-
tion. The presence of gypsum confirms that Ca released from CPS
dissociation reacted with sulfate in the groundwater, indicating that a
portion of the injected reagent participated in non-target secondary
mineral formation. Elemental sulfur likely reflects partial oxidation,
disproportionation, or transformation of reduced sulfur species during
and after CPS reaction. In contrast, CdS() was not clearly resolved in the
XRD patterns. This lack of resolution should not be interpreted as evi-
dence that CdS) did not form, because Cd-bearing sulfide phases may
have been present at low abundance, nanoscale, poorly crystalline, or
partially amorphous forms that were below the detection limit of XRD.
Thus, the XRD results confirm the presence of crystalline ZnS), gypsum,
and elemental sulfur, but do not exclude the coexistence of less crys-
talline Cd-bearing or Zn-bearing secondary sulfide phases.

Overall, the SEM-EDS, TEM-EDS, XPS, and XRD results provide
multiscale evidence that CPS remediation immobilized Cd and Zn pre-
dominantly through sulfide-associated precipitation, while also gener-
ating gypsum and S° as secondary products. These secondary phases
reflect matrix-dependent secondary reactions arising from the sulfate-
rich groundwater and CPS-derived calcium and sulfur species. Collec-
tively, the characterization results support the proposed mechanistic
framework described by Equation (12), indicating that CPS-induced
metal immobilization is controlled by not only transitions in pH and
ORP, but also the extent of supersaturation, nucleation, sulfur specia-
tion, and site-specific groundwater geochemistry.

4.4. Operational extractability and fractionation of CPS-derived
precipitates

The mass-balance comparison before CPS remediation, after CPS-
induced precipitation, and following acid extraction demonstrates that
most dissolved Cd and Zn were retained in CPS-derived solid phases (see
Fig. 5). The acid-extractable fraction was low relative to the total
precipitated fraction, indicating that a large portion of immobilized Cd
and Zn remained associated with the solid phase after extraction. This
difference between the precipitated mass and the acid-extractable mass
was more pronounced at higher initial metal concentrations. These re-
sults suggest that precipitates formed under metal-rich conditions were
less susceptible to acid extraction, possibly due to more complete sulfide
incorporation, enhanced particle aggregation, and/or greater crystal-
linity during CPS-induced precipitation. Higher supersaturation under
elevated metal loading also may have promoted faster nucleation and
growth of sulfide-associated phases, thereby reducing apparent
extractability.

The Sankey mass-flow analysis further supports the selective
immobilization of Cd and Zn by CPS remediation (see Fig. 6). Both Cd
and Zn were partitioned predominantly into CPS-derived precipitates
and residual solid-associated fractions, whereas Mn and Mg remained
largely in the aqueous phase. This contrast is consistent with the
stronger chalcophile behavior and lower sulfide solubility of Cd and Zn
compared with Mg and Mn. The relatively minimal, leached fractions of
Cd and Zn indicate that the CPS-derived precipitates were resistant to
dissolution during the applied extraction step. However, this result
should not be interpreted as definitive evidence of permanent immobi-
lization. Under field conditions, changes in pH, Eh, DO, microbial sulfur
cycling, or carbonate/sulfate chemistry could alter the stability of metal
sulfide phases and potentially induce partial remobilization.

The relationship between extraction efficiency and initial metal
concentration is shown in Fig. 7, where extraction efficiency is defined
as the fraction of the precipitated metal that was re-extracted during
acid dissolution. The Cd extraction efficiency decreased from 84.0% for
GW-1 to 6.04% for GW—2 and 3.24% for GW—3, whereas the Zn
extraction efficiency decreased from 75.5% for GW—1 to 6.66% for
GW-2 and 3.48% for GW—3. Thus, precipitates formed in the higher-

10

Journal of Environmental Chemical Engineering 14 (2026) 124647

3N

GW-3

Fig. 6. Sankey mass-flow diagrams showing partitioning of Cd, Zn, Mn, and Mg
during calcium polysulfide (CPS) treatment for three groundwater samples
(GW-1, GW-2, and GW-3) collected from different locations within the same
smelting-impacted site. [Notes: Percentages represent fractions relative to the
initial dissolved metal mass. Metals were partitioned among residual aqueous
phases, CPS-derived precipitates, acid-leached fractions, and residual solid-
associated fractions.].

concentration groundwaters retained more than 93.0% of the precipi-
tated Cd and Zn after acid extraction, whereas those formed in GW—1
were considerably more susceptible to dissolution. This pronounced
concentration dependency supports the proposed relationship between
initial metal loading and precipitate extractability, although the acid-
extraction results should not be interpreted as direct predictions of
long-term stability under field oxidation conditions.

The extraction efficiency decreased systematically with increasing
initial Cd and Zn concentrations, indicating that precipitates formed at
higher Cp 1n; Were less acid-extractable than those formed under lower-
concentration conditions. This inverse concentration-extractability
trend is consistent with the proposed concentration-dependent precipi-
tation framework. At higher Cpg mi, once sufficient reduced sulfur is
supplied, greater dissolved metal activity can produce higher supersat-
uration with respect to CdS¢) and ZnS(,), thereby promoting rapid
nucleation, particle growth, aggregation, and formation of less extract-
able sulfide-rich solids. Conversely, lower-concentration systems may
remain closer to the critical supersaturation threshold, leading to less
complete sulfide incorporation, smaller or more poorly crystalline par-
ticles, and slightly greater extractability. Although this mechanistic
interpretation is plausible and consistent with the characterization re-
sults, this interpretation should be regarded as inferential unless sup-
ported by direct particle-size analysis, crystallinity quantification, or
phase-specific mass balance.

Sequential extraction provided additional evidence that CPS reme-
diation transformed Cd and Zn into less labile geochemical forms (see
Fig. 8). Most Cd and Zn were associated with sulfide-bound/oxidizable
and residual fractions, whereas exchangeable, carbonate-bound, and
oxide-bound fractions were comparatively minor. More specifically, the
low fractions of exchangeable (F1), carbonate-bound (F2), and Fe/Mn
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Fig. 7. Relationship between extraction efficiency and initial metal concen-
tration: (a) Cd; (b) Zn. [Note: Extraction efficiency (E) was defined as the
fraction of precipitated metal re-extracted during acid dissolution relative to the
total precipitated metal mass.].

oxide-bound Cd and Zn (F3) indicate that only a limited fractions of the
immobilized metals remained susceptible to rapid release through ion
exchange, acidification, or reductive dissolution of oxide phases. In
contrast, the predominant fractions associated with the sulfide-bound/
oxidizable (F4) and residual (F5) indicate substantially reduced short-
term mobility following CPS treatment.

Based on the collective results shown in Figs. 5-8, CPS remediation
immobilized Cd and Zn primarily through formation of low-
extractability solid phases, with apparent extractability decreasing as
Chue,mi increased. The low acid-extractable fractions, preferential parti-
tioning of Cd and Zn into sulfide-associated and residual pools, and
limited immobilization of Mn and Mg indicate that CPS-induced metal
removal was governed primarily by precipitation and solid-phase
transformation rather than reversible adsorption. The concentration-
dependent decrease in extraction efficiency suggests further that
supersaturation-driven precipitation influenced not only metal removal
efficiency but also post-remediation extractability and apparent stability
of CPS-derived precipitates. However, further evaluation of long-term
field persistence of CPS-derived precipitates should be undertaken
with respect to fluctuating pH-Eh conditions, oxidative aging, and
repeated wetting-drying or groundwater-flow regimes, as well as
microbially mediated sulfur transformations that may alter sulfide sta-
bility and metal mobility over time.

4.5. Supersaturation-driven nucleation and growth mechanisms of CPS-
induced metal sulfides
in metal

The concentration-dependent differences removal,
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precipitate extractability, and solid-phase partitioning can be inter-
preted using a supersaturation-controlled precipitation framework.
Following CPS dosing, reduced sulfur species generated from CPS in-
crease the saturation state of groundwater with respect to CdS¢) and
ZnS(s). Metal sulfide precipitation becomes thermodynamically favor-
able when the saturation ratio, Qps, exceeds unity. However, thermo-
dynamic favorability alone does not ensure immediate or complete
precipitation because mineral formation also depends on nucleation
barriers, particle growth, aggregation, and competing matrix reactions.

Classical nucleation theory provides a useful qualitative basis for
interpreting the observed concentration-dependent precipitation
behavior. This conceptual interpretation agrees with previous crystal-
lization studies showing that increasing supersaturation accelerates
nucleation, particle aggregation, and crystal growth, resulting in less
soluble and more stable precipitates [13,14]. The present study exper-
imentally links these crystallization concepts to
concentration-dependent CPS dosing and heavy-metal immobilization
in groundwater. In simplified form, the critical free-energy barrier for
nucleation, AG", is inversely related to the square of the logarithm of
supersaturation as follows:

63

(In Q)

AG

2 13)

where o is the interfacial energy between the nucleus and solution, and
Q is the saturation ratio of the relevant MeS,. This relationship in-
dicates that even moderate increases in supersaturation can substan-
tially reduce the nucleation barrier, thereby favoring the formation of
CdS(s) and ZnS) nuclei. Because nucleation rates, induction times,
interfacial energies, and particle-size evolution were not directly
measured in this study, Equation 13 should be interpreted as a con-
ceptual framework for interpreting the observed concentration-
dependent precipitation behavior.

The proposed crystallization pathway is summarized conceptually in
Fig. 9. Under high initial metal concentration conditions, elevated dis-
solved metal concentrations allow the system to reach higher supersat-
uration once sufficient CPS-derived reduced sulfur becomes available.
These high- Q conditions reduce the nucleation barrier and promote
rapid formation of metal sulfide nuclei. Subsequent particle growth,
aggregation, and possible structural ordering then may generate sulfide-
rich precipitates with lower acid extractability. This interpretation is
corroborated by complementary multiscale evidence (see Fig. 4, S4, and
S5), including Zn-S-bearing domains observed by SEM-EDS and TEM-
EDS, sulfide sulfur identified by XPS, and crystalline ZnS detected by
XRD. These observations, together with the mass-balance and sequential
extraction results (see Figs. 5-8), demonstrate that a substantial fraction
of Cd and Zn was retained in low-extractability solid-phase forms
following CPS remediation.

In contrast, under low initial metal concentration conditions, su-
persaturation may develop more gradually and remain closer to the
critical precipitation threshold. Under such near-threshold conditions,
nucleation density may be lower, and precipitates may be more het-
erogeneous, less crystalline, or less completely incorporated into sulfide-
rich phases. These solids may include poorly ordered metal-sulfur pre-
cipitates, surface-associated metal sulfide clusters, and/or mixed sulfide-
sulfate assemblages. Such phases are expected to exhibit greater sus-
ceptibility to acid extraction than precipitates formed under higher su-
persaturation conditions. This conceptual framework is consistent with
the observed inverse relationship between extraction efficiency and
initial metal concentration (see Fig. 7), as well as the sequential-
extraction results (see Fig. 8) indicating that Cd and Zn were predomi-
nantly partitioned into sulfide-associated and residual fractions, with
comparatively greater extractability under lower-concentration
conditions.

Post-nucleation processes such as particle aggregation, recrystalli-
zation, and Ostwald ripening may further reduce extractability by
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Fig. 9. Conceptual supersaturation-controlled crystallization pathways for calcium polysulfide (CPS)-induced metal sulfide precipitation under contrasting con-

centration regimes.

transforming initially small or poorly ordered particles into larger, more
stable, and less reactive solid phases. However, direct time-resolved
evidence for these processes was not obtained in this study. Therefore,
these processes should be regarded as plausible post-precipitation
mechanisms rather than directly verified pathways. A more conserva-
tive interpretation is that increasing Cp, i enhanced supersaturation
after CPS addition, thereby promoting more extensive nucleation, par-
ticle aggregation, and formation of less extractable sulfide-associated
solids.

Overall, CPS-induced immobilization of Cd and Zn is best described
as a concentration-dependent precipitation process governed by the
coupled effects of dissolved metal activity, reduced sulfur availability,
supersaturation dynamics, nucleation behavior, aggregation processes,
and matrix demand. The results of this study indicate that the higher-
concentration systems produced CPS-derived precipitates with lower
acid-extractable fractions, whereas the lower-concentration systems
required disproportionately higher CPS-to-metal ratios to exceed the
apparent precipitation threshold and achieve comparable immobiliza-
tion of Cd and Zn (see Fig. 3). Thus, the crystallization interpretation and
framework provide a mechanistic basis for the experimentally identified
Ccps,cri and Ccps,opt thresholds, while also emphasizing that practical
CPS dosing should account for both thermodynamic saturation and ki-
netic limitations.

5. Implications for concentration-adjusted CPS remediation
design

The results indicate that CPS dosing should be adjusted to not only
dissolved Cd and Zn concentrations, but also site-specific geochemical
demand. A uniform CPS dosage may generate different precipitation
regimes across heterogeneous plumes because metal concentration,
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oxidant demand, pH buffering, sulfate abundance, and competing ions
vary spatially. In high-concentration source zones, elevated metal ac-
tivity can promote rapid supersaturation once sufficient reduced sulfur
is available, favoring formation of lower-extractability sulfide-associ-
ated precipitates. In contrast, marginally contaminated plume zones
may require proportionally higher CPS-to-metal ratios because part of
the injected CPS is consumed by background reactions before effective
CdS(s) and ZnS) precipitation is achieved. Therefore, field-scale CPS
application should combine concentration mapping, pH-ORP and/or
pH-Eh profiling, sulfate/sulfide monitoring, oxidant-demand assess-
ment, and site-specific treatability testing to identify the threshold-to-
optimal dosing window while avoiding unnecessary geochemical
disturbance.

6. Conclusions

This study evaluated CPS remediation for Cd- and Zn-contaminated
groundwater across distinct concentration ranges and developed a
concentration-dependent dosing framework linking sulfide availability,
metal supersaturation, metal precipitate formation, and post-
remediation metal extractability. With respect to the stated objectives,
the principal conclusions are as follows.

Remediation with CPS shifted acidic, oxidizing groundwater (3.86 <
pH < 4.51, 105 mV < Eh < 182 mV) toward more alkaline, reducing,
and sulfide-favoring conditions (7.35 < pH < 9.03, —141 mV < Eh <
—31.4 mV). However, Cd and Zn removal was not governed solely by pH
or Eh changes. Substantial metal removal occurred only when CPS
addition generated sufficient reduced sulfur activity to exceed the
apparent metal-sulfide precipitation threshold, expressed conceptually
as Qppes = {Me2+}{52’}/Ksp,Meg > 1. Accordingly, the critical CPS con-
centration, Ccps,cri, Was defined as the operational precipitation-onset
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dosage at which the CPS-induced pH/Eh transition coincided with rapid
Cd and Zn removal, whereas the optimal CPS concentration, Ccps,opss
represented the lowest dosage that achieved near-maximum removal
without additional CPS input.

The required CPS dosage was concentration-dependent. Higher
initial Cd and Zn concentrations required greater absolute CPS dosages
because of higher metal mass loading and greater matrix demand. In
contrast, groundwater with lower metals concentrations required
disproportionately higher CPS-to-metal ratios because a portion of the
injected CPS was consumed by oxidant demand, sulfur transformation
reactions, pH buffering, and competing matrix reactions before effective
CdS(s) and ZnSs) precipitation was achieved. These results indicate that
CPS dosage should be based on not only stoichiometric metal demand,
but also the initial metals concentrations and site-specific geochemical
demand.

Multi-technique solid-phase characterization confirmed that CPS
remediation immobilized Cd and Zn primarily via sulfidation. The SEM-
EDS and TEM-EDS results indicated spatial association of Cd, Zn, S, and
Ca within precipitate-rich domains, while XRD identified crystalline
ZnS(), gypsum (CaSO4-2 H20), and elemental sulfur (S%). The results of
the XPS further confirmed sulfide, elemental sulfur, and sulfate com-
ponents, together with Cd- and Zn-bearing sulfide coordination envi-
ronments. These results demonstrate that CPS remediation generated
mixed sulfide-sulfate-sulfur precipitate assemblages, with metal sulfide
formation serving as the dominant immobilization pathway.

The results of mass-balance, acid-extraction, and sequential-
extraction showed that CPS-derived Cd and Zn precipitates were pri-
marily retained as low-extractability solid phases under the tested
conditions. Most immobilized Cd and Zn occurred in sulfide-associated
and residual fractions, whereas exchangeable, carbonate-bound, and
oxide-bound fractions were comparatively minor. The lower extract-
ability observed at higher initial metal concentrations is consistent with
supersaturation-enhanced precipitation, aggregation, and growth of
sulfide-rich solids.

Overall, the proposed framework advances CPS remediation from
empirical dosage selection toward a concentration-adjusted design
strategy that links Ccps,cri, Ccps,ope initial metal concentration, super-
saturation behavior, and precipitate extractability. Therefore, field-scale
application should consider not only stoichiometric sulfur demand, but
also hydrogeochemical heterogeneity, matrix demand, and the long-
term stability of CPS-derived precipitates under fluctuating pH and
redox conditions.
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