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ARTICLE INFO ABSTRACT
Keywords: Mercury pollution from natural and anthropogenic sources demands effective remediation. This study focuses on
Contaminated soils optimizing a chemical stabilization approach using sulfur-containing compounds to create stable mercury sulfide
Mercury (HgS) and immobilize elemental mercury in polluted soils. We propose using xanthan gum biopolymer to
Non-Newtonian fluids - . . . . . . cs . .
Remediation enhance the in-situ delivery of sulfide microparticles, overcoming soil heterogeneities due to its non-Newtonian
Stabilization behavior. Stability tests indicated that increased biopolymer concentration enhances particle stability due to the

viscous and shear-thinning behavior of the polymer solutions. Various combinations (12 solutions) of xanthan
polymer, pyrite microparticles, and sulfide-containing reagents were tested in batch experiments. Pyrite mi-
croparticles slightly reduced the xanthan solution's viscosity while retaining its non-Newtonian character. All
solutions effectively transformed liquid mercury droplets into cinnabar, demonstrating successful mercury sta-
bilization. Notably, solutions containing PIAX and SIPX, xanthate organosulfur compounds, significantly reduced
the dissolved concentration of elemental mercury. Column experiments demonstrated xanthan gum's superior
performance for in-situ injection of pyrite microparticles and sulfide mixtures into the soil compared to con-
ventional water injection. At a polymer concentration of 4 g/L, a stable displacement front and an 88 % recovery
of the initially injected particle-suspension density were achieved. The combined effects of xanthate's floating
behavior and xanthan gum's shear-thinning nature substantially enhanced the delivery of pyrite microparticles in
porous media for soil mercury remediation. This combination reduced the aqueous elemental mercury
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concentration in artificially polluted sand by up to 97 %, particularly with the xanthate organosulfur compound,
PIAX. Xanthate has a higher potential to react with elemental mercury to form cinnabar compared to sodium
thiosulfate. Additionally, the pyrite microparticles, rendered hydrophobic in xanthate solutions, integrated into
the mercury droplets, forming a black paste. This study introduces a promising approach for efficient elemental
mercury stabilization in contaminated soils by integrating biopolymers, reactive soluble compounds, and pyrite
microparticles for sustainable decontamination.

1. Introduction

Soil contamination with mercury (Hg) is a major environmental issue
with significant impacts on human health and the ecosystem. Mercury, a
toxic heavy metal, can linger in the environment for decades and pose
harm to human health through both the food chain and direct contact.
The production and use of mercury, dating back to the 19th century, has
led to a major issue with mercury pollution. Methylmercury
([CH3Hg]™), a toxic form of mercury, can easily enter the food chain and
pose a risk to human health with research indicating a greater biological
accumulation and a larger magnification in the food chain (Abeysinghe
et al., 2017; S. Liu et al., 2021b). Human activities following the in-
dustrial era have contributed to the elevated levels of Hg in soil and
sediment, with 3-10 times increase (S. Liu et al., 2021b).

The primary sources of soil contamination are usually attributed to
mining operations and industrial production (Ukaogo et al., 2020). A
recent study conducted across China revealed that soil contamination
with mercury was a widespread issue, with 1.6 % of the surveyed sites
exceeding the regulatory limit set by the country's Ministry of Land and
Resources (MLR) and Ministry of Environmental Protection (MEP)
(Gong et al., 2019). In response, the search for effective ways to reme-
diate soil contaminated with mercury has gained considerable attention.
Previous attempts have focused on various methods, including physical
(Sierra et al., 2011), chemical (Ying and Zhou, 2005), and biological
approaches (Mahbub et al., 2017). Physical methods include the exca-
vation and removal of contaminated soil, while chemical methods
involve the use of various reagents such as chelating agents, acids, and
bases (Li et al., 2019). Biological approaches rely on microorganisms to
remove mercury from soil through biomethylation.

The chemical stabilization approach uses sulfur-containing com-
pounds to react with elemental mercury (Hg®) in contaminated soil to
form mercury sulfide (HgS) which is a stable and insoluble compound
(Hagemann, 2009; Rodriguez et al., 2012). However, it can be chal-
lenging to deliver in situ reactive compounds using traditional Newto-
nian fluids in heterogeneous soils.

Moreover, the use of polymers offers several advantages in the
remediation of Hg-contaminated soils. Polymers are non-toxic, biode-
gradable, and can effectively bind to mercury ions, preventing their
spread and bioavailability (Zhao et al., 2023). In addition, polymers can
be easily modified to improve their mercury binding capacity and can be
combined with other materials, such as nanoparticles, to enhance the
remediation process (Wang et al., 2020).

In addition to the use of polymers for Hg remediation, researchers
have also investigated the efficacy of pyrite and synthetic FeS for Hg
removal. Pyrite, a naturally occurring mineral, has been shown to be
effective for remediating low-concentration Hg-contaminated soils,
while synthetic FeS exhibits a superior performance for treating high-
concentration Hg-containing wastewater (Han et al., 2020; Skyllberg
et al., 2021; Sun et al., 2017). Bower et al. (2008) investigated the in-
fluence of pH, reaction time, and Hg(II) concentration on pyrite's ability
to sorb Hg(II) (Bower et al., 2008). Their batch sorption studies revealed
that higher pH and longer reaction times increased Hg(II) removal. They
suggested that pyrite has the potential to serve as an effective reactive
barrier for Hg(II) remediation and that optimizing conditions, such as
pH and oxygen content, could further enhance its effectiveness. They
used two 1-cm diameter glass tubes were packed with 6.30 g of pure
quartz sand, one with and one without a pyrite barrier. The barrier

column had 0.25 g of washed pyrite mixed with 0.75 g of quartz sand,
evenly distributed at the top. The presence of a thin reactive barrier of
pyrite in the column experiments greatly slowed the effluent of Hg(II),
delaying breakthrough by approximately 15 times (Bower et al., 2008).
Duan et al. (2016) investigated the synthesis of nanoscale pyrite parti-
cles for mercury removal and found that it achieved high removal rates
(90 %) within 5 min and complete removal after 12 h (Duan et al.,
2016). However, the presence of salts reduced the removal efficiency.
This study highlights the potential of nanoscale pyrite as a highly effi-
cient adsorbent for mercury removal. Sun et al. (2017) conducted a
comparative analysis of natural pyrite and synthetic FeS for Hg(Il)
adsorption in aqueous systems (Sun et al., 2017). Their findings revealed
that synthetic FeS exhibited a remarkable advantage, boasting a
maximum sorption capacity of 769.2 mg/g compared to pyrite's 9.9 mg/
g. This substantial difference was attributed to the larger surface area of
synthetic FeS, providing ample sites for Hg(II) attachment. They further
highlighted synthetic FeS's remarkable tolerance to pH variations,
chloride ions, and coexisting cations, rendering it a promising sorbent
for treating high-concentration Hg(II)-containing wastewater (<20 mg/
L). In contrast, pyrite, despite its lower sorption capacity, stands out as
an effective long-term adsorbent for immobilizing wastewater with
lower Hg(II) concentrations (<1 mg/L) due to its economic feasibility
and abundance.

Beyond the use of pyrite, researchers have also explored the efficacy
of alternative methods for mercury removal, including sodium thiosul-
fate (NaS203) and sodium sulfide (NayS). Ray and Selvakumar used a
synergistic combination of hydrogen peroxide (H203), sodium thiosul-
fate (NaS203), and sodium sulfide (NayS) to remediate mercury-
contaminated soil, achieving a remarkable mercury removal rate of
88.6 % (Ray and Selvakumar, 2000). Their study demonstrated the
effectiveness of this approach in reducing the final mercury concentra-
tion in the soil from an initial concentration of 2100 mg/kg to 270 mg/
kg. Chen and Zhang (2012) later investigated the application of NayS»03
solution for mercury removal from soil with an initial concentration of
108.76 mg/kg, achieving a removal rate of approximately 65 % (Chen
and Zhang, 2012). Their findings further reinforced the potential of
sodium thiosulfate as a mercury remediation agent.

The combination of polymers and nanoparticles can improve the
overall efficiency and effectiveness of the remediation process and
reduce the cost associated with traditional remediation methods
(Tungittiplakorn et al., 2005). Liu et al. (W. Liu et al., 2021a) investi-
gated the use of xanthan gum (XG) to stabilize reduced graphene oxide-
based nanoscale zero-valent iron (nZVI/rGO) for in-situ remediation of a
Cr(VI)-contaminated aquifer. They demonstrated that XG-nZVI/rGO
effectively formed an in-situ reaction zone, successfully reducing Cr
(VI) downstream for a duration of 108 h. Notably, their remediation
approach had minimal impact on the aquifer's pH and produced a
limited quantity of Fe?*, ensuring a reduced risk to environmental mi-
croorganisms. While the effectiveness of XG in absorbing heavy metals
such as Cd, Cu, Pb, and Zn from soil is well-documented (Han et al.,
2022; Ko et al.,, 2022), its application in soil remediation for Hg°
contamination remains underexplored. In contrast, the capacity of FeS
and FeS; to form complexes with Hg and reduce its mobility is estab-
lished (Lyu et al., 2016).

Significantly, our study marks the first exploration of the synergistic
effects resulting from the combination of a biopolymer (xanthane), the
micro-particle of pyrite and reactive sulfide reagents. Additionally, the
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mercury fixation ability of pyrite has been predominantly studied in
aqueous solutions (Gong et al., 2019). Therefore, investigating the po-
tential of pyrite for remediating mercury-contaminated soil under hy-
drodynamic conditions is of significant interest. These reactive sulfide
reagents encompass sodium sulfide, sodium thiosulfate, and particu-
larly, two novel xanthate formulations (potassium isopropyl xanthate
and sodium isobutyl xanthate). Xanthates are widely used as flotation
agents in the mining industry for the extraction of metals, including
gold. Their floating behavior is primarily due to their ability to act as
collectors in the froth flotation process. Particularly, the adsorption of
xanthates imparts hydrophobic characteristics to the metal particles.
The xanthate forms a monolayer on the particle surface, making it
water-repellent (Rao and Finch, 2003). The conversion of particles to a
hydrophobic state significantly improves their ability to float in the
aqueous phase (Peng et al., 2018).

A better understanding of the combined use of these materials could
lead to improved remediation strategies for mercury contaminated soils,
reducing the risk of Hg leaching into the environment and potentially
reducing the costs associated with Hg remediation. In this study, we aim
to investigate the synergistic effects of XG polymer and iron sulfides in
removing Hg from soil. We show how injecting biopolymer can improve
the delivery of sulfide micro-particles and reagents. The main objective
is therefore to develop a biopolymer and sulfide-based solution to sta-
bilize the elemental mercury but also to study the feasibility of injecting
in situ such a solution into polluted soil. To achieve this goal, several
experiments have been conducted including a stability study, charac-
terization of polymer, transport study in a porous medium, and inves-
tigation of polymer concentration effects. The results of these
experiments have led to the development of a method to reduce mercury
saturation in contaminated soils using non-Newtonian liquids loaded
with sulfur.

2. Materials and methods
2.1. Materials

2.1.1. Biopolymer

Xanthan gum, with the chemical formulas of C35H49029 was pro-
vided from Sigma-Aldrich for use in our experiments. This biopolymer,
commonly known as XG, is a high-molecular-weight polysaccharide
derived from the fermentation of sugars by the bacterium Xanthomonas
campestris (Shabir et al., 2023). XG exhibits exceptional rheology, of-
fering a unique combination of shear-thinning and shear-thickening
behavior. Its non-Newtonian properties make it an ideal carrier fluid
for in-situ mercury remediation, particularly in heterogeneous soil en-
vironments. XG is a white or off-white powder, non-toxic, odorless, and
biodegradable, and it readily dissolves in both hot and cold water. Its
solubility in cold water makes it a practical choice for in-situ remedia-
tion, as it can be injected directly into the soil without the need for
heating or pre-treatment. XG is also insoluble in alcohol, further
enhancing its suitability for soil remediation applications. Its excep-
tional thickening and suspensive power enable the creation of highly
viscous solutions that effectively maintain particle suspension in the
presence of sulfide microparticles and reactive reagents. Furthermore,
XG's viscosity is minimally affected by temperature variations, ensuring
consistent delivery and performance across a range of soil temperatures.

2.1.2. TIron sulfides microparticles

Powdered sulfide minerals were utilized in the formulation of poly-
mer solutions. Pyrite (FeSy) with a 98.9 % purity, a particle size of 1-5
pm, and a density of 5.00 g/cm® was obtained from Nanochemazone
(Canada). The concentration of FeSy in the experiments was established
as 24 g/L, as recommended by the research performed by Bower et al.
(Bower et al., 2008).

Science of the Total Environment 949 (2024) 174901

2.1.3. Sulfide compounds reagents

In this study, we have tested potassium isopropyl xanthate or PIAX
((CH3)2CHOCS3K) and sodium  isobutyl xanthate or SIPX
((CH3)2CHCH,0CS,Na). Xanthates, also known as dithiocarbonates, are
compounds derived from the salts and esters of xanthic acid. The term
“xanthic acids” encompasses a group of organosulfur compounds with
the general formula of ROC(=S)SH, effectively making them O-esters of
dithiocarbonic acid. Deprotonation results in the formation of the
xanthate anion with the general formula ROC(=S)S.

Furthermore, we examined the effectiveness of sodium thiosulfate
(NayS203) and sodium sulfide (NasS) as chemical agents for stabilizing
elemental mercury. Notably, xanthates (PIAX and SIPX) have not pre-
viously been employed for this purpose. In contrast, it is established that
sodium thiosulfate and sodium sulfide can facilitate the precipitation of
elemental mercury in the form of cinnabar. To ensure the stability of our
solutions, it is crucial to control and maintain the pH of the prepared
solution within the optimal range of 8 to 12. To achieve this pH range,
we employed two buffer solutions, namely K»CO3 and KHCO3, to adjust
the pH of solutions to approximately 10.

2.1.4. Gas and water

Gases of COy (purity 99.7 %) and Ny (purity 99.98 %) were supplied
by Air Liquide and utilized in our experimental procedures. COy was
employed to prevent formation of air bubbles during the column soaking
process. Meanwhile, N5 served to prevent the agglomeration of micro-
particles in the polymer solution and shielded against the oxidation of
pyrite microparticles during the preparation process. Throughout the
study, we exclusively used deionized water sourced from a Millipore
purification system (Elix Advantage range).

2.1.5. Siliceous sand for porous medium construction

To establish authentic and permeable soil conditions, we employed a
dry, highly siliceous sand obtained from SIBELCO as the porous medium
for this research. The particle size range for this study was restricted to
0.7 to 1 mm to ensure optimal injectability of microparticles with the
polymer solutions. This was achieved by carefully sieving the sand to
meet the specified size criteria. Subsequently, a thorough washing pro-
cess was conducted to eliminate any impurities and ensure the purity of
the porous medium. Finally, the sand was subjected to drying in an oven
at 100 °C for 15 h to remove residual moisture and ensure consistent
flow properties of the polymer solutions.

2.2. Experimental setups and procedures

2.2.1. Preparation of solutions

All polymer-based solutions were prepared using deionized water. A
one-liter suction flask was filled with deionized water and placed on a
magnetic stirrer to facilitate thorough mixing. The water was then
connected to a vacuum pump to efficiently remove any air bubbles,
ensuring a homogeneous solution. This degassing process was con-
ducted for 30 min at a rotation speed of 500 rpm to ensure thorough
removal of air pockets.

Following degassing, the deionized water was transferred to a beaker
where the polymer solution would be prepared. The mixing of the so-
lutions was performed using an overhead stirrer (IKA RW14) at a rota-
tion speed ranging from 200 to 500 rpm for a duration of 1 to 4 h. For the
batch tests, a series of combinations involving sulfide compounds,
polymers (XG), and buffer solutions were prepared to evaluate their
effectiveness in mercury stabilization. Table 1 provides a comprehensive
list of all the solutions utilized in the batch experiments.

The preparation of polymer-based solutions (stock or mother solu-
tions) on pyrite and/or sulfide compounds was conducted following a
sequential approach. Firstly, all water-soluble components were pre-
pared, followed by the addition of buffer solutions, and subsequently,
the polymers were introduced. However, in cases involving the incor-
poration of a water-insoluble solution (e.g., pyrite micro-particles), the
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Table 1

Different formulations of polymer solutions with sulfide components (concentration is in g/L).
Number 1 2 3 4 5 6 7 8 9 10 11 12 13
Solutions W.F XG.F SI PI XG.SI XG.PI XG.SLF XG.PLF NS XG.NS XG.NS.F XG.TS.F XG
XG - 4 - - 4 4 4 4 - 4 4 4 4
FeS, 24 24 - - - - 24 24 - - 24 24 -
SIPX - - 100 - 100 - 100 - - - - - -
PIAX - - - 100 - 100 - 100 - - - - -
K,CO3 - - 38.12 29.14 38.12 29.14 38.12 29.14 38.12 38.12 38.12 38.12 -
KHCO3 - - 4.36 29.95 4.36 29.95 4.36 29.95 4.36 4.36 4.36 4.36 -
NayS - - - - - - - - 20 20 20 - -
NasS,03 - - - - - - - - - - - 20 -

XG: xanthan gum; W: Deionized water; FeS, (F): pyrite powder; SIPX (SI): Sodium isopropyl xanthate; PIAX (PI): Potassium isoamyl xanthate; K,CO3 and KHCO3:

buffers; Na,S (NS): Sodium sulfide; Na,;S,03 (TS): sodium thiosulfate.

particles were introduced into the aqueous phase prior to the polymer
powder addition. To prepare the polymer solution, hydration of iron
sulfide in water was initiated at 200 rpm for 15 min, followed by the
subsequent addition of the polymer powder and mixing at 500 rpm for 3
h. Regarding column injection, only formulations 1, 2, 8, and 12 were
utilized. The concentrations of the sulfide solutions were determined
empirically based on their solubility in water. The stability of the solu-
tions was assessed using graduated cylinders, and all experiments were
conducted in a temperature-controlled room at 20 °C.

2.2.2. Batch experiments and analytical method

To assess the efficacy of polymer-based solutions in stabilizing
elemental mercury (Hg®) and promoting its transformation to cinnabar,
a series of batch experiments were conducted. In this study, all solutions
listed in Table 1 were prepared, and all were spiked with a known dis-
solved concentration of mercury at 100 ng/L. This controlled spiking
allowed for the systematic investigation of the solutions' ability to sta-
bilize and facilitate the conversion of elemental mercury. The concen-
tration of mercury before and after spiking were analyzed. By
systematically spiking the solutions and tracking the transformation
kinetics, we sought to provide valuable insights into the potential of
polymer-based solutions for stabilizing elemental mercury and facili-
tating its conversion to cinnabar, contributing to the understanding of
mercury remediation strategies.

Employing the Analytik Jena Mercur DUO PLUS atomic fluorescence
spectrometer, we developed a comprehensive analytical protocol for
accurate and reliable quantification of mercury concentrations in the
stock solutions. This advanced instrument features a cold vapor gener-
ator, an atomic fluorescence detector, and a signal processing system,
complemented by a 54-position sample changer (AS-FD sampler). The
analytical procedure involves a series of sequential steps to effectively
convert mercury species into a form suitable for quantification.

Initially, samples undergo thorough mineralization with a bromide/
bromate mixture in hydrochloric acid. This step ensures the complete
transformation of all mercury species into the divalent state (II). Sub-
sequently, residual bromine is removed using ascorbic acid to prevent
interference with the subsequent mercury quantification process. Next,
mercury (II) is further reduced to elemental mercury (Hgo), the most
stable and easily quantifiable form, using stannous chloride. The
released elemental mercury is then transported into the atomic fluo-
rescence detector as cold vapors via a carrier gas (argon). Within the
detector, the monoatomic vapor state of mercury is excited by ultravi-
olet light at a wavelength of 254 nm, and the resulting fluorescence
signal is measured. This signal is proportional to the concentration of
mercury in the sample, enabling accurate quantification. The analytical
workflow outlined here demonstrates the robustness, sensitivity, and
precision of the mercur DUO PLUS system for mercury analysis, making
it a valuable tool for investigating mercury contamination in complex
matrices.

Then, all reactions involving the interaction of liquid pure mercury
with polymer solutions were carried out within test tubes. Within these

test tubes, we monitored the ability of polymer solutions to stabilize
mercury as well as its conversion into cinnabar. Each test tube was
comprised of a glass sample approximately 40 mm in length and
possessed an inner diameter of 15 mm. A glass stopper was used to
prevent the loss of Hg® due to volatilization from the glass tube.

To evaluate the effectiveness of the prepared solutions in stabilizing
elemental mercury (Hg®), we introduced approximately 0.4 g of liquid
Hg® to the bottom of each test tube. Subsequently, 2.7 mL of the pre-
pared solutions (refer to Table 1 for details) were added to the test tubes
without shaking. Shaking the tubes can dislodge the cinnabar formed at
the interface of the mercury, potentially altering the results. The shaking
condition does not correspond to the in situ real case. The surface con-
dition and any color changes in the mercury were visually examined
after its exposure to the sulfide biopolymer-based solutions. Addition-
ally, we monitored any alterations in the color of the solutions due to
chemical interactions. The precise quantities used were measured using
a precision balance (Fisherbrand™ Precision Balances) with an accuracy
of +£0.001 g and a volumetric pipette in order to ensure method accu-
racy. To mitigate contamination resulting from the volatilization of Hg®
during sample preparation, all tests were conducted in a dedicated room
with appropriate facilities and within a fume hood.

2.2.3. 1D column for flooding experiments

The behavior of polymer solutions in porous media and the influence
of polymer concentration on solution vectorization were assessed using
a glass column filled with a clean porous medium, as depicted in Fig. 1.
Subsequently, the stabilization of elemental mercury was performed by
injecting the most promising solutions into Hg’-doped porous media.
The column measured 30 cm in length and 4 cm in inner diameter,
providing a controlled environment to assess the flow behavior of the
solutions. The porous medium was secured in place using metal grids
with a mesh size of 250 pm, ensuring uniform distribution of the solu-
tions within the column.

To monitor the progress of the flooding experiments, a differential
pressure sensor (KELLER PR33X pressure transducer) was employed to
measure the pressure drop across the porous medium. An electronic

[
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Fig. 1. An illustration of a) the setup and b) experimental protocol used for
flooding experiments.
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balance (OHAUS, model STX 6201) was used to track the weight change
of the column, providing information about the amount of solution
injected. Data acquisition and analysis were conducted using control
series 3.0 software, enabling precise tracking of the displacement pro-
cess. An Ismatec® Reglo ICC digital peristaltic pump (accuracy +1 %)
was employed to inject the solution from a reservoir into the packed
column, maintaining a constant flow rate during the flooding experi-
ments.. The Masterflex® PTFE tubing with individual channel control
ensured efficient delivery of the polymer solutions through the column.
To maintain the homogeneity of the injected solutions and prevent the
precipitation of microparticles, a mechanical rod stirrer was integrated
into the reservoir containing the solution. A schematic view of the
displacement test setup is illustrated in Fig. 1.

The dry sand was carefully loaded into the column vertically to
ensure proper packing. The sand was compacted every 5 cm using a rod
to mitigate local heterogeneity and prevent preferential pathways. In the
Hg%doped column, a 4-g mercury droplet was placed in the column
center. Preventing soil and mercury mixing enhances experiment
repeatability. A leak test was conducted on the column by applying 1 bar
of CO, gas pressure, and leaks were detected using foam soap. Subse-
quently, the column was flushed with CO; at a flow rate of 5 mL/min for
45 min to achieve fully water saturation and avoid air bubble by dis-
solving the CO, gas.

Deionized water was introduced from the bottom of the column at a
flow rate of 1 mL/min to attain fully water saturation by removing gas
gradually from the top of the column. The column's weight before and
after water saturation was measured to determine the pore volume (PV
= 143 mL) and porosity (0.38). Permeability was calculated by
measuring pressure changes along the column for different flow rates,
applying Darcy's law. Table 2 provides the properties of the sand uti-
lized, including diameter (mm), pore volume (PV), porosity (%),
permeability (darcy), and equivalent radius, req (pm).

Finally, the solutions were horizontally injected into the columns at a
flow rate of 3.48 mL/min. Three series of experiments were performed
to achieve different objectives: i) injection of 3 pore volumes (PV) of
water and biopolymer (2 g/L and 4 g/L) charged with pyrite micro-
particles to study the effect of the biopolymer and its concentration on
particle delivery and fluid front propagation in porous media, ii) injec-
tion of 3 PV of the most promising biopolymer-based solutions to eval-
uate their efficiency in delivering the pyrite microparticles, iii) injection
of 3 PV of water followed by 1 PV immediately and 1 PV after 3 days of
the selected solutions into the Hg’-doped column to study their effi-
ciency in stabilizing elemental mercury.

During the experiments, the pressure drop was continuously moni-
tored. The effluents were collected, and their density was measured
using a 5 mL pycnometer. For the Hg®-doped experiments, the effluents
were collected after every 1 PV of solution injection in 7 mL poly-
ethylene terephthalate tubes with stoppers for mercury concentration
analysis.

2.2.4. Rheological behavior of solutions

All solutions were tested using a Haake Mars 60 Thermofisher
rheometer (min. torque rotation 0.02 pN.m, torque resolution 0.1 nN.m)
with cone-plate geometry (C60/1°/Ti and TMP60). 1-2 mL of solution
was placed in the shear gap of 0.054 mm, and the shear rate was
recorded over time with corresponding stress. The shear stress was
adjusted between 0.01 and 100 s~* with a maximum measurement time

Table 2
Physical characteristics of porous medium.
Porous Diameter, PV, mL Porosity, Permeability, Teq, HM
medium mm % darcy
Dry 0.7-1.0 143.12 37.98 + 247.3+1.0 72.17
siliceous +1.31 0.35 +0.29
sand
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of 60 s. The results were verified with three tests of each polymer so-
lution to ensure accuracy.

2.2.5. Particle stability analyses of the polymer-based solutions

Stability assessments of polymer solutions were carried out within
graduated cylinders. Initially, the stability of pure polymer solutions was
examined to establish a baseline for comparison. Subsequently, pyrite
microparticles (FeSy) were added to the solutions to assess the influence
of particle presence on stability. The experimental setup consisted of
graduated glass cylinders with a length of 300 mm and an inner diam-
eter of 40 mm. To monitor the stability of the pyrite particle suspensions,
the height of the suspensions was measured continuously at regular 10-
min intervals. This continuous monitoring allowed for the observation of
any changes in particle sedimentation or solution homogeneity.

3. Results and discussions
3.1. Effect of polymer concentration on particle stabilization

Particle stability experiments were conducted to evaluate the sta-
bility of polymer solutions in the presence of FeS,. The suspension
volumes of the solutions were monitored over time, and the impact of
polymer concentration on particle stability was examined. Fig. 2 pre-
sents the temporal evolution of suspension volume for XG solutions with
concentrations of 1 g/L, 2 g/L, and 4 g/L while maintaining a constant
FeS; concentration of 24 g/L. As indicated in Fig. 2, the solution with 1
g/L XG experiences a gradual reduction in suspension volume over 160
min, starting from an initial volume of 250 mL. A significant decline
occurs within the first 100 min, resulting in a final reduction in volume
of approximately 60 mL. This reduction suggests substantial precipita-
tion of FeSy microparticle and the formation of distinct liquid layers. A
similar trend, with a smaller volume reduction, is observed with the
addition of 2 g/L XG, resulting in a 34 % lower reduction compared to
the 1 g/L XG solution. However, the pyrite microparticles remained fully
stable in the xanthan solution at a concentration of 4 g/L. This implies
that an increase in polymer concentration enhances particle stability in
the solution. Therefore, 2 g/L and 4 g/L XG are selected as the optimum
concentrations for further experiments, potentially indicating a satura-
tion point where additional polymer does not significantly impact the
stability of the suspension.

The stability of microparticles in viscous fluids, such as XG, is gov-
erned by a set of key factors. The heightened viscosity plays a crucial
role in impeding the settling of microparticles, providing resistance
against gravitational forces, particularly benefiting smaller particles.
The shear-thinning behavior inherent in polymer solutions facilitates
ease of handling without compromising stability. During shear stress,
the fluid's viscosity decreases, allowing for convenient manipulation,
and promptly reverts to a higher viscosity, ensuring sustained stability.
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Fig. 2. Time-dependent particle stability of FeS, (24 g/L) in XG polymer so-
lutions of different concentrations.
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The increased viscosity and elasticity of the polymer solution collec-
tively contribute to an improved suspension, fostering increased inter-
particle interactions. This interaction leads to the formation of a stable
structure or network within the fluid, further enhancing microparticle
dispersion. The elastic nature of the solution resists deformation, and its
resilience against external forces, such as gravitational settling and
turbulence, collectively maintains the dispersion of microparticles.

3.2. Rheological behavior of solutions

The rheological behavior of XG polymer solutions were analyzed by
studying how their viscosity responded to changes in shear rates, as
illustrated in Fig. 3. As depicted in Fig. 3a, XG solutions demonstrate
shear-thinning characteristics, featuring elevated viscosity at low shear
rates and decreased viscosity at high shear rates. The viscosity of XG
displays a concentration-dependent pattern when doubling the con-
centration from 2 g/L to 4 g/L. Furthermore, there is an approximate rise
in viscosity at shear rates of 0.1 and 1.0 1/s, with values increasing from
1.42 Pa.s to 7.94 Pa.s and 0.33 Pa.s to 1.31 Pa.s, respectively. This in-
crease in viscosity with increasing polymer concentration can be
attributed to the entanglement and interaction of polymer chains (Gao
et al., 2018; Patel et al., 2020; Rezaeiakmal et al., 2022). As the con-
centration rises, there is a greater likelihood of polymer chain entan-
glements, resulting in increased resistance to flow and higher viscosity
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Fig. 3. Rheological behavior of a) the mixture of xanthan polymer of different
concentration with and without pyrite powder and b) xanthan polymer (4 g/L)
at pH 7 and 10, along with mixtures of xanthan polymer with different buffered
sulfide reagents.
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(Nsengiyumva and Alexandridis, 2022).

The addition of pyrite to both XG solutions, at concentrations of 2 g/
L and 4 g/L, revealed a noteworthy trend in the viscosity-shear rate
curves, as illustrated in Fig. 3a. This trend suggests a complex interplay
between pyrite particles and the XG polymer solution's rheological
behavior. Notably, the presence of pyrite exerted a dual effect on vis-
cosity, resulting in an overall reduction in viscosity. This phenomenon
can be attributed to the disruptive influence of pyrite particles on the
polymer matrix, leading to a decreased resistance to flow (Liu et al.,
2018). Intriguingly, the impact of pyrite was more pronounced in the
lower concentration solution, where it accentuated the difference in
viscosity between the two solutions, particularly at higher shear rates.
This may imply concentration-dependent effects or enhanced pyrite-
polymer interactions in the lower concentration solution. Importantly,
it is worth mentioning that the introduction of microparticles did not
result in any significant alteration in the non-Newtonian behavior of XG
solutions. The rheological characteristics of the solutions remained
consistent, indicating that the presence of pyrite microparticles did not
induce substantial changes in the overall shear-thinning fluid nature.

Fig. 3b illustrates the rheological behavior of XG solutions at 4 g/L
concentration at pH 7 and 10, along with when it is combined with
different additives, including sodium sulfide, PIAX, sodium thiosulfate,
and SIPX (see Table 4). Increasing the pH of the xanthan solution from 7
to 10 maximally increases the viscosity of the solution by a factor of 1.3
while maintaining its non-Newtonian rheological behavior. In this range
of pH, the xanthan gum molecules are fully hydrated and interact
strongly with water, resulting in a highly viscous solution. The viscosity
tends to remain relatively stable and high within this pH range. How-
ever, these general trends can vary depending on the specific formula-
tion and concentration of the xanthan gum solution, as well as the
presence of other ions or additives in the solution (Nsengiyumva and
Alexandridis, 2022). Moreover, all additives reduce the viscosity
compared to the base XG solution keeping a good non-Newtonian
behavior. Notably, the addition of SIPX results in a linear reduction,
distinguishing it from the other additives, which exhibit similar trends to
XG alone. At lower shear rates (below 1 1/s), the XG + PIAX solution
exhibits significantly higher viscosity compared to other additive solu-
tions. This demonstrates the unique impact of PIAX on the rheological
properties of the polymer solution.

3.3. Mercury stabilization test in batch

The initial and post-spiking concentrations of Hg® in various reactive
sulfide reagents were measured using the Analytik Jena Mercur DUO
PLUS, and the results are presented in Table 3. Despite the complex
composition of the solutions, the analyzer demonstrated its suitability
for mercury quantification, as the Hg® concentrations in the initial so-
lutions were within its measurable range, considering the low detection
limit of 50 ng/L.

Upon spiking 100 ng/L of dissolved mercury into the solutions, all
measured values remained below the analyzer's detection limit. Notably,
it was observed that the addition of 100 ng/L of mercury to pure water
and only polymer solution resulted in no significant change in mercury
concentration. This intriguing observation underscores the stability of
mercury in water and polymer under these conditions and further val-
idates the precision and sensitivity of the analyzer. The lack of signifi-
cant change in mercury concentration in pure water contrasts with the
observed reductions in mercury concentration in the reactive sulfide
reagents (Solutions 3-12). The higher concentrations observed in solu-
tions containing water and polymer associated with pyrite powder
(Solutions 1 and 2) may be attributed to the slow kinetics of the pyrite
reaction with dissolved mercury and its limited reaction surface. In
contrast, solutions in the form of liquid reagents exhibited rapid re-
actions, resulting in a substantial reduction in mercury concentration.

The results obtained from batch experiments demonstrate that the
addition of polymer does not significantly hinder the reagents' ability to
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Table 3
Initial and post-spiking Hg® concentrations in various reactive sulfide reagents measured using Analytik Jena Mercur DUO PLUS.
Solution number 1 2 3 4 5 6 7 8 9 10 11 12 13 Only
water
Solution name W.F XG.F SI PI XG. XG.PI XG.SL XG.PL. NS XG. XG.NS. XG.TS. XG w
SI F F NS F F
Initial Hg® concentration (ng/L) 20 £ 4+0 9+3 2+ 1+ 3+1 1+0 2+0 4+ 9+1 3+£2 2+1 1+1 1+1
1 0 0 2
post-spiking Hg® concentration 42 + 25 £ 13 £ 2+ 9+ 10 £ 4+0 7+0 5+ 8+1 6+2 2+1 94 + 99 + 4
(ng/L) 0 0 2 0 3 1 1 2

stabilize dissolved mercury. This finding suggests that the polymer does
not compete with the reagents for interaction with mercury, allowing for
efficient stabilization. Overall, the results highlight the efficacy of the
selected sulfide reagents for mercury stabilization, demonstrating their
potential for practical application in environmental remediation
scenarios.

Furthermore, the tube experiments involving the addition of mer-
cury droplets into the mother solutions revealed a distinct color trans-
formation in all proposed sulfide reagents, where the initial silvery-
white appearance of mercury changed to shades of gold, dark gold, or
black. This observed change in color indicates the conversion of mercury
into cinnabar upon contact with the reagent. The pyrite microparticles,
rendered hydrophobic in xanthate solutions (solutions 7 and 8), inte-
grated into the mercury droplets, forming a black paste. However, the
pyrite particles remained on the surface of the mercury droplets for
other solutions. Due to the inherent complexity of our solutions, char-
acterized by the presence of microparticles and polymers, attempts to
quantitatively assess the cinnabar content proved challenging. Notably,
the solution containing xanthate exhibited an orange color, while the
addition of pyrite powder resulted in a complete blackening of the so-
lution. Remarkably, we observed that pyrite microparticles remained in
suspension within the xanthate solution even after more than one year.
This prolonged suspension behavior suggests potential advantages for
injecting pyrite microparticles into porous media, minimizing clogging
and enhancing interactions with mercury droplets in soil. The floating
behavior of xanthates is noteworthy, attributed to their ability to modify
the surface properties of pyrite particles, rendering them hydrophobic
(Wang and Eric Forssberg, 1991; Yang et al., 2018) and facilitating
attachment to non-wetting droplets of mercury. This unique floating
behavior underscores the versatility of xanthate-containing solutions
and their potential applications in environmental remediation scenarios.
No change in color was observed in the mercury droplet when in contact
with either pure water or the polymer alone (solution 13).

3.4. Solutions injectability and mercury stabilization tests in 1D sand-
packed column

3.4.1. Effect of xanthane biopolymer and its concentration on microparticle
delivery
The injectability of the solution is one of the obstructions for field

application. Fig. 4 provides a visual representation of column conditions
following the injection of various solutions including water and
biopolymer (xanthane) solution of 2 g/L and 4 g/L in combination of
pyrite micro-particles at different pore volumes. Blank water injection
shows particle accumulation downstream, stagnating front due to low
water viscosity causing rapid particle settling. After the injection of 1
PV, the particle front remains stagnant due to precipitation and clog-
ging, with water exiting only after 3 PV of injection. Clogging is influ-
enced by the interplay of multiple forces, including gravity, inertia,
electrostatic, and viscous forces (Zamani and Maini, 2009; Alamooti
et al., 2022). Injection of a polymer solution containing 2 g/L of XG
results in an unstable front progression, characterized by gravity-
induced finger-like structures. Conversely, the injection of a 4 g/L XG
solution yields a stable front advancement, possibly due to its unaffected
viscosity.

To evaluate solution effectiveness, various quantification methods
were employed, including relative density and pressure difference
measurements at the column outlet. In Fig. 5a, the relative density of the
outlet solution (psol our), calculated as the ratio of the density of the
outlet solution to the density of water (pwater), Normalized by the initial
injected solution density at the inlet (pso] in), denoted as (psol out-Pwater)/
(Psol in-Pwater), is depicted at the column outlet for the delivery of the
pyrite microparticles using pure water (solution 1) and xanthane
biopolymer at 2 g/L and 4 g/L (solution 2). The injection of water alone
(Water + Pyrite) proved ineffective in facilitating the successful trans-
port of the pyrite microparticle powder. However, using xanthane
biopolymer enhances significantly the delivery of the pyrite micropar-
ticles. The injection of xanthane and pyrite microparticle shows a
gradually increasing relative density after column saturation. Specif-
ically, at 1.1 PV, the relative density corresponds to 34 % and 47 % of the
initial density for the xanthane concentration at 2 g/L and 4 g/L,
respectively. Subsequently, after 3 PV, the relative density stabilizes at
approximately 56 % and 66 % for the xanthane concentration at 2 g/L
and 4 g/L, respectively. Therefore, using xanthane concentration at 4 g/
L, enhances the delivery of the pyrite microparticle by around 25 %.

Fig. 5b illustrates the evolution of pressure difference in relation to
the injected pore volume (PV). When considering the pressure dynamics
for pure water (solution 1), the pressure difference at the onset of the
injection is in the order of tens of Pascals. Due to the pyrite particle
precipitation within the pores, the pressure gradually rises, reaching 0.7

Pore a) water and pyrite powder
volume

0.5

’T

2.0

2.5

3.0

b) xanthane (2 g/L) and
pyrite powder

¢) xanthane (4 g/L) and
pyrite powder

Fig. 4. Illustration of solution front propagation after 0.5, 2, 2.5, and 3 PV (Q = 3.48 mL/min) after injection of a) water and 24 g/L of FeS,, b) polymer solution of 2

g/L and 24 g/L of FeS,, and c) polymer solution of 4 g/L and 24 g/L of FeS,.
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Fig. 5. Microparticle delivery capacity of pure water and xanthan biopolymer
at 2 g/L and 4 g/L concentrations: a) Evolution of the relative density of effluent
at the column outlet, and b) pressure difference as a function of injected pore
volume (PV).

kPa after 3 PV. For biopolymer solutions, the onset of injection results in
a gradual increase in the pressure difference, indicating pore filling and
column resaturation with the polymer-based solution. However, after 1
PV, a steady-state fluid flow was not observed. Particle transport
continued, and the pressure difference kept increasing, although at a
slower rate. There is a noticeable reduction in the rate of pressure
change for the xanthane solution at 4 g/L compared to the one at 2 g/L
associated with pyrite powder (24 g/L). This suggests a improved par-
ticle transport for the xanthane solution at 4 g/L. The slope of the curve
suggests a changing particle density, aligning with the relative density
evolution observed at the column outlet, which consistently increases
with injected PVs. According to Fig. 5b, the pressure difference and,
consequently, the apparent viscosity of the xanthan biopolymer solution
in porous media are approximately twice as high for the xanthan solu-
tion at 4 g/L compared to 2 g/L. As a result, the mobility ratio—defined
as the ratio of the displacing fluid's mobility to the displaced fluid's
mobility—is halved. This reduction in the mobility ratio decreases
viscous fingering, leading to a more stable front propagation for the 4 g/
L xanthan solution (Beteta et al., 2022; Davarzani et al., 2022). In
addition, the increased viscosity hinders the settling of microparticles,
offering resistance to gravitational forces and promoting uniform dis-
tribution. It is important to note that the apparent viscosity at the same
shear rate can differ between porous media and polymer solutions
measured with a rheometer. This discrepancy arises from particle
deposition in the porous medium, which decreases its permeability
(Omirbekov et al., 2023).

3.4.2. Injectability of biopolymer-based sulfide solutions
Various injection scenarios distinctly influence particle fronts and
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column saturation, with the 4 g/L XG solution demonstrating the most
favorable outcomes. Consequently, injectability and stabilization tests
were conducted in the packed column using the 4 g/L XG solution and
two different sulfide reagents solutions (8, and 12). For solutions num-
ber 8 and 12, PIAX (100 g/L) and sodium thiosulfate (20 g/L) were
added to the mixture of XG and pyrite powder, respectively, each con-
taining 4 g/L of XG and 24 g/L of pyrite powder. Further details of the
solutions are provided in Table 1.

We observed that, at a fixed pore volume (PV), the advancing front
for solutions 2 (XG.F) and 8 (XG.PLF) exhibited a slightly darker
coloration, suggesting an enhanced efficiency in transporting pyrite
particles. Subsequent to the injection of 1 PV, all columns achieved full
saturation with polymer solutions, rendering them visually indistin-
guishable after 3 PVs.

In Fig. 6a, the relative density of the effluent at the column outlet is
shown for the delivery of pyrite microparticles (24 g/L) using solutions 8
and 12, compared to the xanthan biopolymer at 4 g/L (solution 2). With
the injection of solution 8 (XG -+ Pyrite+PIAX), we note stable and rapid
growth in relative density immediately after column saturation, fol-
lowed by erratic fluctuations after 2.5 PV. At 1.1 PV, the relative density
registers at 28 %, and it progressively increases by 95 % at 2.5 PV.
However, a temporary decline is observed at 2.8 PV, reducing the
relative density to 88 %, before a resurgence to 88 % at 3 PV. This re-
flects a notable 60 % improvement in microparticle delivery from the
initial post-saturation measurement. It is noteworthy that, the general
pattern in relative density changes demonstrates an upward trend,
suggesting an increased production of pyrite microparticles in the
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Fig. 6. Microparticle delivery capacity of biopolymer-based sulfide solutions 8
(xanthan 4 g/L + pyrite+PIAX) and 12 (xanthan 4 g/L + pyrite+sodium
thiosulfate): a) Evolution of the relative density of effluent at the column outlet,
and b) pressure difference as a function of injected pore volume (PV): a) Evo-
lution of the relative density of solutions at the column outlet, and b) pressure
difference as a function of injected pore volume (PV).
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effluent. Nevertheless, fluctuations in this trend can be attributed to
non-homogeneities in the distribution of the pyrite microparticles in the
solutions during similar time steps.

Furthermore, the solution containing NaS203 (XG + Pyrite+Sodium
thiosulfate) exhibits swift initial growth up to 1.5 PV, followed by
gradual stabilization. Notably, at 1.1 PV, the relative density measures
at 12 %, ultimately reaching 74 % (a 62 % increase) at 1.5 PV. A minor
reduction of 2 % is observed at 2 PV, followed by a return to 75 % at 3
PV, indicating a 63 % increase from the initial post-saturation mea-
surement. The solution containing PIAX demonstrates a higher density
retention at 88 %, whereas the NasS;03 solution exhibits a more expe-
ditious enhancement in injectability with a relative density of 74 %. This
enhanced capacity is due to its pyrite flotation behavior, which effec-
tively prevents precipitation and clogging within the porous medium
(Wang and Eric Forssberg, 1991; Yang et al., 2018). The incorporation of
xanthan into reactive sulfide reagents significantly improves the trans-
port of these reagents within pyrite microparticles in porous media. This
intricate interaction between the rheological properties of the polymer
solution and the dynamics between particles offers a comprehensive
insight into the heightened stability of microparticles in viscous polymer
solutions.

As shown in Fig. 6b, a similar trend is observed for the delivery of
pyrite microparticles using both Solutions 8 and 12. A substantial in-
crease in pressure precedes column saturation with the solution, fol-
lowed by a more gradual pressure variation until the end of the
injection. The introduction of xanthate PIAX (solution 8) results in a 23
% reduction in pressure difference compared to the delivery of particles
using only the xanthane biopolymer. In the case of solution 12 (XG +
Pyrite+sodium thiosolafate), the pressure gradient is not only less pro-
nounced (8 % reduction) compared to the xanthane-only scenario (XG
+ Pyrite) but also exhibits a gradual growth curve after 1 PV. This
plateau signifies more uniform and steady particle injection into the
solution, which was partially anticipated due to the special properties of
xanthate and thiosulfates (e.g., floating and lixiviation behaviors).

3.4.3. Efficiency of Hg® stabilization in soil using biopolymer-based sulfide
solutions

Table 4 presents the initial and post-treatment effluent mercury
concentrations for the Hg°-doped soil column using the selected solu-
tions: Solution 8 (xanthan biopolymer + pyrite + PIAX) and Solution 12
(xanthan biopolymer + pyrite + sodium thiosulfate). The average initial
mercury concentration in the effluent, following the injection of 3 pore
volumes (PV) of water, was approximately 20 pg/L. This concentration
decreased by approximately 14.4 times for Solution 8 and 4 times for
Solution 12. After 3 days, the Hg effluent concentration further reduced
to around 0.5 pg/L for Solution 8 and around 2.1 pg/L for Solution 12,
indicating good stabilization of mercury within a short period. The ki-
netics of mercury stabilization to cinnabar were faster for Solution 8
compared to Solution 12. This observation is consistent with batch
experiment results, where the silver color of the mercury droplet in
contact with Solution 8 turned dark more rapidly, whereas Solution 12
caused a more gradual color change.

The mercury stabilization in these solutions is the result of the

Table 4

Initial and stabilized Hg® concentrations in Hg®-doped sand-packed column
using Solutions 8 (xanthan biopolymer + pyrite + PIAX) and 12 (xanthan
biopolymer + pyrite + sodium thiosulfate). Dissolved Hg® concentration values
are measured in the effluent. The values are the averages of 3 measurements
related to the injection of 3 PV of water and 2 PV of polymer-based solutions.

Solutions  Averaged initial Averaged Hg® Averaged Hg°
Hg® concentration concentration in concentration in
in effluent (pg/L) effluent just after effluent 3 days after
treatment (pg/L) treatment (pg/L)
20.2+1.2 1.4+ 0.6 0.5+0.3
12 20.4+£1.5 51+1.2 21+04
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combined effect of sulfide solutions and the presence of pyrite micro-
particles. Both xanthate and sodium thiosulfate molecules contain two
sulfur atoms each. However, xanthate has a higher potential for binding
with mercury to form cinnabar (HgS) due to the more reactive nature of
its sulfur atoms. Moreover, the rate and extent of mercury sulfide pre-
cipitation are influenced by parameters such as temperature, pH, and
sodium thiosulfate concentration. Specifically, higher temperatures and
thiosulfate concentrations, combined with lower pH levels, lead to an
increased rate of mercury precipitation (Han et al., 2017a; Zhou and
Dreisinger, 2017). Sodium thiosulfate (Na2S20s) readily reacts with
mercury, forming stable complexes due to its strong affinity for the
metal (Wang et al., 2012). Notably, Na2S20s is a non-toxic compound,
unlike Na-S. The formation of HgS salt can be improved by adding a
suitable amount of hydrochloric acid (HCI), which releases elemental
sulfur that reacts with elemental mercury (Hg°) (Audeh, 1992). How-
ever, pyrite is effective in removing Hg® from aqueous solutions across a
broad pH range (Brown et al., 1979) with longer reaction times
(Svensson et al., 2006).

In our column experiments, evaluating the efficiency of the stabili-
zation method required mobilizing the fluid around the polluted soil.
This can enhance the leaching potential of sodium thiosulfate (Han
et al., 2017b). In real scenarios, however, the polymer, being a highly
viscous fluid, can block the flow around the contaminated zone. This
blocking effect can enhance mercury stabilization and reduce or divert
the downstream flow, thereby minimizing the dispersion of mercury in
its dissolved phase within the groundwater.

4. Conclusions

The experimental investigation of reactive sulfide reagents and their
delivery in porous media using xanthan gum biopolymer for in-situ
mercury remediation has yielded valuable insights into environmental
remediation strategies, particularly in the context of mercury stabiliza-
tion. The xanthan polymer effectively maintained pyrite microparticles
in suspension when viscosity was sufficiently high, ensuring their effi-
cient transport through porous media. Introduction of pyrite micropar-
ticles and reactive sulfide solutions (sodium thiosulfate, sodium sulfide,
and xanthate) into xanthan gum polymer systems resulted in a slight
decrease in viscosity but did not significantly impact its shear-thinning
behavior, which is crucial for bypassing soil heterogeneity and
achieving uniform reagent distribution. Moreover, the introduction of
xanthan polymer did not affect the ability of the sulfide solutions to
stabilize elemental mercury, demonstrating their compatibility and
synergistic effects. Sodium thiosulfate and organosulfur xanthate agents,
notably PIAX, proved highly effective in reducing pressure gradients and
increasing microparticle delivery efficiency, with PIAX exhibiting the
most favorable performance. This is attributed to its unique floating
behavior, which prevents precipitation and clogging within the porous
medium. Furthermore, higher polymer concentrations (4 g/L of xan-
than) exhibited enhanced delivery front stability, contributing to the
precision and consistency of particle delivery. The elevated viscosity
impedes the settling of microparticles, providing resistance against
gravitational forces and ensuring uniform distribution. The combined
effect of microparticle of pyrite, two sulfide-containing reagents (PIAX
and sodium thiosulfate), and biopolymer allowed to stabilize the
elemental mercury in a sand-packed column up to 97 % in the effluent.
Xanthate is more effective than sodium thiosulfate in reacting with
elemental mercury to form cinnabar (HgS). This is because xanthates
contain sulfur in a form that readily interacts with mercury to produce
the desired sulfide compound. Furthermore, xanthate renders the pyrite
microparticles hydrophobic, facilitating their entry into the mercury
droplets. This results in the formation of a black paste that stabilizes not
only the surface but also the elemental mercury droplet throughout its
depth. Pyrite, being the most prevalent metal sulfide in nature, is widely
accessible and cost-effective. It can be prepared as a powder and com-
bined with the xanthane biopolymer and reactive reagent presented in
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this study to adsorb and stabilize elemental mercury effectively. The
selection of the reagent solution will depend on the soil's characteristics
such as pH and composition, as well as considerations of reagent
availability and cost-effectiveness. These products can be prepared in
aqueous solutions and injected directly into contaminated soil zones
using injection wells or boreholes. These findings provide strong evi-
dence for the potential of xanthan gum and xanthate in in-situ mercury
remediation, offering promising solutions for addressing environmental
challenges.
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