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ABSTRACT: The MoS,*” ion was intercalated into magne-
sium—aluminum layered double hydroxide (MgAl—NO;-
LDH) to produce a single phase material of
Mgy 66Alo.34(OH);(Mo0S,)o.17,nH,O0  (MgAl—MoS,-LDH),
which demonstrates highly selective binding and extremely
efficient removal of heavy metal ions such as Cu*', Pb*', Ag",
and Hg*". The MoS,-LDH displays a selectivity order of Co**,
Ni*, Zn** < Cd*" < Pb*" < Cu** < Hg*" < Ag" for the metal
ions. The enormous capacities for Hg2+ (~500 mg/ g) and Ag*
(450 mg/g) and very high distribution coefficients (Kg) of
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~10" mL/g place the MoS,-LDH at the top of materials known for such removal. Sorption isotherm for Ag" agrees with the
Langmuir model suggesting a monolayer adsorption. It can rapidly lower the concentrations of Cu**, Pb*", Hg*', and Ag" from
ppm levels to trace levels of <1 ppb. For the highly toxic Hg*" (at ~30 ppm concentration), the adsorption is exceptionally rapid
and highly selective, showing a 97.3% removal within S min, 99.7% removal within 30 min, and ~100% removal within 1 h. The
sorption kinetics for Cu®, Ag', Pb*', and Hg2+ follows a pseudo-second-order model suggesting a chemisorption with the
adsorption mechanism via M—S bonding. X-ray diffraction patterns of the samples after adsorption demonstrate the
coordination and intercalation structures depending on the metal ions and their concentration. After the capture of heavy metals,
the crystallites of the MoS,-LDH material retain the original hexagonal prismatic shape and are stable at pH & 2—10. The MoS,-
LDH material is thus promising for the remediation of heavy metal polluted water.

B INTRODUCTION

Water contamination by toxic heavy metals such as Hg*', Pb**,
and Cd*" is becoming an increasingly important issue in
separation science and environmental remediation," because
these metals are harmful to humans and other species.”””
Increasing amounts of mercury are discarded into the
environment (air, soil, and water) due to its use in the
pharmaceutical and paper industries, electric battery produc-
tion, amalgam dental fillings, combustion of coal or oil, and etc.
Effective reduction of Hg*" and other heavy metals down to
trace levels (e.g, < S ppb) remains a great challenge.’
Conventional methods including chemical precipitation,
flocculation, membrane separation, ion exchange, evaporation
are suboptimal because of low capacities and low removal rates
for metals other than Hg>". Precipitation employing sulfide ions
cannot reduce the concentrations of heavy metals below
acceptable drinking levels.” Adsorption method is considered to
be quite attractive in terms of the low cost, simple design and
strong operability, especially its high removal efficiency from
dilute solutions.” Various materials such as zeolites,® activated
carbon,”™"" polymers,'” biomaterials,"”* and sorption resins
have been employed for the adsorption of metal ions."* Clays
are also attractive as natural adsorbents because of their
promise of low cost, high surface area, and hydrophilicity,'*'°
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but they suffer from low selectivity and weak affinity for heavy
metals. In spite of these, new highly efficient and cheaper
adsorbents attract the attention of researchers.

Sulfides form strong covalent bonds with heavy metals,
and this can be the basis for designing effective adsorbent
materials for their effective capture. Consequently, many
crystalline sulfide-based materials have been well studied for
remediation of heavy metal polluted water.”>~>" Our group has
reported layered metal sulfides such as K,,Mn,Sn,_,S; (KMS-
1), H,,Mn,Sn;_,S; (LHMS-1),*>*” K,, Mg Sn;_.S¢ (KMS-
2),°% Ky, Sn,_,Ss_. (KTS-3),*” and porous amorphous glass
(AA, ,-SnSb,Se, A = Na; A’ = K, Cs),"" all of which
demonstrate high efficiency in removing heavy metals. Fu et al.
studied the effects of pH, reaction time, initial concentration,
reaction temperature and coexisting ions on the adsorption of
Cu*" by KMS-1.** These materials operate under the soft—hard
Lewis acid—base paradigm mentioned above for the metal ion’s
selectivity.

The layered double hydroxides (LDHs) are anionic clays
with positively charged host layers and counter-anions found in
the interlayer space. The excellent intercalation and anion-

17-24

Received: January S, 2016
Published: January 31, 2016

DOI: 10.1021/jacs.6b00110
J. Am. Chem. Soc. 2016, 138, 2858—2866


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b00110

Journal of the American Chemical Society

exchange properties*’ allow the LDHs versatile applications
such as on catalysts,“’45 two-dimensional nanoreactors,>”*®
adsorbents, and scavengers."”*® Given the many attractive
features of this class of crystalline clay materials, we hypothesize
that if we functionalize them with sulfide-containing groups,
then we can combine the key advantages from two disparate
kinds of materials (oxides and sulfides) into a single phase with
enhanced built-in heavy metal removal properties. Recently, we
introduced polysulfide anions [S,]*” into the LDH gallery'” >
and found that the as-formed composites were very effective in
selective capture for heavy metals.*”*> These materials,
however, exhibit medium term instabilities associated with the
oxidation of the [S,]*” species to [SO,]*".

Herein, we investigate the introduction of (MoS,)*” into the
MgAI-LDH interlayer structure and its heavy metal capture
ability. The as-prepared MoS,-LDH phase exhibits enormous
selectivity for Ag" and Hg*" (K; ~ 10" mL/g), excellent
removal capacity (~432 mg/g for Ag®, ~500 mg/g for Hg“),
and also fast trapping for them, placing it at the top materials
for heavy metal removal among others. More importantly, the
ability to diminish the heavy metal pollutant concentrations
down to <5 ppb levels makes the MoS,-LDH material attractive
for environmental remediation applications.

B EXPERIMENTAL SECTION

Materials. The MgAl—NO;-LDH was prepared through NO;™/
CO,*" ion-exchange reaction using MgAl—CO;-LDH as a precursor
based on refs S3—56. The (NH,),MoS, was purchased from Sigma-
Aldrich and used without further purification. The (MoS,)*~ anion
coming from the red (NH,),MoS, precursor was exchanged with
NO;™ anion of the white NO;-LDH to obtain the red brown MoS,-
LDH. Typically, 02 g NO;-LDH and 02 g (NH,),MoS, were
dispersed in 10 mL degassed deionized water, and the obtained
suspension was allowed to react under stirring at ambient temperature
for 24 h. The resulting brown solids were filtered, washed with
deionized water and then acetone, and finally air-dried, to get 0.24 g
product with a yield of ~93%.

Heavy Metal Uptake Experiments. The heavy metal uptakes
from aqueous solutions with various concentrations were studied using
the batch method. The metal ions involved the eight ions of Co™,
Ni**, Cu®*, Zn*, Ag*, Pb*, Cd**, and Hg** coming from their nitrate
salts. After mixing the solid sorbents with the solutions for certain
time, centrifugation was performed, and the metal concentrations in
the supernatant solutions were determined using inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) or inductively
coupled plasma-mass spectroscopy (ICP-MS) for extra low concen-
tration (<1 ppb). The adsorptive capacity was evaluated from the
difference of metal concentrations in mother and supernatant
solutions.

The distribution coefficient (K;) is defined by the equation of Ky =
(VI(Cy = Cy)/C;])/m, where Cy and C; are, respectively, the initial and
equilibrium concentrations of M"* (ppm, pug/mL) after the contact, V
is the solution volume (mL), and m is the solid amount (g).*> The %
removal is calculated with the equation of 100 X (Cy — C;)/C,. The
removal capacity (g,,) is given by the equation: g,, = 107> X (C, — Cy)-
V/m. The adsorption experiments were performed with V:m ratios of
860—6000 mL/ g at ambient temperature.

For distinguishing the high selective ions of Cu®*, Hg?*, and Ag*,
experiments containing them all together were carried out. An ~10
ppm concentration for each ion (~30 ppm for total) was mixed with
certain quantities of MoS,-LDH (0.01 and 0.005 g), which was
sufficient to pick up only one of the ions.

The experiments to investigate the removal capacity for certain ions
such as Hg*, Ag*, Cu®, and Pb** employed various concentrations
were performed with the batch method (V/m = 860—1000 mL/g) at
room temperature with 24 h of contact time. The data obtained were
used for the determination of the sorption isotherms.
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Adsorption Kinetic Study. Adsorption kinetic experiments for
the ions of Cu**, Ag®, Pb*, and Hg** under various adsorption times
(5—300 min) were performed. For each operation, 0.035 g of solid
sample was weighted into a 50 mL centrifugal tube, and a 30 mL
aqueous solution containing certain ion (20—30 ppm) was added (V/
m = 860 mL/g). At specified time intervals, the suspensions were
centrifuged, and 2 mL of the supernatant solutions were taken and
analyzed by ICP-AES and ICP-MS to get the ion contents.

Characterization Techniques. The XRD patterns of the as-
prepared samples and those after adsorption experiments were
collected using a PANalytical X’pert Pro MPD diffractometer with
Cu—Ka radiation at room temperature, with step size of 0.0167°, scan
time of 10s per step, and 20 ranging from 4.5 to 70°. The generator
setting is 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 recorded on a microscopic confocal Raman spectrometer,
using a 633 nm He—Ne laser. SEM measurements were carried out
using a Hitachi S-4800 microscope.

The metal ion concentrations in solutions before and after
adsorption were measured using ICP-AES (Jarrel-ASH, ICAP-9000)
and ICP-MS (NexION 300X) for much low concentrations. For
determining the compositions of the solid samples, ICP-AES (~0.1 M
HNO; solution was used to dissolve the solids) and CHN analyses
using an Elementar Vario EL elemental analyzer were conducted.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the MoS,-LDH
Material. The MoS,-LDH material was accomplished via the
ion-exchange reaction of the NO;  in NO;-LDH with
(MoS,)*™ as shown in eq 1.

Mg, Aly34(OH),(NO,),34-xH,0 + 0.17(NH,),MoS,

— Mg, Al;3,(OH),(MoS,), ;7-«H,0 + 0.34NH,NO;

(1)

The obtained MoS,-LDH powder sample is brown in color,
as shown in the photograph in Scheme 1. According to ICP and

Scheme 1. Ion Exchange and Reaction Scheme of MoS,-
LDH and the Binding Modes of [MoS,]*~ with M*" at
Different Concentration Regimes and Proposed
Arrangements of Interlayer Species in LDH Gallery
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CHN analyses, a stoichiometric composition of
Mg66Al034(OH),(MoS,)1,-0.8H,0O was obtained. Figure 1A
shows the comparison of the XRD patterns of NO;-LDH
precursor and the exchanged product MoS,-LDH. Compared
with the 0.88 nm basal spacing (dy,.,;) of the NO;-LDH (Figure
1A-a), the as-prepared MoS,-LDH had an enlarged dy,,., of 1.07
nm (Figure 1A-b), confirming the introduction of the larger
(MoS,)*” in the interlayer space. The (00]) reflections at 1.07,
0.53, and 0.36 nm indicate a layered phase. The weakened
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Figure 1. (A) XRD patterns of (a) NO;-LDH and (b) MoS,-LDH,
(B) IR spectra of (a) NO;-LDH, (b) MoS,-LDH, and (c)
(NH,),MoS,, (C) Typical SEM image of the MoS,-LDH showing
typical hexagonal shaped crystallites, and (D) Raman data of (a)
(NH,),MoS, and (b) MoS,-LDH.

(003) reflection at 1.07 nm in comparison to the stronger
(006) reflection at 0.53 nm results from the very heavy nature
of the intercalated (MoS,)*” anions and strong scattering
property. This massive electron density on the (006) plane of
the structure increases X-ray scattering from this plane.

IR spectroscopy (Figure 1B) verified the formation of the
intercalated compound. In Figure 1B-a, the strong band
appearing at 1384 cm™' corresponds to the NO; of the
NO;-LDH. When the (MoS,)*” anions enter the gallery, the
NO;” band at 1384 cm™" diminishes (Figure 1B-b), suggesting
an almost-complete exchange. For free (NH,),MoS, (Figure
1B-c), the band at 480 cm™' is assigned to the Mo—S$
vibration, consistent with reference values (459—482 cm™!) for
Mo—S stretching bands.””*® In MoS,-LDH, the M—S band
becomes indistinguishable, because of the overlap with the M—
O bands at 447 cm™ from the LDH layers.”” The Raman
spectra (Figure 1D) can give more detailed information on the
Mo—S stretching bands. For (NH,),MoS, (Figure 1D-a),
there are two obvious peaks at 477 and 457 cm ™, assigned to
the Mo—S stretching bands, based on the reference values
ranged in 400—510 cm™.% In MoS,-LDH (Figure 1D-b), the
Mo—S stretching bands appear at 444, 398, and 378 cm™), for
which the red-shift would be attributed to the interaction of the
intercalated MoS,*” ions with the LDH layer hydroxides likely
through Mo—S---HO hydrogen bonding involving the
hydroxide ions in the LDH. Generally, small and highly
charged anions preferentially occupy the LDH interlayer
space,”' ® thus, the —2 charged (MoS,)*” ions provide a
strong driving force for the exchange over the singly charged
NO;". SEM image (Figure 1C) shows the hexagonal crystals of
MoS,-LDH which resemble the NO;-LDH precursor, as found
in our previous work."’

Heavy Metal Removal Using MoS,;-LDH. The uptake of
heavy metal ions by MoS,-LDH from solution in various
concentrations was studied by the batch method at room
temperature. The affinity of MoS,-LDH toward these metal
ions can be expressed in terms of the distribution coefficient Ky
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(for definition, see the Experimental Section). The adsorption
experiments with individual solutions of Co*, Ni**, Cu**, Zn*",
Ag', Pb*, Cd**, and Hg*', as well as solutions with all eight
ions together were carried out. Table 1 summarizes the

Table 1. Adsorption Results of MoS,-LDH toward Individual
Eight Ions (10 ppm)®”

after 6 h
initial solution adsorption
M

single C; —6h pH- removal
ions  Co (ppm) pH  (ppm) 6h (%) Ky (mL/g)
Co** 10.03 6.13 6.34 6.49 36.79 582
Ni** 10.13 5.83 540 647 46.69 876
Cu* 8.92 6.18 0.002 6.78 99.98 4.5 x 10°
Zn? 9.26 6.24 0.16 7.38 98.27 5.7 x 10*
Ag* 8.96 5.74 0.044 7.28 99.51 1.7 X 10°
Pb** 8.64 5.62 0.029 7.39 99.66 2.6 X 10°
Ccd* 9.36 6.68 0.57 6.73 93.91 1.3 x 10*
Hg™ 12.77 4.11 0.001 6.32 99.99 1.1 x 107

“ion concentration: ~ 10 ppm per ion. Contact time: 6 h. by =30 mL;
m (mass of solid sample) = 0.030 g V/m ratio = 30/0.030 = 1000.

adsorption results for individual ions by MoS,LDH. The
adsorption ability of MoS,-LDH toward Hg*" and Cu®" is much
higher than for the other ions. After 6 h contact time the
concentrations of these ions decrease from the starting value of
~10 ppm to <1—2 ppb, achieving a nearly 100% removal. The
Ag" and Pb*" also display good removal efficiency, achieving
>99.5% removal rates and >10° mL/g Ky values within 6 h
contact time. In sharp contrast to the other two transition metal
ions of Cu*" and Zn*', the adsorptive capacity for Co*" and
Ni** was very low, which may provide a good method for
separating these ions. This result is in agreement with our
previous work.*’

Table 2 shows the results of competitive capture reactions for
the case with all eight ions in the same solution (e.g,, “mixed

Table bZ. Adsorption of MoS,-LDH toward the Eight Mixed
Ions®™

Co C; —3h M"™ removal

mixed ions  (ppm)  (ppm) (%) Ky (mL/g)
Co** 9.99 9.90 0.9 8
Ni?* 10.20 10.10 1.0 9
Cu** 10.16 0.00078 100 1.1 x 107
Zn** 9.63 9.50 1.3 12
Ag" 11.84 0.00048 100 2.1 X 107
Pb** 10.44 0.65 93.8 1.3 x 10*
cd* 9.99 8.18 18.1 190
Hg** 14.46 0.001 100 12 x 10
pH: 3.72— 5.08

“V = 30 mL; m = 0.030 g; V/m ratio =1000. bConcentration per ion:
~ 10 ppm. Contact time: 3 h.

ion state”). The observed selectivity order for these ions was
Co®™, Ni*¥, Zn* < Cd** < Pb** < Cu®, Ag", and Hg*". The
K" and K;* values are ~10° times larger than the K™ and
~10° larger than the K reflecting the high preference for
Hg*"/Ag" over Pb**/Cd*". This indicates that MoS,-LDH is
very selective for ions with high Lewis acid softness (i.e., Hg*"/
Ag" vs Pb?*/Cd*"). The excellent adsorption for Cu**, Ag* and
Hg*" is in good agreement with those observed in single ion

DOI: 10.1021/jacs.6b00110
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Table 3. Selective Adsorption of MoS,-LDH for Separating Cu*', Ag’, and Hg***

0.005 g 001 g
A g+ Cu2+ H. g2+ Ag+ Cu2+ H g2+

C, (ppm) 10.76 1045 11.89 10.76 10.45 11.89

C3h (ppm) 0.52 1045 4.37 0.006 9.46 0.03

K;-3h (mL/g) 12 x 10° 0 1.0 x 10* 5.4 x 10° 3.1 x 10* 12 x 10°

% removal 95.17 0 63.25 99.94 9.47 99.75

pH-3h 2.93— 3.10 2.93— 391

“30 mL solution, 10 ppm per ion, 3h contact time.

adsorption, except for Zn** and Cd*'". Here the adsorptions
toward Zn** and Cd*" decreased dramatically compared with
that in single ion state. Compared to its single ion solution, the
removal toward Ag" demonstrated a marked increase, with an
augmentation of ~100 fold (= 2.1 X 107/1.7 X 10°) for K;*¢. A
cooperative interaction of the coexisting ions seems responsible
for the increase. Another reason may be the increased acidity of
the mixed solution (pH = 3.7—5.1). The acidity may affect the
hydration of certain ions to different degree, which can
modulate their binding force with the [MoS,]*~ group.

Typically, materials with K; values on the order of ~10*10°
mL/g are considered to be exceptional adsorbents.””*>*® As
shown in Table 2, for the highly toxic Hg2+, the K,"'8 value for
MoS,-LDH reaches ~10” mL/g. The K "8 is higher than that
found for our reported materials (10°~10° mL/g) of KMS-2**
and LHMS (H, Mn,Sn,_,S¢),” close to our S,-LDH material*’
and porous amorphous chalcogenides A,A’,_,-SnSb,S, (~107
mL/g),"" matching or exceeding those commercial resins
(~10*=5.1 X 10° mL/g),"”® the silane chelating fibers (3.0 X
10°—3.8 X 10° mL/g),” chalcogel-1 (9.2 X 10°—1.6 X 10" mL/
g),zj and thiol-functionalized silicates (3.4 X 10°—1.0 x 10°
mL/g).””%”7° The present MoS,-LDH material may trap the
metal ions by forming M-S coordination bonds as our reported
S,-LDH," but the functionalized silica sorbents generally need
incorporation of custom designed sulfur containing organic
functional groups. Clearly, the present material can rapidly
reduce the concentration of soft heavy metals in aqueous
solution to very low levels. The Hg?* concentration is always
lower than 1 ppb, well below the acceptable level in drinking
water (2 ppb).”” These results highlight the strong potential of
MoS,-LDH as a highly effective filter for decontamination of
water polluted with heavy metals.

Relative Selectivity for Cu®*, Ag*, and Hg?*. As shown
above, the MoS,-LDH can capture the Cu®’, Ag', and Hg**
ions effectively, with their concentrations fast reduced from 10
ppm to <1 ppb (Table 2). We were interested to see if MoS,-
LDH has any preference among these three atoms that might
become the basis for separating them. The ability to distinguish
Ag"' and Hg?* from one another is especially important because
such a challenging problem is often encountered in mining
operations of precious metals.”® From Table 2, we can see that
Ag" and Hg** are so similar in their reactivity (K ~ 10’ mL/g)
that they cannot be selectively separated using the MoS,-LDH
under the employed operating conditions. In order to
effectively separate Ag" from Hg** as well as Cu’*, we
conducted a solution containing the only three ions of Cu*,
Ag', and Hg** in a 10 ppm concentration for each ion, and
decreased quantities (0.01 and 0.005 g) of MoS,-LDH were
adequate for picking up only one of them. The results of these
experiments are shown in Table 3.

The separation factor for A and B (SF,/5) defined by K4*/
K, is a scale to determine whether a material can be used to
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separate out certain ions from one another.”” Generally, good
separation factors are considered to >100, depending on the
conditions and applications for which the SF is measured.
When using 0.01 g MoS,-LDH (Table 3), the SF,,/c, and
SFyg/cu values are both about 10000, showing an obvious
higher affinity for Ag" and Hg*" than for Cu®". And also, the
SFpg/ng Of S suggests a somewhat higher selectivity toward Ag”
than Hg®". Importantly enough, the almost-complete removal
for the Ag* and Hg** when using the small quantity of 0.01 g
further display the wonderful capture ability of MoS,-LDH
toward these two ions. When the sorbent amount was
decreased to 0.00S g, the SF,,y, was 12, suggesting only a
modest separation factor for Ag* and Hg*". Thus, the three ions
follow an exact selectivity order of Ag" > Hg*" > Cu*".
Sorption Isotherm toward Ag* and Uptake Capacity
for the lons. From the results described above, the MoS,-
LDH shows the highest selectivity for Ag*. The maximum
adsorption capacity of the material was determined from an
adsorption equilibrium study. The Ag* capture by MoS,-LDH
was found to increase successively with increasing concen-
tration (10—1700 ppm, Table 4). Over a wide range of the

Table 4. Sorption Isotherm Data of MoS,-LDH towards
Ag+a

Co H- pH-  removal G
(ppm) C¢ppm)  initial  24h (%) (mg/g) Ky (mL/g)

9.52 0 5.90 7.43 100 8.2

38.58 0.001 S.75 6.84 100 332 3.3 % 107

83.68 0.02 S.12 6.72 99.98 71.9 3.6 x 10°
404 9.52 4.48 6.54 97.64 339.3 3.6 x 10*
747 300 3.80 4.77 59.84 384.4 1.3 X 10°
1038 519 3.56 4.63 50.00 446.3 8.6 X 10*
1174 678 3.33 4.65 42.25 426.6 6.3 X 10*
1338 870 3.49 4.80 34.98 402.5 4.6 X 10*
1484 958 3.45 5.09 35.44 452.4 47 X 10?
1685 1159 3.13 4.85 31.22 452.4 3.9 x 10*

“m = 0.035 g, V=30 mL, V/m = 860 mL/g. Contact time: 24 h.

initial concentration (10—400 ppm), the Ag® removal rates
reached values of >98%, with the K*¢ values ranging from 4 X
10* to 3 X 10" mL/g. The maximum removal capacity (g,,) for
Ag" reached ~452 mg/g. This is an exceptionally high capacity
competing with the best absorbers such as S,-LDH (383 mg/
g)49 and KMS-2 (408 mg/g)38 and magnetic cellulose
xanthate,”" for which adsorption capacities of various
adsorbents are shown in Table 5.°%373%72782

MoS,-LDH can extract silver ranging from trace levels to
highly concentrated solution with excellent efficiency. We also
checked the adsorption of the MoS,-LDH material for Hg*" in
the range of concentrations 40 ppm to 500 ppm (Table S1),
and found that there are >99.9% removal rates in all cases and a

DOI: 10.1021/jacs.6b00110
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Table 5. Comparison of Adsorption Capacities of Various
Adsorbents for Heavy Metal Ions

target ions adsorbents qn (mg/g) refs
Cu** MoS,-LDH 181 this work
TA-HTC® 81 ref 72
CLLDH” 38 ref 73
H100-LDH* 85 ref 73
edta-LDH* 71 ref 74
LS-LDH* 64 ref 75
S-LDH/ 127 ref 49
PANI-PS® 171 ref 76
KMS-1" 156 ref 42
Pb* MoS,-LDH 290 this work
CI-LDH 40 ref 77
DTPA-LDH’ 170 ref 77
H100-LDH 99 ref 73
edta-LDH 180 ref 74
MNP-CTS/ 140 ref 78
CDpoly-MNPs* 65 ref 79
LS-LDH 123 ref 75
Fe,0,-GS' 28 ref 80
Hg** MoS,-LDH 500 this work
mercaptosuccinic acid—LDH"* 161 ref 81
KMS-2" 297 ref 38
PANI-PS 148 ref 76
MNPs-DTC” 48 ref 82
KMS-1 377 ref 33
LHMS-17 87 ref 37
Fe;04-GS 23 ref 80
Ag* MoS,-LDH 450 this work
S,-LDH 383 ref 49
KMS-2 408 ref 38
MCXx1 166 ref 71

“Hydrotalcite modified by tannin (TA-HTC). “Layered double
hydroxides intercalated by chloride (CI-LDH). “MgAl layered double
hydroxide (MgAl-LDH) intercalated by humate anions. “ZnAl layered
double hydroxide (ZnAl-LDH) intercalated with edta. “MgAl-LDH
intercalated by sulfonated lignin (LS). fMgAl-LDH intercalated by
olysulfide [S,]*". €Polyaniline—polystyrene composite (PANI-PS).
Layered metal sulfides of K,,Mn,Sn;_,Ss. ‘MgAl-LDH intercalated
with diethylenetriamine-pentaacetic acid (DTPA)./Multiwalled carbon
nanotubes coated with magnetic amino-modified CoFe,0,
(CoFe,0,—NH,) nanoparticles (MNPs) further modified with
chitosan (CTS). “Carboxymethyl-f-cyclodextrin (CM-f-CD) polymer
modified Fe;O, nanoparticles (CDpoly-MNPs). ‘Magnetic Fe;O, and
graphene composite functionalized by amino (Fe;0,-GS). ""MgAl-
LDH intercalated by mercaptocarboxylic acid. “Layered metal sulfides
of K, ,Mg,Sn;_,Ss. °Magnetic nanoparticles (MNPs) of Fe;O,
functionalized by dithiocarbamate (DTC). #Layered hydrogen metal
sulfide (LHMS) of H,Mn,Sn;_,S;. Magnetic cellulose xanthate
(MCX).

~500 mg/g maximum adsorption capacity. For Pb*', in the
concentration range of 10 ppm to 1000 ppm (Table S2), the
MoS,-LDH has a maximum adsorption capacity of ~290 mg/g.
For Cu®, the maximum adsorption capacity is found to be
relatively lower at ~181 mg/g (Table S3), however this value is
still very high compared to reported adsorbents.”””*~" In
comparison to the reported LDH intercalates or other materials
as shown in Table S, the present MoS,-LDH demonstrates
superior removal capacities for the target ions, which is
attributed to the function of the introduced (MoS,)* ions in
the LDH gallery.
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As described above, the MoS,-LDH has a chemical formula
of Mg, esAly34(OH),(Mo0S,)017-0.8H,0, with a molecular
weight of 110, so 1 g of MoS,-LDH has 0.00154 (= 1/110 X
0.17) moles of (MoS,)*". If the binding ratio of Ag:(MoS,) is
2, then the theoretical combined Ag* amount will be 0.334 ¢ (=
0.00154 X 2 X 108) and the theoretical maximum capacity 334
mg/g. The larger experimental value of ~452 mg/g observed
suggests that the hydroxide-containing LDH layers can also
adsorb some Ag". We did the control experiments using just the
NO;-LDH precursor as an adsorbent, and found the NO;-LDH
surely adsorbed some Ag*, with a 15% removal rate under the
concentration of 1700 ppm, which means the Ag* ion may bind
to the hydroxide groups of the LDH layers as well.

A Langmuir isotherm is used to describe the experimental
data of Ag*. In this model, the adsorbate moieties (Ag" ions)
are assumed to undergo monolayer type coverage of the
sorbent on an adsorbent surface. Once an adsorption site is
occupied, no further adsorption can happen at the same site.
The Langmuir isotherm model is listed as eq 2:

bCe
"1 + bCe (2)
where q (mg/g) is the equilibrium adsorption capacity of Ag*
adsorbed, ¢, (mg/L) is the Ag* concentration at equilibrium, g,

(mg/g) is the theoretical maximum sorption capacity. The
equilibrium adsorption isotherm is shown in Figure 2, with the

9=4

5007
4501
400
350
300
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200
1501
100

50

q (mg/g)

0 200 400 600 800 1000 1200
C, (ppm)

Figure 2. Sorption isotherm for the sorption of Ag" by MoS,-LDH.
The Langmuir equilibrium isotherm (red line) is derived from the Ag*
equilibrium concentration (C,), plotted against the capacity of q (mg/

g)

Ag" equilibrium concentration ranging from 0.02 to 1200 ppm.
The data points were well-fitted with the Langmuir model to
determine the g, of 545 mg/g, which is 1.2 times (= 545/452)
of the experimental value of 452 mg/g. The large correlation
coefficient (R* > 0.97) shows a good fit with the Langmuir
isotherm, suggesting a monolayer adsorption®”** on the MoS,-
LDH.

Adsorption Kinetics Study. The adsorption kinetics of the
Cu’, Ag', Pb*, and Hg*" ions by MoS,LDH was also
investigated in order to study adsorption rate and pathways of
adsorption until equilibrium was reached. As depicted in Table
6, Tables S4—S6, and Figure 3A,3B, the adsorption rates for the
ions of Hg**, Cu**, Ag®, and Pb** were found to be very rapid.
Within 5 min, the MoS,-LDH achieved >97% removal rates
and Ky values of >10* mL/g for Ag" (Table S5) and Hg**
(Table 6). Within 30 min, the MoS,-LDH achieved >99.7%
removal rates and Ky values of >10° mL/g for Ag", Hg** and
Pb** (Table S5, Table 6, Table S6). For the Cu®" ion, the
adsorption is slightly slow but still has a 98.5% removal rate in
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Table 6. Kinetics Data of Hg?* Adsorption using MoS,-

LDH”
Co (ppm) time (min) C; (ppm) removal (%) Ky (mL/g) q(mg/g)
27.1 5 0.74 97.27 3.1 x 10* 22.67
30 0.07 99.74 3.3 % 10° 2325
60 0.05 99.82 4.7 X 10° 23.26
120 0.02 99.93 12 x 10° 2329
180 0.004 99.99 5.8 X 10° 23.30
240 0.003 99.99 7.8 X 10° 23.30
300 0.002 99.99 1.2 X 107 23.30
“m = 0.035 g, V =30 mL, V:m = 860 mL/g.
120
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Figure 3. Adsorption kinetics curves for Cu®*, Ag", Pb*>" and Hg**: (A)
Ion concentration change following contact time, (B) Removal % as a
function of contact time, (C) Sorption capacity (g,) with contact time,
(D) Pseudo-second-order kinetic plots for ion sorption.

1h. The adsorptions for all of the four ions reach equilibrium
within ~1 h (Figure 3B,3C). For the Hg(II) adsorption, a
similar kinetics trend was observed in previous studies,®®*>**
but the adsorption of those materials is not so efficient and fast
as the present material. The removal rate for Hg** herein is also
faster than those found for polymer-brush-functionalized
magnetic nanoparticles (MNPs).” The rate of adsorption
was determined by using two different rate equations. Pseudo-
first-order and pseudo-second-order mechanisms were inves-
tigated for determining adsorption behaviors. The comparison
was then drawn between the experimental and calculated data.
The two kinetic rate equations can be written as follows:**
Pseudo-first-order:

In(g, — q) =Inq, — kt ()
Pseudo-second-order:

t_ Lt

a9 kal 4 (4)

where g, (mg/g) is the amount of Hg** adsorbed per unit mass
of adsorbent at equilibrium, and g, (mg/g) is the Hg*" adsorbed
at time t, while k; (min™") and k, (g/mg min™") are equilibrium
rate constants of pseudo-first-order and pseudo-second-order
adsorption interactions, respectively. The k; value was obtained
by plotting In(g.-q,) against t and the k, value by plotting t/q,
against t. All the kinetic parameters for the adsorptions toward
the four ions of Cu**, Ag*, Hg*', and Pb** are summarized in
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Table 7. Moreover, the linear relationship of t/q, versus ¢ is
presented in Figure 3D. From the kinetic parameters in Table

Table 7. Kinetic Parameters (Pseudo-Second-Order-Model)
For Adsorbing Metal Ions onto MoS,-LDH

eexp k, el MB/Z R
Cu* 17.40 5.58 X 1073 18.18 0.998
Ag* 16.70 2.24 16.69 1
Pb** 1645 0.271 16.47 1
Hg** 23.24 0.362 23.26 1

7, the calculated sorption capacities (q..) derived from the
pseudo-second order model are closer to corresponding
experimental values (qe’exp). The goodness of fit coeflicient
(R?) close to 1 indicates the adsorption for these ions by MoS,-
LDH can be well-described with a pseudo-second order kinetic
model, suggesting the process is essentially a chemisorption.*®

Structural Characterization and Morphologies after
Metal lon Adsorption. After adsorption, the suspentions
were centrifuged, and the solid samples were dried to conduct
XRD, IR analyses, and SEM observations. As shown in Figure
4, in the case of low metal concentrations of 10 ppm, the

| Cd-10ppm !

v

<
1)) o
2
5. 88e 1
R \% ss P :
(@) m\'/\/ i+ Hg-10ppm ;| (g)
~ @ 9 [ ’
z\s 8 -
[2]
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20 / degree

Figure 4. XRD patterns of samples after MoS,-LDH adsorbed 10 ppm

of (a) Co*, (b) Ni**, (c) Cu*, (d) Zn*, (e) Ag", (f) Cd*, (g) Hg™,

and (h) Pb*, (i) Mixed solution of eight ions with a 10 ppm for each

ion, and (j) 1500 ppm Ag".

samples after adsorption for various ions showed diverse XRD
patterns. The samples with low adsorbed amount such as for
Co®* and Ni** (Figure 4a,b) displayed the dy,, values of 1.07
nm, similar to the MoS,-LDH precursor (Figure 1A-b). The
samples with high adsorption capacities such as for Cu*" and
Ag' revealed mainly dy,, values of 0.96 nm (Figure 4ce),
which is smaller than the dy,; (1.07 nm) of the MoS,-LDH
precursor. The new basal spacing at 0.96 nm may be attributed
to the coordination of the adsorbed ions with the (MoS,)*”
groups. Here since the amount of metal ions is small compared
to great excess of MoS,-LDH, the [M(MoS,),] anionic
complexes may be formed, which remain in the LDH interlayer
giving a new dy,,; of 0.96 nm. When the ion concentration
levels are high such as in the case of 1500 ppm Ag*, neutral salts
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such as amorphous Ag,MoS, can form, which exited the gallery,
and NO;™ anions entered into it, making the characteristic 0.89
nm dy,q, reflection of LDH-NO; dorminant (Figure 4j). The
samples after adsorption of the Cd*', Hg’*, and Pb*" ions
showed similar XRD patterns (Figure 4f—h), having with an
obvious d,g, value of 0.89 nm as well as another possible dy,.,
of 1.0 nm, as deduced from the 0.5 nm (006) Bragg peak. The
coexistence of the two dy,, values of 0.89 and 1.0 nm suggest
the presence of two phases: the LDH(NO,;) and the
[M(MoS,),]"" intercalated LDH. The appearance of 1.0 nm/
0.96 nm d,g, in different ions may be owing to their different
coordiantion motifs with the (MoS,)*” group.

The adsorption and stability of MoS,-LDH were also
confirmed by the IR spectra (Figure S). A band at 1385

Mixed ions

Transmittance / %

gg
4000 3500 3000 2500 2000 1500 1000
Wavenumber / cm™*

500

Figure S. IR spectra of samples obtained after MoS,-LDH adsorbed
the 10 ppm (a) Co*, (b) Ni**, (c) Cu*, (d) Zn®, (e) Ag*, (f) Pb™,
(g) Cd*, (h) Hg*, and (i) their mixed solution.

ecm™" occurred for all solid samples after the adsorption,
implying the presence of NO;™ anions, which accompanied the
metal ion entrance into the adsorbent for charge balance. The
unchanged v(M—O) vibrations at 662 cm™" and §(0—M—
0) modes at 446 cm™"*” indicate the stability of the LDH layer
undergoing the adsorption process. The samples after metal
adsorption retained the hexagonal prismatic morphology
(Figure 6), consistent with that of the MoS,-LDH precusor
(Figure 1C).

Binding Modes of (MoS,)?*~ with M™ and Guest
Arrangements within LDH Gallery. Structural changes in
the MoS,-LDH samples after the adsorption were suggested by
XRD as discussed On the

observations and the complexation chemistry of

above. basis of the above

(Mo0S,)>7,** the mechanisms of metal capture are
summarized as follows:
1. Atlow contents of metal ions, where the MoS,-LDH is in
large excess, the following reaction (eq S) appears to
dominate the adsorption process:
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Figure 6. SEM images of the solid samples after MoS,-LDH adsorbed
10 ppm (a) Co™, (b) Ni**, (c) Cu™, (d) Ag', (e) Cd*, (f) Hg2+: (g)
Pb*, and (h) their mixed solutions with a 10 ppm concentration for
each ion.

LDH-[(MoS,)*"], + yM

(NO;), — LDH-[(MoS,)*"], ,,

+ LDH-{[M(MoS,),'"},(NO; "), (x > y) ()
Here we assume the M"" ions have a —2 charge. In this
case, because the (MoS,)*” anions are in large excess
relative to M>*, more (MoS,)*~ would combine with less
M?** to form anionic complexes such as [M(MoS,),]*”
ions, which retain in the LDH interlayer. Because x >> y,
the dominant interlayer anions are still [MoS,]*” with
the resulting dy,,, of 1.07 nm (Scheme 1a).
When the metal ions are in medium quantities, the
capture processe may be described by Scheme 1b and eq
6:

LDH-[(Mo$,)*"], + yM(NO,), — LDH-
{IM(MoS,),I"7},/, + LDH-(NO; "), (x = 2y)
(6)
In this case, the amount of (MoS,)*” is still in excess
compared with M?>*, so the anionic complex [M-
(MoS,),]*” is dorminant, with the d,, values of 0.96
or 1.0 nm depending on the different size of the
coordinated ions. The closer x and y values result in the
coexistence of the two phases as shown in Scheme 1b.

3. When the metal ions are in excess of amounts, the
capture can be described by eq 7:

LDH-[(Mo$,)*"], + yM(NO,), — LDH-

(NO3_)2y + xM(MoS,)(x = y) (7)

Here the LDH-[(MoS,)*"], would be saturated by
coordination with the adsorbed metal ions. Thus,
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amorphous neutral salts of M(MoS,) should be formed
accompanied by the NO;™ intercalated phase (Scheme
1c).

B CONCLUSIONS

The hybrid material of MoS,-LDH forms readily from the
insertion of the (MoS,)*” ion in the interlayer space of LDH
using ion-exchange chemistry. On the basis of the soft Lewis
base nature of the sulfide ions in MoS,>” ion, the MoS,-LDH
material exhibits substantial uptake and excellent selectivity for
a variety of soft Lewis acid heavy metal ions. After heavy metal
uptake, the materials retain their original hexagonal prismatic
crystallite shape, indicating good chemical stability. When all
ions are copresent in aqueous solution (so-called mixed ion
state), the selectivity order is Co?*, Ni**, Zn** < Cd** < Pb** <
Cu®*, Hg’*, Ag". In a solution containing mixtures of the three
ions of Cu*, Hg®, and Ag", the selectivity order of Cu®" <
Hg** < Ag' was observed using MoS,-LDH as a limiting
reagent. The MoS,-LDH can adsorb certain ions with
extremely high adsorption capacities (~452 mg/g for Ag"
and 500 mg/g for Hg*"), and trap them rapidly even when
present at trace levels. For the highly toxic Hg**, exceptionally
rapid capture (~99.7% removal within 30 min at a 30 ppm
concentration) was observed and final concentrations well
below the acceptable levels in drinking water (<S ppb) were
achieved. The pseudo-second-order model describes well the
adsorption behavior toward the ions of Cu®', Ag®, Pb**, and
Hg*', indicating a chemisorption process which occurrs via
M—S bonding. Therefore, we suggest the MoS,-LDH material
as highly efficient system for the rapid decontamination of
water polluted by heavy metals.
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