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The polysulfide [S,]> (x = 2, 4) species were intercalated into magnesium-aluminium layered
double hydroxide (MgAI-LDH) by a [S,]*/NO;™ anion-exchange reaction. The resulting S,-LDH
materials exhibit excellent affinity and selectivity for heavy metal ions such as Cu?*, Ag* and Hg*".
For the highly toxic Hg?", the distribution coefficient K4 values can reach ~10” mL/g. The S,-LDH
materials rapidly reduce the concentrations of Hg?* and Ag" ions in testing solutions from ppm
levels to trace levels of < 1 ppb. A larger series of metal ions were investigated and the selectivity
order of Ni**, Co?* << Zn?", Pb%" < Cd*" < Cu®', Ag", Hg®" was observed. The S,-LDH materials
show higher selectivity for Cu?*/Zn? compared to Co%'/Ni?*, providing good separation for these
transition metal ions. After ion capture, the LDH hybrid materials retained the original hexagonal
prismatic shape and showed good stability under acidic conditions (pH ~ 3). The adsorption
process of the metals occurs via M-S bonding. The enhanced environmental stability of the [S,]*
groups provided by the LDH protective space, the confinement effect offered by the LDH layers,
along with the easy accessibility of polysulfide ions to metal ions enable the high capture ability
and excellent selectivity. The S,-LDH materials are thus promising as superior sorbents for the

decontamination of polluted water.

1. Introduction

The contamination of water by heavy metals has been an
increasingly important issue in separation science and
environmental remediation. The prominent heavy metal
pollutants such as Hg?*, Pb?>" and Cd®" in some natural water
sources and industrial waste water constitute a threat for
humans and other species.’® lon exchange and chemical
precipitation are traditional methods for removing these heavy
metals.* ® However, effective removal of heavy metal ions at
low metal concentrations remains a great challenge.®
Precipitation methods with sulfide ions cannot reduce the
concentrations of heavy metals below acceptable drinking
levels.” Thus, new and highly efficient adsorbents and
methodologies need to be developed.

Selective metal adsorption on suitable substrate materials is
considered one of the most economical methods of removal or
recovery.® Natural adsorbents such as clays®'® and zeolites'!
have been commonly employed because of their high surface
area, hydrophilic character and low cost. These materials,
however, suffer from low selectivity and weak affinity for
heavy metal ions. Alternatively, sulfide-based materials*2®
seem to be effective for heavy metal remediation, as the high
affinity of soft Lewis basic frameworks for the soft Lewis
acids (e.g. Hg?") is innate to these materials. Mineral sulfides,
such as FeS,, have the disadvantage of adsorbing metal ions
only on their surface, due to their dense structures.!’®
Therefore, the integration of certain inorganic layered
compounds with sulfide-based materials may result in novel

families of adsorbents.

Several functionalized layered materials have shown
efficiency for heavy metal remediation.?®* Our group
reported synthetic layered sulfides, such as K;Mn,Snz,Se

ss (KMS)?*%  or  H,Mn,Sns,Se,>° with good ability for
removing heavy metal ions. These materials operate under the
soft-hard Lewis acid-base paradigm for the metal selectivity.
Considering the polysulfides [S,]*" can form strong covalent
bonds with soft heavy metals**® or with some presumed

s “hard” cations such as uranyl,®! their utility to sequester
metals is worthy of investigation. However, the common
polysulfide compounds such as K,S, are water-soluble and
cannot act as heterogeneous sorbents in aqueous systems.
Furthermore, the application of polysulfide compounds is

e limited due to their sensitivity to atmospheric oxygen.*®

The layered double hydroxides (LDHs), known a type of
anionic clay, are unique among layered compounds, because
they have positively-charged host layers and counter-anions in
the interlayer. Thanks to their excellent exchangeability,

70 LDHs can work as precursors to introduce other species to
fabricate hybrid materials, which reveal important
applications on adsorption,*®*! catalysis,***® separation
science,*®*° storage and triggered release of functional
guests,>%% optical materials,> etc. LDH materials have been

75 studied for the removal of heavy metal ions, but in general
they exhibit low selectivity.>* The most effective means of
removing metal ions from soluton is through the formation of
M-S bonds. Considering the attractive features of LDHSs such
as high surface area, facile ion-exchange, hydrophilic
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character, they may be readily functionalized with metal-
binding polysulfide ions. The water-soluble polysulfide anions
can be introduced into the interlayer, forming layered solids
that can be wused in heterogeneous adsorption. LDH
intercalated with mercaptocarboxylic acid (with S-H group)
was reported to remove Hg?*,%° but with moderate efficiency
possibly due to the steric hindrance of carboxylic groups. The
LDH galleries provide a protective space, which offers the
inserted [S.]* groups enhanced environmental stability.
Therefore, the incorporation of [S,]* groups into LDH offers
new hybrids that act as selective scavengers for heavy metals
Herein, we report the intercalation of the polysulfides of
K,S, [x = 2, 4] into a NO3™ type MgAI-LDH. When separating
Cu?, Hg®" and Ag* from complex mixtures of metals, these
materials (referred to as S,-LDH) showed excellent removal
capacity (~686 mg/g for Hg?") and high selectivity (K4 for
Hg®>* can achieve ~107 mL/g) toward heavy metals. This
places them among the top materials known for heavy metal
removal. More importantly, the ability of reducing heavy
metal pollutants (Hg?* and Ag") of any concentration (even
very low ppm level) down to ppb makes these intercalated
polysulfides promising for environmental applications.

2. Experimental section

2.1 Materials.
The MgAI-CO;-LDH was prepared by the HMT
(hexamethylenetetramine) hydrolysis method®®®* as we

previously reported.®> The MgAI-NO;-LDH was prepared
through NO;/COs* anion exchange reaction.®® The
polysulfides of K,S, (x = 2, 4) were prepared by the reaction
of K and S in liquid ammonia as described previously.*” The
[SJ?% anions were exchanged with NOj;™ to get Sy-LDH.
Typically, 0.2 g NOs—LDH and 0.2 g K,S, (x = 2 or 4) was
first put into 20 mL glass vial inside a glovebox. The vials
were removed from the glovebox and 8 ml dispersed degassed
deionized water was added. The obtained suspension was
sealed and left for reaction at ambient temperature for 24 h.
The resulting S,—LDH solids were filtered, washed with
deionized water and then acetone, finally air-dried.

2.2 Heavy metal uptake experiments.

The heavy metal uptake from aqueous solutions of various
concentrations (10 and 20 ppm, 2.5 and 10 mM) was studied
using a batch method. The solid sorbents were immerged with
the solution of M(NOy), (M = Co?*, Ni%*, Cu®, zn?*, Ag",
Pb2?*, Cd?*, Hg?") with intermittent shaking for 3 h, 6 h, 24 h
and sometimes 3 days.

For distinguishing Hg?* from Ag* clearly, an experiment
containing only Ag® and Hg?" in solution was carried out. A
concentration of ~20 ppm for each ion (40 ppm for Ag™+Hg?")
mixed with small quantity of S,-LDH (0.001 and 0.002 g) was
used that was adequate to pick up one of the two ions but not
both.

After mixing the solid sorbents with the solutions for a
certain time, a filtration was performed and the concentrations
of metal ions in the supernatant solution (separated by
centrifugation) were determined using inductively coupled
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plasma-atomic emission  spectroscopy (ICP-AES) and
inductively coupled plasma-mass spectroscopy (ICP-MS) for
extra low ion concentration. The adsorption capacity was
evaluated from the difference of metal concentrations in the
mother and supernatant solutions.

The distribution coefficient Ky used for determining the
selectivity of S,-LDH for heavy metals is given by the
equation Ky = (V[(Cy — Cy)IC{])/m, where C, and C; are
respectively the initial and local concentration of M™ (ppm)
after the contact, V is the volume (mL) of the testing solution,
and m is the amount of the solid sorbent (g) used in the
experiment.?* Our experiments were performed with V:m
ratios of 500-30000 mL/g at ambient temperature.

2.3 Characterization techniques.

The powder X-ray diffraction (XRD) patterns were collected
using a Phillips X’ pert Pro MPD diffractometer with Cu-Ka
radiation, at room temperature, with step size of 0.0167 < scan
time of 15 s per step, and 26 ranging from 4.5 to 70< The
generator setting was 40 kV and 40 mA. Fourier transformed
infrared (FT-IR) spectra of the samples were recorded on a
Nicolet-380 Fourier-Transform infrared spectrometer using
the KBr pellet method. Raman spectra were taken on a
microscopic confocal Raman spectrometer, using a 633 nm
He—Ne laser. Scanning electron microscope (SEM)
measurements were carried out using a Hitachi S-4800
microscope at 5.0 kV. The metal ion contents in solid samples
were determined by inductively coupled plasma atomic
emission spectroscopy (ICP-AES, Jarrel-ASH, ICAP-9000),
and a 0.1 M HNO; solution was used to dissolve them. The
metal ion concentrations in supernatant solution after
adsorption experiment were measured using ICP-AES
technique and for extra low concentrations the inductively
coupled plasma-mass spectroscopy (ICP-MS, NexION 300X)
was used. C, H and N contents of the solid samples were
determined using an Elementar Vario EL elemental analyzer.
The chemical formulas of the samples were calculated from
the results of ICP and CHN analyses.

3. Results and Discussion
3.1 Synthesis and characterization of S,-LDH materials.

The synthesis of polysulfide containing LDH materialswas
accomplished via the ion-exchange reaction in eq. (1).

Mdo.66Al0.34(OH)2(NO3)g.34 XH,0+0.17K;,S,—
Mdo.66Al0.34(OH)2(S4)0.17 XH20 + 0.34KNO;  eq. (1)

The exact molecular formulae of CO;—LDH, NOs;—LDH, S4-
LDH and S,-LDH (Table 1) were determined via ICP, CHN
analysis and charge balance considerations. Compared with
the NO3z-LDH precursor, it is clear that some adventitious
CO5% ions re-enter the structure, which is attributed to the
very strong affinity of this ion for the LDH layers.® Based on
the XRD data the small amount of CO3? likely co-exists with
[S.% in the interlayer space and does not form a separate

110 phase.
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Fig.1A shows the XRD patterns of CO3>— and NO;—LDH
precursors and the exchanged products. The sharp and
symmetric features of the diffraction peaks indicate the high
crystallinity of the samples. All compounds exhibit a series of
strong basal (001) Bragg reflections characteristic of a layered
phase and a high degree of orientation. The d values of 0.76
and 0.89 nm (Fig. 1A-a,b) are characteristic of CO;>— and
NOjz;—type LDHs. As shown in Fig. 1A-c, a series of strong
(00l) reflections at 0.81, 0.40 and 0.22 nm for the S,-LDH
sample indicate a layered phase with basal spacing (dpasa) Of
0.81 nm. Since the thickness of the LDH layer is 0.48 nm,®
the gallery height can be estimated at ~ 0.33 nm (= 0.81 —
0.48). The small gallery height suggests a flat arrangement of
the zig-zag polysulfide [S,]* group in the interlayer, as shown
in Scheme 1.

S,—LDH has a slightly shorter dp,s, 0f 0.80 nm (Fig. 1A-d),
consistent with the smaller size of [S,]*. From the XRD
patterns, it is apparent that the intercalation of the different
anions shifts the position of the (001) reflections, but the peak
at d = 0.15 nm corresponding to the (110) plane in the 2D
LDH sheets does not change. This indicates the stability of the
brucite layers during the ion-exchange process, i.e. a
topotactic ion-exchange, which is also supported by the SEM
observation discussed later.

IR and Raman spectra (Fig. 1B and 2A) verify the
formation of the intercalated compounds and their successful
ion-exchange. In the IR spectra (Fig. 1B-a), the bands at 1354
and 780 cm™ are the characteristic absorptions of CO5-LDH.®°
After the treatment of the CO;—LDH with NaNO; + HNO;,
the 1354 cm™ band (COs>") disappears, and a strong band
appears at 1384 cm™ (Fig. 1B-b) corresponding to NOj
absorption. When the [S,]* anions are intercalated, the NO4
absorption at 1384 cm™ becomes weak or negligible,
consistent with a nearly complete exchange. Generally, small
and highly charged anions preferentially occupy the LDH
interlayer space.’%667 Thys, the -2 charge of the
polysulfide ion provides a strong driving force for the
exchange over the singly charged nitrate. The bands at 681
and 445 cm™ in NO;-LDH (Fig. 1B-b) respectively assigned
to ¥(M—0) and §(O—M—0) vibrations® % shift to 663 and 447
cm? (Fig. 1B-c) in S,-LDH, possibly due to the effect of
interlayer guest.

The S-S stretching vibrations occuring in the region of 477-
486 cm™ " in the IR spectra may overlap with the strong
Mg(AI)-O vibrations appearing in the same range (Fig. 1B-c).
Raman spectra, however, give better evidence for S-S bonds.
From Fig. 2A-d, the bands at 228, 267, 434 and 484 cm™ are
consistent with the symmetric and asymmetric S—S vibrations
of polysulfide anions.”® After intercalation of [S,]% (Fig. 2A-
e), the main vibration bands remain but with small shifts,
reflecting the interaction of [S,]? with the LDH host layer.
For K,S, (Fig. 2A-b) and S,-LDH (Fig. 2A-c), there is only
one peak at 455 cm™ consistent with one S-S bond. The
different vibration bands in S,-LDH and S,-LDH showed the
different groups in the interlayer of the composites.

The SEM observations (Fig. 2B-a) indicate the crystallites
of NOs—LDH have a hexagonal prismatic shape, retaining the
morphology of the CO5—LDH precursor.®® After ion-exchange
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of NO;~ with [S4]%, the S,-LDH crystallites fully maintained

o the hexagonal prismatic shape (Fig. 2B-e), confirming

topotactic insertion of the polysulfide anions.

3.2 Heavy metal ion removal using S,-LDH.

&s The uptake of heavy metal ions by S,-LDH from aqueous

solutions of various concentrations was studied with the batch
method (V:m = 500-30000 mL/g, contact exposure time of 3-
72 h, room temperature). The affinity of S,-LDH for the metal
ions is reflected in the distribution coefficient K4 values. At
first, adsorption experiments with individual solutions of the
ions Co%*, Ni?*, Cu®', Zn?*, Ag®, Pb%¥, Cd*" and Hg®" were
performed. Subsequently, metal removal experiments using
solutions containing all these ions simultaneously were
carried out. We used three sets of metal ion concentrations:
low values of 10 and 20 ppm for assessing the selectivity, and
high value of 10 mM for assessing removal capacity. The V:m
values varied from 500 to 30000 mL/g, with a solution
volume (V) of 10 and 30 ml and solid mass (m) from 0.002 g
t0 0.035 g.

Table 2 summarizes the adsorption results of individual
ions by the S,-LDH. From this table, the general selectivity
order for the eight ions is as follows Ni?*, Co?" < zZn?", Cd?*
<< Cu®, Pb?* << Hg?, Ag'. The adsorption ability and
selectivity toward Hg®'/Ag* and Cu®'/Pb* is much higher
than all other ions. After 3 h of contact time, the
concentrations of Hg?*, Ag* decreased from the starting value
of ~10 ppm to <1 ppb, with nearly 100 % removal achieved.
At the same time, 75-80 % removal was observed for Cu?* and
Pb?*. The adsorption selectivity for zZn®>* and Cd*" was not
high. Below we will discuss experiments using mixtures of all
these ions where a much higher selectivity is observed.

The removal results from the solutions containing all ions
(e.g. “mixed ion state”) are shown in Table 3. The
concentration of each ion in the starting solution was ~10 ppm.
Using equal amount of 0.035 g S,-LDH as in the single
adsorption experiments, a selectivity order of Ni%*, Co*" <<
Zn?*, Pb®" < Cd* < Cu®', Ag*, Hg?" was observed, generally
in agreement with those seen in single adsorption experiments,
except for the different order seen among Cu®*, Pb?* and Cd?".
Nearly all of the ions gave increased Ky values (Table 2 and 3):
4000 fold (= 9.5x10%/2.4x10% for Cu®*, 4260 (= 1.3x105/305)
fold for Zn?*, 533 fold (= 1.6x10° / 3.0x10°%) for Pb?*, and the
biggest augmentation of 17420 (= 6.9x10%396) fold was
observed for Cd?*. We speculate that a cooperative interaction
of various coexisting cations may be responsible for the
increase. Another reason may be the acidity of the mixed
solution (pH is ~3) resulting from the dissolution of all these
salts. The acidity may affect the hydration of some cations to
various degrees which may modulate the binding driving force
with the [S,]? group.

From Table 3 and Table S1 (Supporting Information), we
can see that the present materials (0.01-0.035 g S,;-LDH and
S,-LDH) can rapidly reduce the concentrations of Cu?*, Hg?*
and Ag® ions to a very low level. This, however, makes it

us difficult to carry out experiments to assess the potential to

separate these ions from one another when all are present in
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solution. In order to distinguish the cations more clearly, we
used much lower amounts of S,-LDH (0.002 g) and S,-LDH
(0.005 g). For S,;-LDH, when using 0.002 g, a clear order of
Cu?" << Ag*, Hg®" emerges, and 0.005 g and 0.01 g show an
order of Cd%*, Pb®" < Cu®" << Ag", Hg?*. When using 0.02 g,
an order of Zn?* < Cd**, Pb?*< Cu?®* < Ag", Hg?* was observed.
Using an amount of 0.035 g S,-LDH gave improved
selectivity to Zn?* and Cd?" while those for other ions hardly
changed, giving a final order of Ni¥*, Co*" < Zn* < Pb?' <
Cd?" < Cu? < Ag', Hg?" (Table 3). For S,-LDH (Table S1,
Supporting Information), a similar selectivity order of Ni?",
Co?" < Zn* < Cd* < Pb%, Cu®" < Ag’, Hg*" was observed,
with only a small difference for Cd®" and Pb?*.

From Table 3, we can see that when using 0.02-0.035 g S,-
LDH (3 h contact time), >99% removal was observed for cu?,
Zn**, Ag®, Pb*, Cd?* and Hg?* (actually 100% for Hg**, Ag*
and Cu®"). Using lower amount of S,-LDH (e.g. 0.01 g) gave
sharply decreased removal for Zn** (~20%) while even lower
amounts (e.g. 0.005 g) gave only 1 % removal. These small
amounts, however, could still remove Ag*/Hg?* with ~100 %
and Cu?" with 80 % efficiency. It should be noted that the
removal of Co?" and Ni2* was negligible when using 0.01 g
S4-LDH and only 4-10 % when using 0.02-0.035 g. The
reasons for the much lower removal ability of S,-LDH for
Co?*and Ni®" relative to Cu®* and Zn?* are not clear.

The higher preference of S,-LDH for Hg®'/Ag* over
Pbh2*/Cd?* is reflected in the K49 and K "9 values which are
10-100 times higher than those for Pb?* and Cd?*. This shows
that S,-LDH is very selective for cations with high Lewis acid
softness (i.e. Hg**/Ag* vs. Ph?*/ Cd?").

It is noted that for the highly toxic Hg?*, the K4 values can
reach ~107 mL/g, matching or exceeding those reported for
commercial resins (~10°-5.1x10° mL/g),"*"® the silane
chelating fibers (3.0x10°-3.8x<10° mL/g),”® chalcogel-1
(9.2x10°-1.6x107)*® and mesoporous thiol-functionalized
silicates (3.4x10°-1.0x10% mL/g).**™™ While the S,-LDH
materials form direct M-S bonds with the metal ions, the
functionalized silica sorbents generally need incorporation of
custom designed sulfur containing organic functional groups.

Clearly, the present materials can rapidly reduce the
concentration of soft ions to very low levels. Namely, the S,-
LDH can decrease Ag*, Hg?* and Cu®' from 10 ppm to < 1
ppb very fast (Table 2, 3 and Table S1, Supporting
Information). The reduced Hg?* concentration was always
lower than 1 ppb, well below the acceptable level in drinking
water (2 ppb).”® These results indicate the potential of S,-LDH
as a kind of highly effective filters for immediate
decontamination of water polluted with heavy metal ions
especially Hg?*. Remarkably, enormous Ky values for Hg?*
and Ag* were observed regardless of the S,-LDH amount used,
consistent with a tremendous affinity for these ions.

3.3 Relative selectivity for Ag* and Hg?".

Generally, it is difficult to remove Hg?" selectively from a
mixture containing Ag* ions. The ability to separate these two
ions from one another is important because such a challenging
problem is often encountered in mining operations of precious
metals. From Tables 2 and 3 (regarding S,-LDH) and Table

S1 (Supporting Information, regarding S,-LDH), we can see
that Ag* and Hg?* are so similar in their reactivity that they

60 cannot be selectively separated using the S,-LDH under the
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employed operating conditions. In an attempt at selectively
separating Ag* from Hg®*, we used a solution containing Ag*
and Hg®" in 20 ppm concentration for each ion (no other
cations were present). Then, a small quantity of S,-LDH
(0.001 g and 0.002g) was used which was sufficient to pick up
only one of the two ions. From Table 4, we can see that when
using 0.001 g S,-LDH, the K4 for Hg®" is nearly 50 times
greater than that for Ag*, while this drops to only 2.6 fold
when using 0.002 g of solid. This means the S,-LDH has
somewhat higher selectivity for Hg?* than for Ag*. Similarly,
S,-LDH also has higher selectivity toward Hg?* (Table 4). For
S,-LDH, the K4 of Hg** was 36 times that of Ag* when using
0.001 g of solid and 7 fold when using 0.002 g of solid.
Therefore a careful dosing of S,-LDH material is important
for the successful separation of these two ions.

3.4 Uptake capacity toward metal ions.

In the single ion removal experiments described above, the
molar ratio of each ion to the bonding sites ([Sx]%) in S,-LDH
materials is about 0.05, and in the mixed adsorption (all ions
together), the molar ratio of all ions to the bonding sites is
about 0.5. Therefore, the solid material used could
quantitatively absorb the ions without saturating its exchange
sites. In order to check the maximum capacity, we increased
the solution concentration to 2.5-10 mM and the molar ratios
to 0.7-3. As shown in Table 5, taking S,-LDH as an example,
the uptakes for Hg?*, Pb%*, Ag* and Zn?* are respectively 686,
483, 383, and 145 mg/g, corresponding to 3.42, 2.33, 3.55 and
2.22 mmol/g. For Cu?', the uptake is 127 mg/g or 2.01
mmol/g (Table 5). Even when using a smaller concentration of
2.5 mM and mixing the Hg*", Ag* and Cu?" the material still
showed a high level of removal of 441, 254, and 172 mgl/g
(Table S2, Supporting Information). It suggests that S,-LDH
can remove large amounts of heavy metal ions.

3.5 Structural characterization and morphologies of solids
after metal adsorption.

As shown in Fig. 3, in the case of smaller ion concentrations
of 10 ppm, after adsorption the samples show increased basal
spacings (dpssa, by XRD) of 0.88/0.89, 0.82/0.83 nm. The
Bragg peak at 0.76 nm corresponds to CO;-LDH, resulting
from adventitious CO4* anions (from air and water). The dpsa
values of 0.88/0.89, 0.82/0.83 nm are attributed to various
coordination motifs of metal ions to the [S,]* groups. It is
noted that for Ag* containing samples, the dy.s. values of 0.80
nm and 0.76 nm are unchanged suggesting that insertion in
low concentrations and binding to [S,]? does not cause a
significant disruption in the interlayer space. When a large ion
concentration of 10 mM was used, as shown in Fig. 4e, the
sample exhibited three dyas, values of 0.88, 0.82 and 0.78 nm.

SEM images of the samples after metal ion adsorption show
retention of the hexagonal prismatic shape, Fig. 5. Although
the Hg?* solution is acidic with pH values of ~3, the S,-LDH
intercalates still kept the hexagonal prismatic morphology
(Fig. 5h,h’), indicating considerable stability in acidic
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environments.

Based on CHN analyses, the solids after metal adsorption
had nearly no NO3;™ (no N content detected), but they had
traces adventitious CO3* (~1-2 % C content). The presence of
CO,? ions is confirmed by the FT-IR spectra (Fig. 6). The
bands at 1358-1360 cm™ and 771-776 cm' are the
characteristic absorptions of CO3-LDH,% as found in Fig. 1B-
a. Compared with the strong COz* vibration the NOj
adsorption is very weak, consistent with its trace content.
Combining the XRD, IR data and CHN analyses, a possible
structural arrangement is shown in Scheme 1b. COs% exists
mainly as a distinct phase with basal spacing of 0.76/0.78 nm,
while any trace NO;™ may co-exist with M-S, phases with a
flat-lying conformation in the interlayer space.

The adsorption of metal ions proceeds by complexation
with the interlayer [S,]* group to form polysulfide
complexes.”® 77 In a way, the intercalated polysulfide species
can act as a second host to incoming metal ions. Another
important point in the IR spectra is the shift of the v(M-O)
vibrations from 663 to 681-683 cm™ after metal adsorption
(Fig. 6). From Fig. 1B-b, we know in pristine NO3-LDH the
v(M-0) vibration also appeared at 681 cm™. This indicates
that the binding of metal ions to the polysulfide anions
converts the S,-LDH back to NO3-LDH plus associated MS,
species as a second phase. Additionally, the unchanged band
at 447/448 cm™ assigned to §(O-M-0) vibrations®® indicates
the total stability of the LDH layer after the adsorption. The
Raman spectra (Fig. 2A-g,h) after S,-LDH adsorbed metal
ions (10 ppm) show the polysulfide S-S vibrations in the
range of 151-475 cm™. The slight shift of the peaks relative to
the metal-free S,-LDH reflects the interaction of the metal
ions with the polysulfide.

Depending on the S,-LDH/M ratio used the above
observations may be rationalized as follows.

1) In the very low metal concentration limit, where the
LDH-S, material is in large excess, the following reaction
scheme appears to operate:

LDH(S,)+M(NO3),—»LDH(NO3)n([M**($,%)2]%)n €9 (2)

In this case, adduct formation occurs and the various m and
n values result in different basal spacings as observed in the

XRD patterns of the samples (Fig. 3). This model is shown in
Scheme 1b.

2) In the high metal concentration limit the reactions are
stoichiometric and may be represented under the double
metathesis scheme shown below:

LDH(S,)+M(NO3),—LDH(NO3)+MS, eq. (3)

In this case, two phases LDH(NO3) and MS, are formed.
The MS, phase is amorphous revealing no signatures in the

XRD patterns. In both of the above cases, NO3™ anions are
present as verified by the IR adsorption at 1384 cm™.

4, Conclusions
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The polysulfide [S,]* (x 2, 4) ions intercalate in a
straightforward manner into the Mg/Al layered double
hydroxides (MgAI-LDH) by anion-exchange. The basal
spacings of the as-formed nanocomposites S,—~LDH and S,—
LDH suggest a flat lying arrangement in the interlayer. The
S,-LDH intercalates are remarkably selective toward heavy
metal ions in aqueous solution. The materials display
significant ion uptake and excellent selectivity for Cu?*, Ag*
and Hg?*. A selectivity order of Ni?* < Co?" < Zn?* < Pb?* <
Cd?" < cu?* < Ag', Hg?" was obtained. For the highly toxic
Hg?*, K4 values of ~10” mL/g were observed, comparable to
or better than the previously reported materials. The S,-LDH
materials can quickly reduce Ag* and Hg®" concentrations
from 10 ppm to <l ppb levels, well below the acceptable
limits for drinking water. In mixed solutions with multiple
kinds of ions present, even higher Ky values were observed
compared to the individual ions solutions. The formation of
M-S bonds between the intercalated polysulfides and the
metal ions accouts for the effective removal for the heavy
metals. After intercalation and metal loading, the materials
retain their well-defined hexagonal prismatic shape, even
under mild acidic conditions (pH~3), indicating good
chemical stability. Because of their advantages, these
LDH/polysulfide composite materials may be excellent
candidates for use in highly efficient filters for rapid
decontamination of water from heavy metal ions.
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Table 1. Chemical compositions of LDH samples with different interlayer anions.

Samples Opasal / M

CO;-LDH 0.76

NO,;-LDH 0.89

S,~LDH 0.81

S,-LDH 0.80

Chemical Formula

Mdg.66Al0.34(OH)2(CO3)0.17°

0.8H,0

Mdg.66Al0.34(OH)2(NO3)q 32

(COS)O.Ol OGHZO

Mo.66Al0.3a(OH)2(S)o.13
(NO3)0.01(CO3)0.04 .8H,0
Mo 66Al0.34(OH)2(S2)0.14
(NO3)0,01(COs3)0.02 0.8H,0

Mg
19.69
(19.55)

18.94
(18.27)

16.72
(17.02)
17.25
(18.04)

Wt %, Found (Calcd.)

Al C H N
1163 243 453
(1155)  (257) (4.50)

1128 018 359 462
(10.43) (0.14) (3.84) (4.45)

1026 049 384 011
(9.90) (052) (3.87) (0.15)
1031 029 397 015
(1050) (0.27) (456) (0.16)

Table 2. Adsorption results of S,-LDH toward eight metal ions (10 ppm). 2

S,-LDH Initial solution After 3h adsorption -
_ . M™ removal (%) Ky (ml/g)
single ion Co (ppm) pH Cs (ppm) pH
Co 9.775 5.14 8.943 5.42 8.5 80
Ni 9.714 5.20 9.208 5.37 5.2 47
Cu 10.097 4.68 2.661 5.60 73.6 2.4x10°
Zn 8.877 4.92 6.543 5.37 26.3 305
Ag 10.234 4.40 0.001 5.70 100.0 8.8x10°
Pb 8.464 4.74 1.867 5.58 77.9 3.0x10°
Cd 9.903 4.97 6.771 5.19 31.6 396
Hg 7.802 2.78 0.0008 3.27 100.0 8.4x10°

% jon concentration: ~10 ppm per ion.

V, 30 ml; m (mass of solid sample), 0.035 g; V/m ratio: 30/0.035 = 860.

Contact time: 3 h.

This journal is © The Royal Society of Chemistry [year]
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Table 3. Adsorptive selectivity toward mixed ions (10 ppm per ion) using different amounts of S,-LDH. 2

S,-LDH

0.002 g

0.005 g

0.01g

0.02¢g

0.035g

Mixed ions

Co (ppm)

Cr3h (ppm)

lon capacity (mg/g)
Removal (%)

Kg (ml/g)
Selectivity order

Cr3h (ppm)

lon capacity (mg/g)
Removal (%)

Kq (ml/g)

Selectivity order

Cr3h (ppm)

lon capacity (mg/g)
Removal (%)

Kq (ml/g)

Selectivity order

Cr3h (ppm)

lon capacity (mg/g)
Removal (%)

Kq (ml/g)

Selectivity order

Cr3h (ppm)

lon capacity (mg/g)
Removal (%)

Kq (ml/g)

Selectivity order

Co Ni
1062 1101
10.61 11.00
0.15 0.15
0.09 0.09
14 14
Cu<Ag, Hg
10.60 10.99
0.1 0.1
0.19 0.18
11 11
10.60 10.98
0.06 0.09
0.19 0.27
6 8
10.16 10.61
0.7 0.6
4.33 3.63
68 57
9.35 10.16
11 0.7
1196 7.72
116 72

Cu
11.08

8.85
33.45
20.13
3.8x10°

2.22
53.2

79.96

2.4x10°

0.008
33.2

99.93

4.1x10°

0.002
16.6

99.98

8.3x10°

0.001
9.5

99.99

9.5x10°

Zn
10.57

10.47
1.50
0.95
143

10.42
0.9

1.42

86

Cd, Pb < Cu < Ag, Hg

8.51
6.2

19.49

726

Cd, Pb < Cu < Ag, Hg

0.071
15.7

99.33

2.2x10°

0.007
9.1

99.93

1.3x10°

Ag
11.45

0.40
165.8
96.51
4.1x10°

0.001
68.7

99.99

6.8x107

0.001
34.3

99.99

3.4x107

0.001
17.2

99.99

1.7x107

0.001
9.8

99.99

9.8x10°

Pb
11.34

11.30
0.60
0.35
53

8.82
151

22.22

1.7x10°

0.096
33.7

99.15

3.5x10°

0.010
17.0

99.91

1.7x10°

Zn < Cd,Pb<Cu<Ag, Hg

0.006
9.7

99.95

1.6x10°

Ni, Co << Zn <Pb< Cd < Cu<Ag, Hg

Cd
8.01

7.61
6.00
4.99
788

6.85
7.0

14.48

1.0x10°

0.010
24.0

99.88

2.4x10°

0.006
12.0

99.93

2.0x10°

0.001
6.9

99.99

6.9x10°

Hg
9.82

0.42
141
95.72
3.3x10°

0.001
59

99.99

5.9x10’

0.001
29.4

99.99

2.9x107

0.0008
14.7

99.99

1.8x107

0.0007
8.5

99.99

1.1x107

& ion concentration: ~10 ppm each cation.
V: 30 ml, m (mass of solid sample): 0.002 g - 0.035 g.
The V/m ratios are 860, 1500, 3000, 6000, 15000, respectively.

Contact time: 3 h.

8 | Journal Name, [year], [vol], 00—-00
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2+ a

Table 4. Selective adsorption results of S,-LDH for the separation of Ag* from Hg*".

S,-LDH 0.001g 0.002 g
Ag+ Hg2+ Ag+ ng+
Co (ppm) 218 17.5 218 17.5
C; - 6h (ppm) 20.2 4.03 451 1.50
Kq - 6h (ml/g) 2.3x10° 1.0x10° 5.7x10* 1.5x10°
pH - 6h 2.84 — 4.46 2.84 — 4.65
S,-LDH 0.001g 0.002 g
Ag+ ng+ Ag+ ng+
Co (ppm) 21.8 175 21.8 175
C; - 6h (ppm) 20.6 5.76 8.86 1.73
Kq - 6h (ml/g) 1.7x10° 6.1x10* 2.1x10* 1.4x10°
pH - 6h 2.84 - 4.22 2.84 — 4.57

30 ml solution of Hg(NO3), and AgNO;, 20 ppm concentration per ion.

Table 5. Adsorptive capacity toward individual metal ions (10 mM) by S,-LDH. ?

Co Cs-3d ion capacity
lons mM ppm mM ppm ma/g mmol/g Removal (%) s
Co™ 8.93 526.21 6.10 359.53 83 1.40 317 232
NiZ* 10.15 595.69 5.92 347.39 106 1.80 41.7 357
cu?® 9.69 615.38 5.01 318.52 127 2.01 48.2 466
zZn* 9.40 614.76 4.96 324.19 145 2.22 47.3 448
Ag* 7.11 766.52 0.001 0.11 383 3.55 100 3x10°
Pb%* 9.47 1961.56 5.18 1072.88 483 2.33 45.3 414
cd* 9.51 1068.92 8.15 916.28 57 0.50 143 83
Hg? 10.89 2184.94 4.06 813.43 686 3.42 62.8 843

2 _individual solutions each containing Co?*, Ni¥*, Cu?*, Zn?*, Ag*, Pb%*, Cd*, Hg?*" with a 10 mM
concentration.

V, 10 ml; m, 0.02 g; V/m ratio, 10 / 0.02 = 500.

Contact time: 3d.

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 9
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Fig. 1 (A) XRD patterns of (a) COs—LDH, (b) NO;-LDH, (c) S;—LDH and (d) S,—LDH (The d-values are given in
nanometers); and (B) FT-IR spectra of (a), (b) and (c).

[=2]
A) o)l o0
@l © I <
s 3 (h) S+-LDH-Cu
)
B N ©
Yl o
@l S é’l" (9) S+-LDH-Ni
[=e}
o = -~
n N o (B)
-~ <
ngﬂg ﬂ (f) S8
© N
< & vg
e '3 (e) S¢-LDH
T8y 33
AW (d) K2Sa
N
©
<
215 (c) S2-LDH
w
(']
<
’\ (b) K2S2
(a) NO3-LDH
3~ 23
/\\U
: =
' 1

500 750 1000
Raman shift / cm !

N
W
(=]

Fig. 2 (A) Raman spectra of (a) NOs—LDH, (b) K,S,, (¢) S;~LDH, (d) K,S4, (€) S,~LDH, (f) S, and after S,—LDH
adsorbed (g) Ni** and (h) Cu** of 10 ppm concentration; (B) SEM images of (a) and (c).
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Fig. 3 XRD patterns of samples obtained after 0.035 g S,-LDH adsorbed metal ions of (a) Co®", (b) Ni**, (c) Cu*, (d)
Zn**, (e) Ag*, (f) Pb*, (g) Cd*, (h) Hg*" and (i) their mixed solution (concentration of each ion, 10 ppm).
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Fig. 4 XRD patterns of samples obtained after 0.02 g S,-LDH adsorbed metal ions of (a) Co*, (b) Ni**, (c) Cu**, (d)
Zn**, (e) Ag*, (f) Pb®*, (g) Cd**, (h) Hg®*, (concentration of each ion, 10 mM ) and (i) the standard pattern of HgS.
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Fig. 5 SEM images of solid samples after 0.035 g S,-LDH adsorbed ions of (a, a’) Co®*, (b, b’) Ni**, (c, ¢”) Cu?*, (d,

d’) Zn*, (e, ) Ag", (f, ) Pb”", (g, g°) Cd**, and (h, h*) Hg®* (10 ppm concentration).
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Fig. 6 IR spectra of (a) pristine S,-LDH and after it adsorbed metal ion of (b) Co®", (c) Ni**, (d) Cu?*, (e) Zn*, (f)
Ag", (g) Pb**, (h) Cd** and (i) Hg®* (10 ppm concentration).
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Fig. 7 IR spectra of samples after S,-LDH adsorbed ions of (a) Co®", (b) Ni**, (c) Cu®*, (d) Zn*, (e) Ag*, (f) Pb**, (g)
s Cd®* and (h) Hg?". (concentration, 10 mM ions)
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Scheme 1. Arrangement of (a) polysulfide [S4]* group in S4-LDH, (b) proposed metal binding in the interlayer space

10 and formation of CO5;-LDH.
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Highly Selective and Efficient Heavy Metal
Capture with Polysulfide Intercalated
Layered Double Hydroxides

Shulan Ma, Qingmei Chen, Hao Li, Pengli Wang,
Saiful M. Islam, Qingyang Gu, Xiaojing Yang,
Mercouri G. Kanatzidis*

Intercalation of polysulfides into LDHs forms
layered composites that can separate Hg”", Ag’
and Cu”" from mixed ions with high selectivity
and capacity.
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