Dalton Transactions

2 Dalton
PN Transactions

Metal-sulfide/Polysulfide Functionalized Layered Double
Hydroxides — Recent Progress in the Removal of Heavy
Metal Ions and Oxoanionic Species from Aqueous Solutions

Journal:

Dalton Transactions

Manuscript ID

DT-FRO-03-2024-000883.R1

Article Type:

Frontier

Date Submitted by the
Author:

07-May-2024

Complete List of Authors:

Ravichandran Chitra, Rohit; Jackson State University, Chemistry, Physics,
and Atmospheric Sciences

Roy, Subrata Chandra ; Jackson State University, Chemistry, Physics, and
Atmospheric Sciences

Alam, Robiul ; Jackson State University, Chemistry, Physics, and
Atmospheric Sciences

Islam, Saiful; Jackson State University, Chemistry, Physics, and
Atmospheric Sciences

SCHOLARONE™
Manuscripts




Page 1 of 25 Dalton Transactions

Metal-sulfide/Polysulfide Functionalized Layered Double Hydroxides —
Recent Progress in the Removal of Heavy Metal Ions and Oxoanionic Species
from Aqueous Solutions

R C Rohit$, Subrata Chandra Roy¥, Robiul Alam?$, Saiful M. Islam*

Department of Chemistry, Physics, and Atmospheric Sciences, Jackson State University,
Jackson, MS, USA

SEqual contribution

*Corresponding author Email: muhammad.s.islam@jsums.edu

Abstract

Water constitutes an indispensable resource for global life but remains susceptible to pollution
from diverse human activities. To mitigate this issue, researchers are committed to purifying water
using a variety of materials to remove harmful chemicals, such as heavy metals. Layered double
hydroxides (LDHs), with their intriguing, layered structure and chemical behavior, have attained
substantial attention for their effectiveness in removing heavy metal ions and various inorganic
oxoanions from water. To enhance efficiency, considerable endeavors have focused on
functionalizing LDHs with different chemical species. Intercalation with metal sulfides has proven
to be particularly effective, facilitating heavy metal absorption through multiple mechanisms,
including ion-exchange, reductive precipitation, and surface sorption. This review concentrates on
the synthesis, and performance of polysulfides (S, x = 2-5), Mo-S, and Sn-S anions intercalated
LDHs for heavy metals and inorganic oxoanions sorption, along with their adsorption mechanisms.
Furthermore, the discussion includes prospects for expanding the chemistry of metal sulfides

intercalated LDHs, along with existing challenges and future outlooks.
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1. Introduction

At present, over one billion people worldwide face challenges in accessing clean and
decontaminated drinking water.! According to the World Health Organization (WHO), by 2050,
this issue is expected to escalate, affecting nearly six billion people globally.> Hence, the
exponential increase in the water crisis is directly related to population and industrial growth.
Heavy metals, such as cadmium, zinc, silver, lead, copper, and mercury, remain in wastewater,
and their improper discharge severely contaminates ecosystems, posing risks to biological
systems.3-

Over the last decades, various physical and chemical methods, such as filtration,®’ coagulation-
flocculation,®® precipitation,!®!! ion exchange,'>!3 adsorption,!*!3 electro-catalytical,!¢-1° and
photocatalytic techniques?®® have been developed for the removal of heavy metals from
contaminated water. Chemical separations allow trace-level removal of heavy metal ions besides
achieving superior selectivity and faster kinetics. Among these, adsorption, ion exchange, and
(reductive) precipitation mechanisms have garnered widespread attention across a diverse array of
materials, including activated*'=?* and sulfur-impregnated carbon,?*2¢ zeolites,?’>° metal-organic
frameworks,3%32 layered metal-sulfides,?? clay minerals,3*-3¢ various organic molecules,’’-3° and
organic-inorganic composite materials.*043

Layered double hydroxides (LDHs) are two-dimensional (2D) anionic clay, typically described by
the formula [M?*_,M3",(OH),]*"(A™)y,'mH,0, where M and A represent metals and interlayer
anions, respectively.?>#+4% The intriguing two-dimensional cationic layered structure of LDHs,
along with their tunable elemental composition and exchangeable anions, draw attention to them.
These features allow for the modification of their physicochemical properties, resulting in a variety
of sorption mechanisms, such as surface adsorption, interlayer anion exchange, and topotactic
exchange of the layered cations.**3! In particular, the LDHs are a great option for heavy metal
sorption because of their flexibly tunable metal cations, which provide a super-stable
mineralization effect that immobilizes absorbed heavy metals in the interlayers.** Additionally,
because of their massive OH- ion content, LDHs are extremely rich in heavy metal binding sites.~>
The LDH layer reconstruction also facilitates the removal of various heavy metal ions and
oxoanions from wastewater.*-3% However, without functionalization, LDHs suffer from low
selectivity and adsorption capability, thus limiting their potential for effectively removing heavy

metal ions. Functionalizing LDHs can be achieved by four distinct methods namely defect
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engineering, intercalation, surface functionalization, and nanocomposites.”” Amongst, by
intercalating sulfide-based materials gained major attention as it exhibit exceptional affinity
towards heavy metal ions and selectively bind Lewis acidic soft heavy metal ions according to
Pearson’s hard-soft Lewis acid-base principles (HSAB).38-66:67-74 Although, LDH exhibits good
performance for the sorption of heavy metal ions, without functionalization their sorption of heavy
metal ions is not up to the mark. Thus, the integration of sulfide species, such as polysulfides and
metal sulfides, with LDHs results in a hybrid LDH-metal sulfide structures that collectively
integrate the synergic sorption properties of metal sulfides and LDHs, offering a new paradigm for
the synthesis of high-performing materials for the separation of heavy metal ions and oxoanions

from water.”?

2. Scope of the review

Over the past decade, numerous publications have explored the synthesis of various polysulfides
and metal-sulfide functionalized LDHs, investigated their sorption properties in heavy metal
cations and oxoanions, and analyzed the sorption mechanisms. Consequently, these studies have
had a significant impact on the field of hybrid 2D LDH-metal sulfide synthesis and their
applications in wastewater purification by removing heavy metal cations, oxoanionic species, and
separation of radioactive ions. This paper aims to discuss design principles for the
functionalization of LDHs and analyze the roles of various interlayer metal sulfide anions and
layered cations and their impact on the separation of chemically diverse pollutants from water and
gases. These efforts are expected to contribute to ongoing innovation in this promising materials

and environmental chemistry field.

3. General Synthetic Strategies of Meta-sulfide Intercalated LDHs

LDH offers a robust chemical composition with both layer cations and interlayered anions.”6:7’
While the layered cations vary from s, p, d, and f block metal ions, the interlayered anions vary to
include halides, inorganic oxoanions, and organic anionic species.’® 80 The synthesis of such a
robust class of chemically diverse compositions involves versatile synthetic approaches, including

co-precipitation,® hydrothermal,®? sol-gel,® electrodeposition®* and other.3>-87

The inter-layer anion exchange process of LDH represents a well-established technique for

intercalating both organic and inorganic anions, however, the anion exchange phenomena are
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related to the affinity of the anions to the LDH layers. For instance, according to Miyata the affinity
of the LDH toward various anions is in the following order: CO3*~ >SO42 >OH~ >F~ >CIl- >Br-
>NO;~ >I".38 Importantly, the exchange of COs* is extremely difficult to ion exchange but under
acidic conditions CO3% anions can be protonated and subsequently be deintercalated by less
affinitive anions, such as CI-, and NO;™ toward LDH layers.?%3° Importantly, the ion exchange
property may facilitate an anion with higher anion charge and smaller ionic sizes. The intercalation
of metal sulfides or the polysulfide anions into LDH should not be as favorable oxoanions or halide
species because of the poor affinity of sulfide anions toward LDH layers. This could be understood

by simple consideration of HSAB principle.®

Ma et al.®* 19 reported the ion-exchange of polysulfide anions, (S,)* or metal sulfide (MoS,>) by
the nitrate of the MgAl-NO;-LDH. Hence the ion-exchange needs an excessive amount of (S,)*
or metal sulfide (MoS,4?-), which may be because of the requirement of creating chemical pressure
to enforce polysulfide/metal sulfide anions going into to the LDH layers, however, the reason is
not established. The excessive unreacted metal sulfides, beyond the stoichiometry of LDH-
SYMSy (MSy = MoS4%, MosS;3, SnSs*, and Sn,S¢*), are removed by washing after the
intercalation process. Hence the intercalation of polysulfide and / metal sulfides, such as M,S, was
achieved by stepwise ion exchange of the LDH—CO; — LDH—NO; — LDH—S,/M,S,, as
depicted in the figure 1A. Hence, the ion-exchange of CO; to NO; requires acidic media to create
less affinitive proportionated carbonate and can subsequently be exchanged with NO;- that remains
in solution in excessive amounts. In step 2, NO3- of the LDH-NO; was exchanged with the metal

sulfide anion M,S, to produce LDH— S,/M,S, in solutions.

Another approach involves delaminating LDHs in polar organic solvents, such as dimethyl
formamide and formamide, subsequently restacking the positively charged layer by metal sulfide
anions.’! In particular, Celik et al showed the synthesis of LDH—Mo;S3 by exfoliating the MgAl-
LDH for 24 h in formamide to delaminated LDH layers.®> During the delamination process, solvent
molecules replace the interlayered anions leading to an increase of the interlayered spaces. The
delaminated LDHs were then introduced to the Mo;S;; anions which gradually allowed the
positively charged layers to restack to produce MosS,; functionalized LDH, as shown the Figure

1B. This approach is particularly suitable for bulky thiosulfide anions.
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Overall, the intercalation chemistry of metal sulfide into LDH layers involves several factors,
including M?*/Mo3* ratio, charge density of the host layers, interlayer spaces, crystallinities,
interlayer water, pH of the solution, besides the size, charge entities and geometry of metal
sulfides.”*** These phenomena offer particular challenges for specific LDH and metal sulfide
anions.

The intercalation chemistry of metal-sulfide into LDH can be understood by X-ray powder
diffraction from the shift of the dyo; basal space of LDH (Figure 1C). In general, intercalation of a
larger polysulfide of metal-sulfide anion expands the unit cell along the 00/ crystallographic
planes. Besides, FTIR spectroscopy is another vital method that demonstrates interlayered anion
exchange phenomena. For example, the CO;?- and NOs-ions are responsible for the peak at 1355
cm’! (Figure 1D This peak entirely vanishes following the intercalation of MoS,, indicating a
successful intercalation. Consequently, FTIR and XRD become the most common and useful
methods to confirm the intercalation of metal sulfide ions into the interlayered spaces of the LDHs.
Besides, the presence of the intercalated species can be commonly identified by energy-dispersive
X-ray spectroscopy and X-ray photoelectron spectroscopy. For instance Celik et al.*® intercalated
Sn,Se into the MgAI-LDH layers and to confirm the presence of Sn,S¢ anions in the interlayer XPS
survey spectra were recorded. In figure 1E the intense peaks for the Sn and S were obviously seen
after intercalation at the binding energy range of 482-495 eV and 157-163 eV respectively. These
two characteristic peaks confirm the existence of the Sn,S¢ at the LDH interlayers and depict that
the XPS survey spectrum can be an effective tool for identifying the existence of intercalated

anions in the LDH layers.
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Figure 1: Schematic representation of intercalation process of sulfide anions into LDHs by (A)
anion exchange method, (B) delamination-restacking method, Comparable features of CoAl-COs,
CoAI-NOs3, and CoAl-MoS, (C) PXRD patterns showing the shift of diffraction peaks to the lower
diffraction angles according to the increasing size of the intercalated anions of COs%>, NO;-, and
MoS,*; (D) FT-IR spectra show abolishing of vibration frequency of COs* and NO;™ due to
intercalation of [Mo0S4>] confirm the formation of CoAl-[MoS,] reprinted with permission from
Roy et al.”® copyright 2022 Taylor & Francis online and (E) XPS survey spectra LDH-NO3 and
LDH-Sn2S6 reprinted with permission from celik et al. *® copyright 2021 Elsevier.

4. Removal of heavy metal ions

To date, LDH was functionalized with polysulfides (S,; x=3-6), molybdenum sulfides, (MoS;*
and Mo03S3), and tin sulfides (SnS;*, and Sn,S¢*) anions and were studied in the environmental
remediation pursuit.”®1%2 Hence, the remediation includes heavy metal cations and oxoanionic
species of metals, arsenic and selenium, and gaseous mercury and radioiodine. Since the discovery
of sulfides/metal-sulfides functionalized in the past decade, this class of materials has received
paramount attention because of their remarkable sorption capacity and efficiencies for heavy

metals cations and oxoanionic species, as summarized in Table 1.103

4.1. Polysulfide Intercalated LDHs

Polysulfide intercalated layered double hydroxides (LDHs) represent a versatile and effective class
of materials for environmental remediation, particularly in the capture and removal of heavy

metals, mercury vapor, iodine vapor, and uranium from contaminated environments.!%4-1% These
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LDHs utilize the unique chemical properties of polysulfides, which are intercalated within the
layered structure of the hydroxides, to selectively bind and sequester these hazardous substances,
as stated above. Ma ef al. unveiled the high sorption efficiency of polysulfides intercalated Mg/Al
LDHs (S,-LDH) for metals ions, including Cu(II), Ag(I), and Hg(II) and uranium as UQ,>*.106
They show great affinity to bind with highly toxic mercury, having been able to reduce
concentrations from ppm to trace (<10 ppb) levels. The Sy-LDH materials had higher selectivity
for Cu(I)/Zn(IT) than for Co(I1)/Ni(Il) and provided good separation of these transition metal ions.
S,-LDH, the uptakes for Hg(II), Pb(II), Ag(I), Zn(Il), and Cu(Il) are 686, 483, 383, 145. and 127
mg/g, respectively. In another research work, S,-LDH materials demonstrate highly selective
UO,?" removal in both aqueous solution and seawater.'?> The maximum removal capacities of both
S;-LDH and S,-LDH were calculated to be ~330 mg/g in aqueous solutions, which are comparable
to other high-performing materials.!’-1%° The materials showed high uranium removal percentages
and excellent affinity for UO,>" with K, values up to 3.4x10% mL/g. S,-LDH are able to selectively
bind to uranium even in the presence of other competing ions like calcium and sodium. Overall,
the findings support the potential of S,-LDH as an effective sorbent for heavy metal cations, and

oxo-cationic species.

4.2. Molybdenum Sulfide Intercalated LDHs

MoS,? anion intercalated layered double hydroxides (LDHs) become very efficient and selective
adsorbents for heavy metal removal from wastewater®>!10-112_ Figure 2A shows the sorption kinetic
of MgAl-MoS,-LDH material that displays remarkable selective binding and efficient removal of
heavy metal ions, such as Cu(Il), Pb(Il), Ag(I), and Hg(II) and their corresponding capacities are
181, 289, 450 and 500 mg/g respectively.”® The material was found to effectively capture heavy
metal ions, with its selectivity order being Co(I1), Ni(Il), Zn(II) < Cd(II) < Pb(II) < Cu(II), Hg(1D),
Ag(1).” These LDHs, particularly FeMgAl-MoS,; (Fe-MoS,-LDH), have high adsorption
capabilities of 582 mg/g for Hg(II) and 565 mg/g for Ag(I), with rapid kinetics.!'? The redox-active
metals, such as Mn into the MgAI-LDH structure and the intercalation with MoS,>~ anions (as
referred Mn-MoS,-LDH), demonstrated selectivity of Co(II), Ni(Il), Zn(IT) < Cd(II), Cu(Il), <
Hg(II), Pb(Il), Ag(I) and maximum removal capacity of 594, 564, and 357 mg/g for Hg(I1), Ag(I)
and Pb(II), respectively.!!! Another research work showed the formation of MoS,? intercalated

NiFeTi-LDH and its effectiveness for the removal of toxic Pb and Ag" ions (adsorption
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capacities of 653 mg/g for Pb(II) and 856 mg/g for Ag(I) metal ions).!!> In their work, the
responses toward various metal ions were listed in the following order: Ni(Il) < Cu(Il) < Zn(II) <
Fe(IlT) <Pb(I) < Ag(I). Introducing redox-active 3d transition metals into the MgAl-LDH
structure and intercalating with MoS,?-anions could modulate the charge density of metallic layers
and ion-exchange features. These ultimately could affect the stability of intercalated MoS4?-anions

as well as efficiency in the removal of heavy metal ions from water.

Apart from this, He et al. reported CaAl-LDHs (LDH-MoS,) for the removal of Pb(Il) and
Cd(II).!"3 The obtained LDH-MoS, nanocomposites demonstrated enormous adsorption capacities
of 1202.1 and 678.3 mg/g for Pb(II) and Cd(II), respectively.!'? The authors concluded that strong
M-S covalent bonds between the heavy metals and [MoS,]* clusters, as well as the lattice
substitution of Cd(II) with Ca(Il) on the LDHs layer due to similar ionic radii, contribute to the

efficient adsorption.

Apart from MoS,* intercalated LDH, Mo3S;3*> - intercalated LDH stands out as a promising
material. The presence of Mo03S 3> anions within the LDH matrix facilitates selective anion
exchange mechanisms, crucial for capturing anionic heavy metal species. Moreover, the reduction
capability of Mo™) and S,?- in M0;S13> anions enables the transformation of heavy metals into
less toxic forms, improving the efficiency of remediation processes.”! Yang et al. synthesized
Mo;S,3?" intercalated MgAIl-LDHs (Mo;S3-LDH), an exceptionally potent nanosorbent for heavy
metals.”! Notably, it exhibited exceptional efficacy in the removal of Ag" ions, boasting a
maximum adsorption capacity of 1073 mg/g. Furthermore, Mos;S;3-LDH has exceptional
selectivity towards heavy metals, with a special affinity for, among others, Hg(Il), Cu(Il), and
Pb(Il). It is noteworthy that the substance retains an efficiency of >99.9 percent in eliminating
Ag(]) ions as metallic Ag, even in situations where Cu(Il) concentrations are high. This indicates

the potential of Mo;S;3;-LDH for precious metal extraction.

In the realm of environmental remediation, the innovation of making composite materials of MoS-
LDH, as exemplified in recent studies, offers a significant advancement in the removal of heavy
metals from water. The introduction of porous carbon foam and magnetic Fe;O, to LDHs
significantly enhances their capability for heavy metal removal. Porous carbon foam offers a high
surface area and structural support besides their intrinsic affinity to metal cations and thus its

integration with metal-sulfide LDH to enhance sorption capacity for metal ions. Wang et al.
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proposed a NiFe-MoS,?- LDH/CF hybrid monolith that is found to be highly effective for the
sequestration of Hg(II), Pb(Il), and Cu(Il), exhibiting ultrahigh sorption capacities of 462, 299,
and 128 mg/g, respectively.”® By loading FeMoS, onto protonated F;0,4 adhered to the surface of
MgAIl-LDH, Elham et al. explored a nanosorbent for Pb(Il), Cd(II), and Cu(Il) with significant
adsorption capabilities and superior regeneration and reusability feature.!'* The aforementioned
studies illustrate notable progressions in LDH technology using intercalation of anions bearing
MoS,* and MosS;3%. This intercalation improves the capacity, selectivity, and efficacy of heavy
metal ion adsorption from wastewater. Moreover, the integration of structural and magnetic
advancements in hybrid composites holds great potential for future utilization in the field of

environmental remediation.

4.3. Tin Sulfide Intercalated LDHs

Beyond molybdenum sulfides LDH, Sn-S intercalated LDH presents a stimulating opportunity for
thioanion intercalated LDHs to separate heavy metal ions from wastewater. These materials also
present an outstanding extension of metal sulfide functionalized LDH nanosorbent for heavy
meats. Specifically, Sn,S¢* and SnS,* intercalated LDHs exhibit high affinity toward soft heavy
metal ions.?%190:115 Celik et al. described the intercalation of SnyS¢* into the gallery of MgAl-LDH
(LDH-Sn,S¢) and showed unprecedented removal efficiency of heavy metal cations of Cu(Il),
Ag(I), Cd(II), Pb(II), and Hg(II) as shown in the kinetic curves (Figure 2B) below the WHO limit
for drinking water.”® The soft polarizable Lewis basic properties of the sulfides (S*) of the
thiostannate anions in this hybrid LDH—[Sn,S¢] nanosheets enable a vast array of Lewis acidic
heavy metal cations to be absorbed with a high degree of selectivity. LDH-[Sn,S4] can absorb
Cu(Il), Ag+, Cd(II), Pb(II), and Hg(II) with extremely high capacity, and their maximum sorption
capacities were obtained 378, 978, 332, 579, and 666 mg/g, respectively. MgAIl-LDHs supported
SnS,* clusters were reported by Chen et al. show 99% Hg(II) removal efficiency under low pH
values. This nanosorbent shows selectivity on Hg(II) removal in the presence of coexisting metal
ions, such as Zn(Il), Na+, Cd(II), Cr(IlI), Pb(II), Co(Il), and Ni(II).'"> Besides, Li et al.
demonstrated that SnS4* modified MgFe-LDH composite exhibited excellent mercury and arsenic
removal.'% The authors reported that the elimination of arsenic was mostly attributed to the
presence of the Fe site in the LDH composite, As-O-Fe bond formed during the adsorption of

As(IIl), whereas the uptake of mercury was attributed to the SnSs*clusters sites. These
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developments in Sn-S intercalated LDHs demonstrate the great potential of thioanion-based
nanosorbents for the selective and effective removal of heavy metals from wastewater, paving the

way for future water treatment technologies.
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Figure 2. Heavy metal adsorption kinetics curves of (A) LDH-MoS,, reprinted with permission
From Ma et al.!'¢ copyright 2016 American Chemical Society and (B) LDH-Sn,Sg, reprinted with
permission From Celik et al.”® copyright 2021 Elsevier (where, (i) Ion concentration change with
contact time, (i1) Removal % as a function of contact time, (iii) Sorption capacity (q;) with contact
time, and (iv) pseudo-second-order kinetic plots).

4.4. Metal Sulfide/Polysulfides intercalated LDH for Mercury/lodine Vapor Capture

Considering the potential for extensive pollution as well as the toxicity of Hg and I, vapors, their
presence in the environment presents a significant obstacle that demands inventive approaches to
eliminate them. Iodine vapors, while less prevalent, provide threats in situations such as nuclear
accidents; mercury emissions, specifically those stemming from industrial activity, can result in
enduring environmental and health risks.”7104117.118 § ] DH showed a high efficiency towards Hg
vapor capture. The formation of strong S-Hg-S bonds, driven by the S-S bonds of the polysulfides
in the interlayer space, plays a significant role in Hg capture.!® The polysulfide remaining S*
undergoes oxidation to SO4* and subsequently form SO4-LDH. Hg capture capacities of S,-LDH,
S4-LDH, and Ss-LDH are reported to be very high at 5.0x10°, 7.6x103, and 1.0x10° pug/g, reaching
50-100% adsorption capacity by weight. Besides, an excellent Hg? removal efficacy was

demonstrated by [Mo0S,]>/CoFe-LDH at both low and high SO, concentrations, suggesting its
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potential for use in S-Hg mixed flue gas purification. S;-LDH displays highly efficient iodine

capture resulting from reducing the property of the intercalated polysulfides.'"®

The I, molecules are reduced to I3~ ions while the polysulfide ions oxidize to form Sg.
Similarly, S,?7/S?” in [M03S3]* can reduce the I, to [I3]” ions, and thus subsequently be trapped
within the LDH gallery through electrostatic attraction. Meanwhile, the S,?7/S?~ themselves are
oxidized to Sg and SO4>~, while Mo(IV) is oxidized (by O, in air) to Mo(VI), which combines with
SO4* forming amorphous molybdenum sulfates.”” With a cooperative interaction of chemical and
physical adsorption, the Mo3;S;3-LDH demonstrates a large iodine adsorption capacity of 1580
mg/g; whereas Sn,S¢-LDH showed an extremely large iodine capture capacity of 2954 mg/g with
a large contribution from physisorption.!!” For iodine in solutions, Sn,Ss-LDH also shows
excellent capture performance with an adsorption capacity of 1308 mg/g.°”-!'7 These findings
demonstrate the importance of intercalated LDH-based adsorbents in environmental cleanup,
capturing and neutralizing mercury and iodine through complex chemical processes and high-

efficiency adsorption.

4.5. Metal Sulfide intercalated LDHs for Removal of Oxoanionic Species

Functionalizing the LDH with metal sulfide-based anions enhances the capture efficiency various
oxoanionic species, such as SeO,>, SeO3>, HAsO;2-, HAsO,* attributed by the synergic effect of
positively charged hydroxide layers with interlayer sulfide guests.’® This occurs the
complementary effect of electrostatic attraction between the cationic LDH layers and the desired
anions, as well as covalent interactions between S-Cr, S-Se and S-As. Celik et al. reported the
application of LDH-Mo3S;3 for the removal of CrO4* as a redox surrogate for TcO,, removes
CrO4* from the LAW condensate stream solution with a K4 value up to 10’ mL/g and the kinetic
properties can be observed from Figure 3.%2 This study unveiled that cooperative oxidation of
molybdenum and sulfur enhances the reduction of highly soluble Cr(VI) to insoluble Cr(III)
species. In another work, Celik et al. introduced an efficient sorbent LDH-Sn,S¢ for ReO,4, an
isostructural and isoelectronic surrogate for TcOy4 from aqueous solution.!?> LDH-Sn,S4 exhibited
a removal of ReO4 through multiple sorption processes, including anion exchange, surface
sorption, and reductive precipitation. However, the authors noted that ion-exchange of the Sn,Sg¢
anions by ReOy is the dominant mechanism, while a trace amount of reduced Re(IV) species was

found in the post-sorbed solids that could be attributed to the oxidation sulfides of the Sn,S¢ ions.
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In contrast, LDH-Mo3;S;;5 almost exclusively follows reductive precipitation of chromate by
reducing Cr(VI) to insoluble Cr(IIl) species. The distinction between LDH-Sn,S¢ and LDH-
MosS;3 is attributed to the presence of disulfide (S,%) species in the M03S;3 anions, which is better
described by M03S(S,)s, of LDH-Mo;S 3 and the absence of (S,?) in the Sn,S4ions in the former.
Zhang et al. found in another study that the Mo;S;3-LDH adsorbent has a significant absorption
value for Ag(I) (446.4 mg/g), Hg(Il) (354.6 mg/g), As(Ill) (61.8 mg/g), and Cr(VI) (90.6 mg/g),
demonstrating a good removal capacity for such a diverse range of ions. By adding Mo;S;; to the

LDH gallery, the interlayer gap widens, speeding up mass transfer and improving adsorption
capacity.'?0
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Figure 3. (A) Adsorption kinetics for the residual concentrations (C;) and removal rates of Cr(VI)
for 1.0 x 103 ppb and (B) 1.0x10* ppb solutions in DIW; (C) a comparison of the pseudo-second-
order adsorption kinetics for 1x10° and 1x10* ppb solutions; (D) adsorption capacity (qy) Vs

equilibrium adsorption concentrations (C.). Reprinted with permission From Celik et al.%?
copyright 2022 American Chemical Society.

Ma et al.’® reported, MoS4-LDH as highly efficient sorbent of various oxoanions, including
HAsO;%, HAsO4*, SeO4*, HSeOs> and CrO,>. Specifically, MoS;-LDH shows a very high
removal rate (>99%) of As(IIl), As(V), and As(VI) from complex aqueous solutions, with

remarkable selectivity for HAsO3%, HAsO4>, and CrO,4? in the presence of competing nontoxic
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anions. The material can rapidly reduce As(Ill) and Cr(VI) concentrations to <10 ppb, below the
permitted level for drinking water. The maximum adsorption capacities for As(Ill), As(V), and
Cr(VI) are 99, 56, and 130 mg/g, respectively. In contrast, Roy et al. reported CoAl-MoS,-LDH
that can effectively remove CrO4>- from acidic, neutral, and basic media with a removal capacity
as high as 231 mg/g.”> The authors also reported that adsorptions of As(V) and Cr(VI) are
exceptionally rapid, with >93% and >96% removal within 1 min and 5 min, respectively. In
another study, Ma et al. reported that the presence of transition metal ions, such as Hg{D, Cu,
and Cd' accelerates the capture of selenium oxoanions.'! It was found that the MoS,;-LDH
material demonstrated excellent performance in comparison with NOs™ intercalated LDHs in the
simultaneous removal of toxic Se(VI)/Se(IV) oxoanions and heavy metals (Hg(II), Cu(Il), and
Cd(II)) as shown in kinetic curves (Figure 4).!2! The maximum sorption capacities for individual

Se(VI) and Se(IV) were 85 and 294 mg/g, respectively.
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Figure 4. Sorption kinetics curves for Se(IV) and Cu(Il) by MoS,-LDH and NOs;-LDH: (a)
Concentration change following contact time, (b) removal % as a function of contact time, (c)
sorption capacity (qt) with contact time, and (d) pseudo-second-order kinetic plots for the sorption;
Reprinted with permission From Ma et al.!°! copyright 2017 American Chemical Society.
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Liao et al. discussed the environmental implications of introducing MoS4?- groups into FeMgAl-
LDH for the removal of selenium oxoanions from the environment.*> The study found that the
introduction of MoS,> groups led to significant changes in the characteristics of the LDHs
compared to other compounds. It was observed that the remaining selenium species in the solution
could be reduced by leaching S*, resulting in the formation of Se(0) and SO,*. Additionally, Fe
from the LDH layers acted as catalysts for selenium reduction in chemical reactions. These
findings show that metal sulfide intercalated LDHs are a strong and selective way to clean water
of harmful oxoanions.

Table 1. Polysulfides/metal sulfides functionalized LDHs and their efficiency in the removal of
various cations and anions.

Adsorbent Heavy Capacity Cy, C. Ref
metal ion  (mg/g) (mg/L)
S,-LDH Hg(1I) 686 2185, 814 104-106
Ag() 383 767,0.11
Pb(II) 483 1960, 1073
Zn(1II) 145 615, 324
U0?* 330 1478, 1148
Hg? 5.0x10° -
S4-LDH UO** 332 1478, 1146 104,105
Hg? 7.6x103 -
MgAl-MoS,-LDH Hg(II) 500 500, 0.207 %0
Ag(D) 450 1484, 958
Pb(II) 289 1040, 751
Cu(II) 181 2223,2012
FeMgAl-MoS,-LDH Hg(II) 582 1000, 417.2 110
Ag(]) 565 1000, 434.6
Mn-MoS4-LDH Hg(1I) 594 - a
Ag(l) 564 -
Pb(II) 357 -
NiFeTi- MoS,;-LDH Pb(II) 653 100,0 0.43 12
Ag(D) 856 100,0 0.001
Fe;04,-FeMoS,-MgAI-LDH  Pb(II) 191 300, 14 14
Cd(In) 141 300, 89.3
Cu(I) 110 300, 13.4
NiFe-MoS4>- LDH/CF Hg(II) 462 - %6
Pb(II) 299 -
Cu(Il) 128 -
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CaAl-MoS,-LDH Pb(II) 1202 - I3
Cd(1n) 678 -
CoAl-MoS,-LDH CrO4* 231 500, 269 93
Mo;S,;-MgAl-LDH He(ID) 594 594, 0.04 91
Ag(D) 1073 1662, 589
LDH-Mo3S3 CrO4* 225 1000,775 %9
LDH-MoS, CrO4* 130 167, 36 36,121
As(II) 99 341,242
As(V) 56 306, 250
Se(VI) 85 316, 231
Se(IV) 144 534, 240
LDH-Sn,S, Hg(ID) 666 1500, 834 7
Pb(II) 579 1500, 921
Cd(II) 332 1500, 1168
Ag(l) 978 1500, 522
Cu(Il) 378 1500, 1122
I, (Vapor) 2954 -
LDH-Sn,Se ReO,> 93 300, 207 98,102
MgAl-SnS,-LDH Hg(I) 360 - 115
SnS,2/MgFe-LDH Hg(Il) 342 - 100
LDH-Mo3S;3 I, (Vapor) 1580 - 7
Fe-MgAl-MoS4-LDH Se(VI) 167 586, 419 4
Se(1V) 484 1072, 588

5. Mechanisms for the Removal of Diverse Pollutants by Metal-sulfide/polysulfides LDH

The sorption mechanisms of metal sulfides/polysulfide functionalized LDHs are influenced by
various factors. These include the degree of Lewis acidity of the heavy metal cations, the size and
charge density of the interlayered anions and their exchangeable counterparts, standard reduction
potentials, as well as the type of layered cations and their respective charge densities. The robust
chemistry of LDH and their interlayered metals sulfides/polysulfides demonstrate numerous
sorption mechanisms including ion exchange, surface sorption, isomorphic substitution,
precipitation and adduct formation, and others, as demonstrated in Figure 5. Specific details in

some of the notable methods are discussed below.
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5.1. Surface sorption: Surface sorption refers to the adsorption of heavy metals onto the surface
of the adsorbent. This process involves the formation of mono and/or multilayers on the sorbent's
surface through weak van der Waals forces, without changing their chemical composition on the
adsorbent's surface as shown in Figure 5B. Therefore, it exhibits low activation energys, little to no
selectivity, and easy adsorption-desorption. The protonated hydroxyl groups (-OH,") at the outer
surface of the LDH allow it to bind with heavy metal anions through weak electrostatic force. On
the other hand, the bare hydroxyl groups on the surface of the LDH can also bind with heavy metal
cations through hydrogen bonding.!??

5.2. Ion exchange: The ion exchange process is the most common phenomenon for the trapping
of oxoanionic species in the metal sulfide intercalated LDHs. The Oxoanions of heavy metals and
other anions, such as HAsO4*, SeV10,?, and others are generally exchanged with the intercalated
anions of the LDH layers. The monovalent oxoanions are easily replaceable by the divalent or
trivalent metal anion due to the formation of stronger electrostatic forces.!?> However, if the
chemical potential of the ion-exchanged LDH is high enough the reverse is also possible. CoAl-
MoS, showed the anion exchange mechanism for the removal of CrO4? anion at acidic, neutral,
and basic media.'** XRD of post-adsorbed studies revealed the increase of basal distance dgg; at
acidic, and neutral media due to the exchange of MoS,> by dichromate (Cr,0,*") and a mixture of
dichromate (Cr,0-*) and bichromate ion (HCr,O7), respectively whereas in basic pH the ion-
exchange occurs through only chromate anion (CrO,4%). Similarly, the removal mechanism of
rhenium oxoanion, ReO4 was also reported as pH dependent. It follows ion exchange in neutral
media, however, in acidic solution, it predominantly follows reductive precipitation (soluble
Re’*04 — insoluble Re(IV). Moreover, the anion-exchange mechanism was also observed for the

removal of selenium oxoanions, SeVD0,42- and Se™)0;2 by MgAl-MoS,-LDH (Figure 5C).!%

Besides, the heavy metal cation removal process involves interlayered adduct formation into the
intercalated metal sulfide anion and the subsequent exchange of this bulky adduct anion with the
available NO3 or COs? anions in solution.!'¢ Hence the formation of an adduct and the subsequent
ion exchange is related to the concentration of the heavy metals cations in the solutions. For
example, as shown in Figure 5A, at extremely low concentrations of the heavy metals cations
(M™"), the interlayered metal-sulfide trap M and form anionic complexes of [M(MoSy),]*™* or

[M(Sn,Se)y]"* or [M(Mo3S3)y]"* and remain inside the LDH layers.!!6122.126 However, with the
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increase of the concentration of M"", the bulky anions come out from the LDH layers from the
interlayer by an exchange with smaller anions, such as nitrate or carbonate anions of the solutions.
Hence, depending on the characteristics of the interlayered metal sulfides anion and the pollutant
heavy metal cations and its concentration, metal sulfides/polysulfides precipitate out the heavy
metal cations either by the formation of charge neutral crystalline metal sulfides or oxides; and
amorphous M"* (M!S, )*; where M™" = pollutant heavy metals; (M',S,)* = Mo-S or Sn-S anionic

Sp€Cl€S.

Moreover, cations exchange can also occur at the octahedral layers of LDH through the
isomorphous exchange.!?” This kind of cation exchange traps the polluted heavy metal cations in
the solid state matrix of the LDH layers and thus removes from the solutions. The cationic radii
of the heavy metal pollutant and the metal ion forming the LDH sheet play a significant role in the
isomorphic ion exchange. For instance, Ni(Il) showed the isomorphic ion exchange with Mg(II)
in MgAI-LDH since the ionic radii of Ni(Il) and Mg(Il) are comparable i.e. 70 and 72 pm,

respectively.!?’
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.S, .S s, = o
LDH Layer stoichiometric M’ os‘ S‘ 3

[5’ \s] [sf \s] '
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Figure 5: Sorption mechanism of heavy metal ions by metal-sulfide intercalated LDH showing
(A) concentration-dependent ion exchange and adduct formation, reprinted with permission From
Ma et al. ''® copyright 2016 American Chemical Society; (B) Ion exchange, reprinted with
permission from Celik et al. '??> copyright 2023 American Chemical Society, (C) Reductive
precipitation, reprinted with permission from Ma et al.'°! copyright 2017 American Chemical
Society, and (D) reductive precipitation as well as small contribution of anion exchange and
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surface sorption. reprinted with permission From Celik et al.®*> copyright 2022 American Chemical
Society.

5.3. Reductive precipitation: Reductive precipitation is important for the removal of pollutant
metal ions and oxyanion species, as the interlayered anionic species of the LDH act as a reductant.
For instance, the Mo'V3S3 ions of the LDH-Mo!V;S 3, being disulfide-rich species, reduce Ag" ions
to metallic Ag’, facilitating the direct separation of silver from the aqueous solution.!?® In addition,
Celik et al. demonstrated that LDH-Mo!V3S;3 is highly effective in converting highly soluble
Cr(VI) ions to insoluble Cr(III) species in aqueous solutions, and in simulated off-gas condensate
nuclear waste stream (Figure 5D).'?® This discovery was confirmed through XPS, synchrotron
XANES, and EXAFS analyses. However, for the LDH-MoV"!Sy4, Ma et al.'°! reported the reductive
precipitation of the Se(IV) ions to Se? for the separation of Se'VO3? in aqueous solutions. Hence,
the reduction occurs by the oxidation of sulfides.'?> Overall, the low standard electrode potentials
of sulfide S¥'"—S™" + ne™ (e.g., E° of S*/S0,4? is~—0.22) makes it a viable reductant chemically

diverse ions.
6. Cost-effectiveness of the metal sulfide/polysulfide intercalated LDHs

LDHs can be synthesized with earth abundance and environmentally benign metal atoms, such as
Mg/Al, Ca/Al, using facile, cost-effective, scalable synthesis techniques.!?® Numerous studies
suggest the possibility of regeneration, reusing, and high stability of LDHs for absorption
applications. This highlights the commercial importance of the LDH as a heavy metal absorbent.!3°
Also, sulfur is an environmentally friendly element having an earth abundance of % and is very
cost-effective. The metal sulfide anions precursors can be synthesized in solutions and their
subsequent intercalation.!3! The metal sulfide anions precursors are commonly prepared by simple
cost-effective solution processable hydrothermal method, as well as at room temperature and
pressure.?-192.115.132 Congidering these one may surmise that metal sulfide intercalated LDHs will

be the economical and efficient candidate for wastewater treatment application.

7. Conclusion and future outlook

Henceforth, polysulfide/metal-sulfide intercalated LDHs exhibit efficacy in the absorption of
heavy metal cations and oxoanions of arsenic and selenium from contaminated water. The

intercalation of anions leads to an increased interlayer spacing, allowing the formation of
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complexes at the lower concentrations of heavy metals and subsequently being exchanged with
the counter anions of the pollutant metal cations at higher concentrations and precipitate out from
the solutions. Moreover, sulfide acts as a reductant for the cations having high standard redox
potential and separate them from the solution by reductive precipitation. Additionally, the
oxoanionic species can be trapped in the interlayer of LDH layers by ion exchange and can be
separated from the solutions. These suggest that the sorption process is related to concentration,
types of ions, and their redox potential. Therefore, it becomes difficult to make a common
judgment about LDH and its efficiency for the environmental remediation of inorganic ions.
However, compared with LDH-MoS,, LDH-Sn,S¢ offers a higher sorption capacity of Cu, Ag, Pb,
Cd, and Hg. Similarly, LDH-MosS;3 shows higher Ag sorption capacity than LDH-MoS,. This
finding suggests that the sorption capacity of heavy metals may be related to the molar
concentration of the active sites, which is sulfide ion in this instant. Despite this observation, one
should take a caution to conclude as the actual concentration of sulfide species may be different

from their theoretical concentrations in interlayered spaces of the LDH.

While there is substantial progress in the removal of heavy metal ions from solutions, the
opportunity remains to investigate their sorption potential for chemically soft noble metal cations.
Additionally, the robust chemistry of molecular metal sulfides can extend the chemical
compositions of metal sulfide intercalated LDH and their interactions with chemically diverse
metal ions. Although the intercalation of bulky metal sulfide into LDH is challenging, a novel
synthetic procedure including delamination-restacking or one-pot synthesis techniques may
facilitate their intercalation. The challenges in scaling up the preparation of intercalated LDHs lie
in the low yield, requiring larger amounts of solvents and intercalating anions. X-ray Diffraction
(XRD) studies confirm intercalation by observing shifts in the characteristic peaks of LDHs, yet
there is uncertainty regarding structural changes in the metal sulfide anions during the intercalation
process. Currently, there is a critical need to develop synthesis methods for metal sulfide
intercalated LDHs with high yield, expanding the chemistry of LDH-metal sulfides with
chemically diverse metal sulfide anions, overcoming the challenges of regeneration, and

demonstrating their practical applications on industrial scales.

19



Dalton Transactions Page 20 of 25

Acknowledgment

This research work is supported by the research grant of the National Science Foundation, Division

of Chemistry (NSF-2100797).

References:

[

A. Sonune and R. Ghate, Desalination, 2004, 167, 55-63.

M. Ashrafuzzaman, C. Gomes and J. Guerra, Climate, 2023, 11, 146.

0O.-A. O. Abiodun, O. Oluwaseun, O. K. Oladayo, O. Abayomi, A. A. George, E. Opatola, R.

F. Orah, E. J. Isukuru, I. C. Ede, O. T. Oluwayomi, J. A. Okolie and I. A. Omotayo, Clean

Technologies, 2023, S, 934-960.

4 W.S. Chai, J. Y. Cheun, P. S. Kumar, M. Mubashir, Z. Majeed, F. Banat, S.-H. Ho and P. L.

Show, Journal of Cleaner Production, 2021, 296, 126589.

A. Demirbas, Journal of Hazardous Materials, 2008, 157, 220-229.

M. Soylak, I. Narin, U. Divrikli, S. Saracoglu, L. Elci and M. Dogan, Analytical Letters, 2004,

37, 767-780.

7 Y. Tian, B. Gao, V. L. Morales, L. Wu, Y. Wang, R. Mufioz-Carpena, C. Cao, Q. Huang and
L. Yang, Chemical Engineering Journal, 2012, 210, 557-563.

8 X. Tang, H. Zheng, H. Teng, Y. Sun, J. Guo, W. Xie, Q. Yang and W. Chen, Desalination
and Water Treatment, 2016, 57, 1733—-1748.

9 F. M. Pang, P. Kumar, T. T. Teng, A. K. Mohd Omar and K. L. Wasewar, Journal of the
Taiwan Institute of Chemical Engineers, 2011, 42, 809-815.

10Q. Chen, Y. Yao, X. Li, J. Lu, J. Zhou and Z. Huang, Journal of Water Process Engineering,
2018, 26, 289-300.

11 A. Pohl, Water Air Soil Pollut, 2020, 231, 503.

12 A. Bashir, L. A. Malik, S. Ahad, T. Manzoor, M. A. Bhat, G. N. Dar and A. H. Pandith,
Environ Chem Lett, 2019, 17, 729-754.

13R. H. Crist, J. R. Martin and D. R. Crist, Environ. Sci. Technol., 2002, 36, 1485-1490.

14B. Al-Rashdi, C. Somerfield and N. Hilal, Separation & Purification Reviews, 2011, 40, 209—
259.

15N. Unlii and M. Ersoz, Journal of Hazardous Materials, 2006, 136, 272-280.

16N. A. A. Qasem, R. H. Mohammed and D. U. Lawal, npj Clean Water, 2021, 4, 1-15.

17T. A. Saleh, M. Mustageem and M. Khaled, Environmental Nanotechnology, Monitoring &
Management, 2022, 17, 100617.

18S. A. Razzak, M. O. Faruque, Z. Alsheikh, L. Alsheikhmohamad, D. Alkuroud, A. Alfayez, S.
M. Z. Hossain and M. M. Hossain, Environmental Advances, 2022, 7, 100168.

19Y. Sheth, S. Dharaskar, M. Khalid and S. Sonawane, Sustainable Energy Technologies and
Assessments, 2021, 43, 100951.

20M. B. Tahir, H. Kiran and T. Igbal, Environ Sci Pollut Res, 2019, 26, 10515-10528.

21 M. Raninga, A. Mudgal, V. K. Patel, J. Patel and M. Kumar Sinha, Materials Today:
Proceedings, 2023, 77, 286-294.

22R. D. F. Rios, P. J. B. Bueno, J. C. S. Terra and F. C. C. Moura, Environ Sci Pollut Res, 2023,

30, 31881-31894.

W N

AN D

20



Page 21 of 25

Dalton Transactions

23J. R. Koduru, L. P. Lingamdinne, C. A. Pal, Y.-L. Choi, R. Kulkarni, Z. H. Momin and Y.-Y.
Chang, Journal of Water Process Engineering, 2024, 57, 104610.

24Y. Liu, F. Xue, T. Wang, Q. Wang and W.-P. Pan, Fuel Processing Technology, 2023, 239,
107540.

25Q. Zhou, F. Zhu, R. Gong, J. Chi, J. Sun, G. Xu and P. Lu, Fuel, 2023, 342, 127925.

26J. Zhao, Y. Shu, Q. Niu and P. Zhang, ACS Sustainable Chem. Eng., 2023, 11, 11207-11218.

278S. Zhao, X. Zhang, D. Zhu, K. Zhang, G. Wei and Z. Su, Separation and Purification
Technology, 2023, 324, 124588.

28 M. Popaliya and A. Mishra, Int. J. Environ. Sci. Technol., 2023, 20, 12919-12936.

29Y. Tadayon, M. E. Bahrololoom and S. Javadpour, Water Resources and Industry, 2023, 30,
100214.

30H. Nabipour, S. Rohani, S. Batool and A. S. Yusuff, Journal of Environmental Chemical
Engineering, 2023, 11, 109131.

31K.-G. Liu, F. Bigdeli, Z. Sharifzadeh, S. Gholizadeh and A. Morsali, Journal of Cleaner
Production, 2023, 404, 136709.

32H. Wang, S. Wang, S. Wang, L. Fu and L. Zhang, Journal of Environmental Chemical
Engineering, 2023, 11, 109335.

33Y. Chen, Z. Wang, S. Liu, G. Zhang, L. Dong, P. Gu and L. Hou, Separation and Purification
Technology, 2023, 310, 122887.

341.-V. Ganea, A. Nan, C. Roba and C. Baciu, Analytical Letters, 2023, 56, 257-271.

35H. Zhang, S. Larson, J. Ballard, K. A. Runge, J. Nie, Q. Zhang, X. Zhu, N. Pradhan, Q. Dai,
Y. Ma and F. X. Han, ACS Earth Space Chem., 2023, 7, 936-946.

36S. P. Santoso, A. Kurniawan, A. E. Angkawijaya, H. Shuwanto, I. D. A. A. Warmadewanthi,
C.-W. Hsieh, H.-Y. Hsu, F. E. Soetaredjo, S. Ismadji and K.-C. Cheng, Chemical Engineering
Journal, 2023, 452, 139261.

37Y. L. Pang, Y. Y. Quek, S. Lim and S. H. Shuit, Sustainability, 2023, 15, 1290.

381. U. Khan, S.-S. Qi, F. Gul, S. Manan, J. K. Rono, M. Naz, X.-N. Shi, H. Zhang, Z.-C. Dai
and D.-L. Du, Plants, 2023, 12, 725.

39R. Lakshmana Naik, M. Rupas Kumar and T. Bala Narsaiah, Materials Today: Proceedings,
2023, 72, 92-98.

40X. Zhang, Z. Li, T. Zhang, J. Chen, W. Ji and Y. Wei, Environ Sci Pollut Res, 2023, 30,
18364—-18379.

41 A. M. Munshi, N. A. Alamrani, H. Alessa, M. Aljohani, S. F. Ibarhiam, F. A. Saad, S. D. Al-
Qahtani and N. M. El-Metwaly, Cellulose, 2023, 30, 7235-7250.

427. Guo, J. Zhou, H. Hou, X. Wu and Y. Li, Journal of Solid State Chemistry, 2023, 323,
124059.

43 K. Narasimharao, L. P. Lingamdinne, S. Al-Thabaiti, M. Mokhtar, A. Alsheshri, S. Y. Alfaifi,
Y.-Y. Chang and J. R. Koduru, Journal of Water Process Engineering, 2022, 47, 102746.

44W. He, K. Ai, X. Ren, S. Wang and L. Lu, J. Mater. Chem. A, 2017, 5, 19593—-19606.

457. Liao, T. He, L. Shi, Y. Liu, X. Zhou, J. Wang, W. Li, Y. Zhang, H. Wang and R. Xu,
Catalysts, 2022, 12, 1592.

46H. Asiabi, Y. Yamini and M. Shamsayei, Journal of Hazardous Materials, 2017, 339, 239—
247.

47R. Kulkarni, L. P. Lingamdinne, R. R. Karri, Z. H. Momin, J. R. Koduru and Y.-Y. Chang,
Coordination Chemistry Reviews, 2023, 497, 215460.

21



Dalton Transactions

48 A. Celik, D. R. Baker, Z. Arslan, X. Zhu, A. Blanton, J. Nie, S. Yang, S. Ma, F. X. Han and S.
M. Islam, Chemical Engineering Journal, 2021, 426, 131696.

49T. He, Q. Li, T. Lin, J. Li, S. Bai, S. An, X. Kong and Y.-F. Song, Chemical Engineering
Journal, 2023, 462, 142041.

508S. Zhao, Z. Meng, X. Fan, R. Jing, J. Yang, Y. Shao, X. Liu, M. Wu, Q. Zhang and A. Liu,
Chemical Engineering Journal, 2020, 390, 124554.

51Z. H. Momin, L. P. Lingamdinne, R. Kulkarni, C. A. K. Pal, Y.-L. Choi, J. R. Koduru and Y .-
Y. Chang, Chemosphere, 2024, 346, 140551.

527. H. Momin, L. P. Lingamdinne, R. Kulkarni, C. A. Pal, Y.-L. Choi, Y.-Y. Chang and J. R.
Koduru, Journal of Hazardous Materials, 2024, 469, 134015.

53T. Li, H. Xu, Y. Zhang, H. Zhang, X. Hu, Y. Sun, X. Gu, J. Luo, D. Zhou and B. Gao,
Environmental Pollution, 2022, 299, 118858.

548S. Mandal, S. Mayadevi and B. D. Kulkarni, Ind. Eng. Chem. Res., 2009, 48, 7893—7898.

55Y.He, Y. Xiang, Y. Zhou, Y. Yang, J. Zhang, H. Huang, C. Shang, L. Luo, J. Gao and L.
Tang, Environmental Research, 2018, 164, 288-301.

56L. Ma, S. M. Islam, H. Liu, J. Zhao, G. Sun, H. Li, S. Ma and M. G. Kanatzidis, Chem.
Mater., 2017, 29, 3274-3284.

57W. Liu, Y. Liu, Z. Yuan and C. Lu, Ind. Chem. Mater., 2023, 1, 79-92.

58 A. Miiller, E. Krickemeyer, V. Wittneben, H. Bogge and M. Lemke, Angewandte Chemie
International Edition in English, 1991, 30, 1512—-1514.

59M. Shafaei-Fallah, J. He, A. Rothenberger and M. G. Kanatzidis, J. Am. Chem. Soc., 2011,
133, 1200-1202.

60S. Bag, A. F. Gaudette, M. E. Bussell and M. G. Kanatzidis, Nat Chem, 2009, 1, 217-224.

61Y. Oh, C. D. Morris and M. G. Kanatzidis, J. Am. Chem. Soc., 2012, 134, 14604—14608.

62 M. J. Manos, K. Chrissafis and M. G. Kanatzidis, J. Am. Chem. Soc., 2006, 128, 8875—8883.

63 A. C. Sutorik and M. G. Kanatzidis, J. Am. Chem. Soc., 1997, 119, 7901-7902.

64N. Ding and M. G. Kanatzidis, Nature Chem, 2010, 2, 187-191.

65S. Bag, P. N. Trikalitis, P. J. Chupas, G. S. Armatas and M. G. Kanatzidis, Science, 2007, 317,
490-493.

66R. G. Pearson, J. Am. Chem. Soc., 1963, 85, 3533-3539.

67A. Celik, D. R. Baker, Z. Arslan, X. Zhu, A. Blanton, J. Nie, S. Yang, S. Ma, F. X. Han and S.
M. Islam, Chemical Engineering Journal, 2021, 426, 131696.

68 L. Mercier and T. J. Pinnavaia, Advanced Materials, 1997,9, 500-503.

691]. Brown, L. Mercier and T. J. Pinnavaia, Chemical Communications, 1999, 0, 69-70.

70X. Feng, G. E. Fryxell, L.-Q. Wang, A. Y. Kim, J. Liu and K. M. Kemner, Science, 1997, 276,
923-926.

71Y. Shin, G. E. Fryxell, W. Um, K. Parker, S. V. Mattigod and R. Skaggs, Advanced
Functional Materials, 2007, 17, 2897-2901.

72B. J. Riley, J. Chun, J. V. Ryan, J. Matyas, X. S. Li, D. W. Matson, S. K. Sundaram, D.
M. Strachan and J. D. Vienna, RSC Advances, 2011, 1, 1704-1715.

73 P. Figueira, C. B. Lopes, A. L. Daniel-da-Silva, E. Pereira, A. C. Duarte and T. Trindade,
Water Research, 2011, 45, 5773-5784.

74 H. Parham, B. Zargar and R. Shiralipour, Journal of Hazardous Materials, 2012, 205-206,
94-100.

757Z. H. Momin, G. K. R. Angaru, L. P. Lingamdinne, J. R. Koduru and Y.-Y. Chang, Journal of
Water Process Engineering, 2023, 56, 104276.

22

Page 22 of 25



Page 23 of 25

Dalton Transactions

76R. C. Rohit, A. D. Jagadale, S. K. Shinde and D.-Y. Kim, Materials Today Communications,
2021, 27, 102275.

77L. Mohapatra and K. Parida, J. Mater. Chem. A, 2016, 4, 10744—-10766.

78L. Ma, S. M. Islam, H. Liu, J. Zhao, G. Sun, H. Li, S. Ma and M. G. Kanatzidis, Chem.
Mater., 2017, 29, 3274-3284.

79M. Szabados, G. Varga, Z. Kénya, A. Kukovecz, S. Carlson, P. Sipos and I. Palinko,
Ultrasonics Sonochemistry, 2018, 40, 853—860.

80Y. You, H. Zhao and G. F. Vance, J. Mater. Chem., 2002, 12, 907-912.

818S. Iftekhar, V. Srivastava, D. L. Ramasamy, W. A. Naseer and M. Sillanpad, Chemical
Engineering Journal, 2018, 347, 398-406.

82Z.P. Xu and G. Q. (Max) Lu, Chem. Mater., 2005, 17, 1055-1062.

83 A. Smalenskaite, M. M. Kaba, 1. Grigoraviciute-Puroniene, L. Mikoliunaite, A. Zarkov, R.
Ramanauskas, I. A. Morkan and A. Kareiva, Materials, 2019, 12, 3738.

84R. C. Rohit, A. D. Jagadale, S. K. Shinde, D.-Y. Kim, V. S. Kumbhar and M. Nakayama,
Journal of Alloys and Compounds, 2021, 863, 158081.

85J. Mittal, Journal of Environmental Management, 2021, 295, 113017.

86D. P. Sahoo, K. K. Das, S. Mansingh, S. Sultana and K. Parida, Coordination Chemistry
Reviews, 2022, 469, 214666.

877.-H. Xie, H.-Y. Zhou, C.-S. He, Z.-C. Pan, G. Yao and B. Lai, Chemical Engineering
Journal, 2021, 414, 128713.

88S. Miyata, Clays Clay Miner., 1983, 31, 305-311.

89N. Iyi, T. Matsumoto, Y. Kaneko and K. Kitamura, Chem. Mater., 2004, 16, 2926-2932.

90L. Ma, Q. Wang, S. M. Islam, Y. Liu, S. Ma and M. G. Kanatzidis, J. Am. Chem. Soc., 2016,
138, 2858-2866.

91L. Yang, L. Xie, M. Chu, H. Wang, M. Yuan, Z. Yu, C. Wang, H. Yao, S. M. Islam, K. Shi,
D. Yan, S. Ma and M. G. Kanatzidis, Angewandte Chemie, 2022, 134, ¢202112511.

92 A. Celik, D. Li, M. A. Quintero, K. M. L. Taylor-Pashow, X. Zhu, M. Shakouri, S. C. Roy, M.
G. Kanatzidis, Z. Arslan, A. Blanton, J. Nie, S. Ma, F. X. Han and S. M. Islam, Environ. Sci.
Technol., 2022, 56, 8590-8598.

93T. Hibino, European Journal of Inorganic Chemistry, 2018, 2018, 722—730.

947. Chen, Q. Fan, M. Huang and H. Colfen, Small, 2023, 19, 2300509.

958S. C. Roy, M. A. Rahman, A. Celik, S. Wilson, A. Azmy, J. Bieber, 1. Spanopoulos, R. Islam,
X. Zhu, F. X. Han and S. M. Islam, Journal of Coordination Chemistry, 2022, 75, 1581-1595.

96Y. Wang, Y. Gu, D. Xie, W. Qin, H. Zhang, G. Wang, Y. Zhang and H. Zhao, J. Mater.
Chem. A, 2019, 7, 12869—-12881.

97C. Wang, C. Miao, S. Han, H. Yao, Q. Zhong and S. Ma, Journal of Colloid and Interface
Science, 2024, 659, 550-559.

98 A. Celik, D. R. Baker, Z. Arslan, X. Zhu, A. Blanton, J. Nie, S. Yang, S. Ma, F. X. Han and S.
M. Islam, Chemical Engineering Journal, 2021, 426, 131696.

99 A. Celik, D. Li, M. A. Quintero, K. M. L. Taylor-Pashow, X. Zhu, M. Shakouri, S. C. Roy, M.
G. Kanatzidis, Z. Arslan, A. Blanton, J. Nie, S. Ma, F. X. Han and S. M. Islam, Environ. Sci.
Technol., 2022, 56, 8590—8598.

100 S.Li, H. Xu, L. Wang, L. Ji, X. Li, Z. Qu and N. Yan, Journal of Hazardous Materials,
2021, 403, 123940.

101 L. Ma, S. M. Islam, C. Xiao, J. Zhao, H. Liu, M. Yuan, G. Sun, H. Li, S. Ma and M. G.
Kanatzidis, J. Am. Chem. Soc., 2017, 139, 12745-12757.

23



Dalton Transactions

102 A. Celik, S. C. Roy, M. A. Quintero, K. Taylor-Pashow, D. Li, M. G. Kanatzidis, X. Zhu
and S. M. Islam, ACS Appl. Eng. Mater., 2023, 1, 1711-1718.

103  X. Rui, H. Tan and Q. Yan, Nanoscale, 2014, 6, 9889-9924.

104  S.Ma, Y. Shim, S. M. Islam, K. S. Subrahmanyam, P. Wang, H. Li, S. Wang, X. Yang
and M. G. Kanatzidis, Chem. Mater., 2014, 26, 5004—-5011.

105 S. Ma, L. Huang, L. Ma, Y. Shim, S. M. Islam, P. Wang, L.-D. Zhao, S. Wang, G. Sun,
X. Yang and M. G. Kanatzidis, J. Am. Chem. Soc., 2015, 137, 3670-3677.

106  S. Ma, Q. Chen, H. Li, P. Wang, S. M. Islam, Q. Gu, X. Yang and M. G. Kanatzidis, J.
Mater. Chem. A, 2014, 2, 10280-10289.

107  W. Yang, Q. Pan, S. Song and H. Zhang, Inorg. Chem. Front., 2019, 6, 1924—-1937.

108  N. Tang, J. Liang, C. Niu, H. Wang, Y. Luo, W. Xing, S. Ye, C. Liang, H. Guo, J. Guo,
Y. Zhang and G. Zeng, J. Mater. Chem. A, 2020, 8, 7588-7625.

109 M. Naik, ACS Omega, , DOI:10.1021/acsomega.3c07961.

110  A.Jawad, L. Peng, Z. Liao, Z. Zhou, A. Shahzad, J. Ifthikar, M. Zhao, Z. Chen and Z.
Chen, Journal of Cleaner Production, 2019, 211, 1112-1126.

111 J. Ali, H. Wang, J. Ifthikar, A. Khan, T. Wang, K. Zhan, A. Shahzad, Z. Chen and Z.
Chen, Chemical Engineering Journal, 2018, 332, 387-397.

112 G. Rathee, S. Kohli, A. Awasthi, N. Singh and R. Chandra, RSC Adyv., 2020, 10, 19371-
19381.

113 F.He, Z. Yang, F. Zhao, E. Repo, W. Yang, Q. Liao, M. Si, B. Zou and Z. Lin, Environ.
Sci.: Nano, 2023, 10, 190-202.

114  E. S. Behbahani, K. Dashtian and M. Ghaedi, Journal of Hazardous Materials, 2021,
410, 124560.

115 L. Chen, H. Xu, J. Xie, X. Liu, Y. Yuan, P. Liu, Z. Qu and N. Yan, Environmental
Pollution, 2019, 247, 146-154.

116 L.Ma, Q. Wang, S. M. Islam, Y. Liu, S. Ma and M. G. Kanatzidis, J. Am. Chem. Soc.,
2016, 138, 2858-2866.

117  C. Wang, H. Yao, Z. Cai, S. Han, K. Shi, Z. Wu and S. Ma, ACS Appl. Mater. Interfaces,
2023, 15, 52496-52505.

118 H.Xu, Y. Yuan, Y. Liao, J. Xie, Z. Qu, W. Shangguan and N. Yan, Environ. Sci.
Technol., 2017, 51, 10109-10116.

119  S.Ma, S. M. Islam, Y. Shim, Q. Gu, P. Wang, H. Li, G. Sun, X. Yang and M. G.
Kanatzidis, Chem. Mater., 2014, 26, 7114-7123.

120 L. Zhang, H. Wang, Q. Zhang, W. Wang, C. Yang, T. Du, T. Yue, M. Zhu and J. Wang,
Science of The Total Environment, 2022, 820, 153334.

121 L. Ma, S. M. Islam, C. Xiao, J. Zhao, H. Liu, M. Yuan, G. Sun, H. Li, S. Ma and M. G.
Kanatzidis, J. Am. Chem. Soc., 2017, 139, 12745-12757.

122 A. Celik, S. C. Roy, M. A. Quintero, K. Taylor-Pashow, D. Li, M. G. Kanatzidis, X. Zhu
and S. M. Islam, ACS Appl. Eng. Mater., 2023, 1, 1711-1718.

123 X. Feng, R. Long, L. Wang, C. Liu, Z. Bai and X. Liu, Separation and Purification
Technology, 2022, 284, 120099.

124 S. C. Roy, M. A. Rahman, A. Celik, S. Wilson, A. Azmy, J. Bieber, 1. Spanopoulos, R.
Islam, X. Zhu, F. X. Han and S. M. Islam, Journal of Coordination Chemistry, 2022, 75,
1581-1595.

125 L. Ma, S. M. Islam, C. Xiao, J. Zhao, H. Liu, M. Yuan, G. Sun, H. Li, S. Ma and M. G.
Kanatzidis, J. Am. Chem. Soc., 2017, 139, 12745-12757.

24

Page 24 of 25



Page 25 of 25

Dalton Transactions

126 L. Yang, L. Xie, M. Chu, H. Wang, M. Yuan, Z. Yu, C. Wang, H. Yao, S. M. Islam, K.

Shi, D. Yan, S. Ma and M. G. Kanatzidis, Angewandte Chemie, 2022, 134, ¢202112511.

127  T. Kameda, D. Ikeda, S. Kumagai, Y. Saito and T. Yoshioka, Applied Clay Science,
2021, 200, 105911.

128  A. Celik, D. Li, M. A. Quintero, K. M. L. Taylor-Pashow, X. Zhu, M. Shakouri, S. C.
Roy, M. G. Kanatzidis, Z. Arslan, A. Blanton, J. Nie, S. Ma, F. X. Han and S. M. Islam,
Environ. Sci. Technol., 2022, 56, 8590—8598.

129  Z. Cai, X. Bu, P. Wang, W. Su, R. Wei, J. C. Ho, J. Yang and X. Wang, Journal of
Materials Chemistry A, 2019, 7, 21722-21729.

130  N. Baliarsingh, K. M. Parida and G. C. Pradhan, RSC Adv., 2013, 3, 23865-23878.

131 Y. Liu, Y. Li, H. Kang, T. Jin and L. Jiao, Mater. Horiz., 2016, 3, 402—421.

132 M. J. Manos and M. G. Kanatzidis, Chemical Science, 2016, 7, 4804-4824.

25



