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ABSTRACT OF DISSERTATION 

ALKALI-METAL-INIERCALATED TRANSffiON METAL CHALCOGENIDES AS 
SOLIDSTATEREDOX-RECYCLABLEEXfRACTANTS 

FORSOFf-HEAVY-METALIONS . 
AND 

SYNTHESIS AND CHARACI'ERIZATION OF GROUP IVB MEf AL 
BIS(HYDROGENMONOTIIlOPHOSPHATE): HEA VY•MEfAL SELECTIVE ION­

EXCHANGE MATERIALS 

The use of lithium-intercalated transition-metal dichalcogenides, LixES2, as redox­

recyclable ion-exchange materials for the extraction of the aqueous soft-heavy-metal ions 

Hg2+, Ag+, Au3+, Cu2+, n+, Pb2+, Cd2+, and Zn2+ from aqueous acidic solutions was 

investigated (0.80 S x S 1.9; E = Mo, W, Ti, Ta, Sn). For Li15Ti~ and Lit.2TaS2, and 

LixSnS2 hydr~lysis produced s2-(aq) ions which precipitated Hg(ll) as HgS(s). In 

contrast, the materials LixMoS2 and Lix WS2 did not undergo hydrolysis to form s2- ions. 

Instead, ion-exchanged materials such as H~_5oMoS2 and Pbo.1~oS2 were isolated. The 

selectivity of LixMoS2 for metal-ion removal was Hg2+ = Ag+ > Cu2+ > n+ = Pb2+ > 

Cd2+ > Zn2+ = Ni2+> Co2+ = Mn2+ =Na+= Ba2+. This trend represents the first known 

example of heavy metal selective intercalation of MoS2. The affinities for the latter ions, 

but not for Hg2+or Ag+, increased when the extractions were performed under anaerobic 

conditions. 

When HgyMoS2 was heated under vacuum at 425°C, an entropy-driven internal 

redox reaction resulted in deactivation of the extractant, producing essentially mercury-free 

MoS2 and a near-quantitative amount of mercury vapor (collected in a cold trap). The ratio 

of the volume of metallic mercury (secondary waste) to the volume of 10.0 mM Hg2+(aq) 

(primary waste) was 1.5 x 104 . This is the ·maximgm allowable secondary volume 

reduction possible and represents a breakthrough in heavy metal remediation technology. 

Samples of MoS2 produced by heating HgyMoSz were reactivated to LixMoS2 by treatment 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

with.n-butyllithium. Some samples were used for five complete cycles of extraction. 

deactivation/recovery. and reactivation under anaerobic conditions with a primary waste 

simulant consisting of 10 mM Hg2+(aq) in 0.1 M HNO3 with no loss in ion-exchange 

capacity. When the Mo/Hg molar ratio was 5.0 and the initial [Hg2+(aq)] = I mM. only 

0.033(2) µM mercury (6.5 ppb) was detected in the filtrate after the extraction step. This 

level is very close. but slightly higher than the acceptable limit for mercury in drinking 

water. The highest observed capacity of LixMoSz for Hg2+{aq) was 580 mg mercury per g 

Li 1.9MoS2. In addition. the compound LixM0S2 was shown to be an effective extractant 

for the removal of mercury and silver ions from some complex waste simulants. 

Heat-treatment of other MxMoS2 ( M = Ag+. Pb2+) compounds led to internal 

redox reactions to give the native metal and deintercalated M0S2. All of the MxM0S2 

materials were characterized by powder X-ray diffraction (XRD). differential scanning 

calorimetry (DSC). thermalgravimetric/mass spectral (TG/MS). scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and elemental analyses. 

results of which will be discussed. In addition, the mercury- and silver-intercalated MoS2 

compounds and their heat-treated analogs were characterized using X-ray absorption 

spectroscopic (XAS) techniques. According to the XAS analyses. both the mercury and 

silver guest species are present in an ionic form and in a sulfur-rich coordination 

environment. After heating the silver species was shown to be present in its elemental 

form. These studies suggest that MxMoS2 compounds undergo internal redox-reactions 

when heated. Molybdenum XAS analyses indicate that the host material exists as a mixture 

of both the IT- and 2H-phases of MoS2. The XAS results are used to rationaliz.e some 

inconsistencies in the literature concerning the XAS of MxMoS2 compounds. 

The mechanism of soft heavy metal ion removal by Li 1.3MoS2 was investigated 

through detailed mass balance.experiments. According to these experiments. the metal ion 

removal appears to occur through ~ ion-exchange process. This mechanism had 

t 
! 
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previously only been speculated upon in the literature. In the course of these experiments 

the compound Li0_1offo_72MoS2 was discovered and isolated. This material has been 

shown to effectively and selectively remove soft heavy metal ions from solution. 1be 

material accomplishes this without the production of hydrogen in the extraction step, which 

occurs when Li1.3MoS2 is used. Finally, both mass balance studies and Ag+-intercalation 

reactions indicate that Schollhom's well-known lT- MoS2 is actually a proton-intercalated 

form of MoS2. This material was also shown to be an effective and selective extractant for 

the Ag+(aq) ion. 

The reaction between dissolved aqueous solutions of M4+ (M = Zr, Hf) and 

P03S3- resulted in the precipitation of a white gel that could be dried to a powder. 

Elemental analysis results for the white polycrystalline product yielded a stoichiometry of 

H2M(P03S)i. These new compounds were characterized by thermal analysis (DSC, TG­

MS), vibrational spectroscopy (Ff-IR, Ff-Raman), 3lp MAS NMR spectroscopy, energy 

dispersive spectroscopy (EDS), and powder X-ray diffraction (XRD). Based on the 

characterization and the results of trialkylamine intercalation experiments it appears that the 

H2M(P03S)i compounds have a layered structure that is likely similar to that of the ~ 

phase of H2Zr(P04)i. The interlayer spacing, determined by XRD, for both H2M(P03S)i 

compounds is -9.4 A. Characterization results suggest that the S atom of the P03S3-

group is preferentially pointed into the interlayer region of the compound and is protonated. 

One of the many potentially interesting properties of H2Zr(P03S)z its ion-exchange 

capacity and selectivity, was investigated. The compound H2Zr(P03S)z was demonstrated 

to be an effective and recyclable ion-exchange material for both Zn2+(aq) and Cd2+(aq) 

resulting in the new compounds, ffo.2Cdo_gZr(P03S)i and Ho.soZno.1sZr(P03S)z. The 

extraction of metal ions was monitored by XRD, vibrational spectroscopy, and elemental 

analysis. The compound H2Zr(P03S)i was shown to reversibly intercalate Zn2+(aq) ions 

through three complete cycles of intercalation and deintercalation without any loss of_ ion­

exchange capacity. Mass balance experiments indicate that the removal of Cd2•(aq) and 
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Zn2+(aq) ions·by H2Zr(P03S)i is occwring by an ion-exchange process. The compound 

H2Zr(P03S)i has a higher capacity for the removal of the heavy metal ions Zn2+(aq) and 

Cd2+(aq) ions than the well-known a-H2Zr(PO,i)2 ion-exchange material Presumably this 

is due to the unique soft Lewis basic character of the interlayer galleries of H2Zr(P03S)i. 

Alexander Eydmann Gash 
Department of Chemistry 
Colorado State University 
Ft. Collins. CO 80523 
Fall 1999 
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Chapter 1 

Redox-Recyclable Extraction and Recovery of Soft Heavy Metal 

Ions from Aqueous Media. 

Introduction 

Why Remove Soft Heavy Metal Ions? 

There are several reasons why the selective and effective separation and recovery of 

soft heavy metal ions from aqueous media is a very desirable goal. Some examples include 

the remediation of hazardous or radioactive waste, l .2 the remediation of contaminated 

groundwater, 3.4 and the recovery of precious metals from industrial processes. 5 More 

specifically, there is growing interest in the remediation of United States Department of 

Energy (DOE) high- and low-level waste streams6,7 that, in addition to containing 

radionuclides, contain significant levels of toxic soft heavy metal ions such as Hg2+, Pb2+, 

and Cd2+. These metal ions are some of those (others are Cu2+, Ag+, and TI+) that have 

been targeted for regulation by the Resource Conservation and Recovery Act (RCRA) and 

the Safe Drinking Water Act (SOWA). These toxic metals must be removed before the 

waste can be disposed. The acceptable drinking water levels of some of these metals, 

mandated by legislation, are summarized in Table 1.1.s Safe, efficient, and economical 

remediation of waste streams to these levels is a lofty goal, given the complex composition 

and corrosive nature of some of the waste streams, and 

1 
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Table 1.1: Public Health Service Drinking Water Standards (adapted from ref. 8) 

Element Acceptable Limit (mg/L) 

Cadmium 0.05 

Chromium 0.05 

Copper 1.0 

Iron 0.05 

Lead 0.05 

Manganese 0.05 

Mercury 0.005 

Silver 0.05 

Zinc 5.0 

2 
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remains a formidable scientific and technological challenge. This is a complex task that will 

require expertise and innovation from the fields of inorganic, analytical, physical, and 

organic chemistry as well as chemical engineering. 

There are a variety of well-known techniques for the removal of metal ions from 

aqueous solution. A few examples of which are solvent extraction,9 ion-exchange 

chromatography, 10 electrolytic deposition, 11 physisorption onto activated carbon, 12 and 

metal-hydroxide or carbonate precipitation.12 These traditional methods are effective and 

have been well investigated. However, in most studies, little attention has been paid to the 

recovery and the reuse of extractants or to the minimization of secondary waste volume. 

With increasingly tougher environmental regulations, more effective and selective 

new extractants are required. Often these extractants are quite costly. With more expensive 

extractants, it would be more economical to use a material that can be recycled and reused 

with little or no loss in capacity and selectivity. More recently, researchers have focused 

efforts on the development of recyclable extractant materials that are selective for soft heavy 

metal ions. To date however, there are relatively few examples of extraction systems 

designed to minimize the secondary waste volume generated while recycling the extractant 

and recovering the pollutant species. This parameter should be critical to waste 

management technologies because they tend to become more expensive and difficult to deal 

with when larger volumes of secondary waste are generated. For example, it has been 

shown that the volume of secondary waste produced per mole of product recovered is 

inversely related to the feed concentration.13 This trend is shown in Figure 1.1 and 

illustrates a potential scenario where the secondary waste volume of an extraction process 

could surpass the primary waste volume. Thus, in future studies it is critical that 

extractants and extraction technologies be developed that are not only recyclable but that 

also generate a minimal amount of secondary waste. 

3 
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Current Waste. Streams of Concern 

One current DOE waste stream of concern is located at Idaho National Engineering 

and Environmental Laboratory (INEEL) in Idaho Falls. Idaho and consists of 1.5 million 

gallons of waste whose composition is summarized in Table l.2.14 Two heavy metal 

constituents of this waste that are of particular concern are mercury and lead (note in Table 

1.2 that [Hg2+] = 2.00 mM ( 400 ppm) and [Pb2+] = 1.00 mM (-200 ppm). also note that 

[H+] - 5 M). The levels of these pollutants in this waste stream are much greater than the 

maximum allowable levels (see Table 1.1). This waste stream is the byproduct of the well­

known Purex process used to separate plutonium from uranium.15 This process was used 

on a very large scale during the Cold War era production of Pu for weapons. 

In the Purex process aluminum (Al) cladding was used to encase and protect the U 

fuel from oxidation by the cooling water during the irradiation process in the reactor.. The 

Al clad U fuel samples were sealed with Pb/Sn solder. To separate and recover the Pu 

produced in this process the entire pellet (Al clad U fuel) was dissolved in acidic solution. 

Mercury was introduced into the process as mercuric ion to catalyze the dissolution of the 

aluminum cladding which also released lead ions into the waste stream. Several 

constituents of this waste stream. including the mercury and lead. must be removed before 

the bulk of the waste can be disposed. Another example. very different for the previous 

one. is very low level mercury contamination (-1 ppb) in surface water (pH - 7) at Oak 

Ridge National Laboratory (ORNL) in Tennessee. These two examples illustrate the 

diverse matrices at DOE sites that heavy metal ions must be remediated from. 

Heavy-metal-contaminated waste streams are not confined to OOE sites. The 

United States Army is cwrently disposing of chemical warfare agents by incineration at a 

plant on the Johnston Atoll in the Pacific Ocean. Part of this process involves the use of 

"neutralization scrubbers" to eliminate the incinerator's acidic byproducts. The scrubbers 

are aqueous solutions that contain high concentrations of dissolved salts (NaCl. Na2SO4. 

5 
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Table 1.2: Sodium bearing ICPP waste simulant composition. 

(.;onstituent Stock t,;bemical Molecular Molarity (M) 
Used Weight (g/mol) 

Na NaNO3 84.99 1.25 

K KNO3 101.10 0.144 

Ca Ca(NO3) 2 164.09 0.0440 

Mn 50 % solnof 178.95 0.0140 
Mn(NO .. )., 

Pb Pb(NO3) 2 331.21 0.0010 

Cd Cd(NO3) 2•4:Hz.O 308.48 0.0020 

Ni Ni(NO3) 2•~O 290.80 0.0020 

Hg Hg(NO3) 2•211.iO 342.62 0.0020 

Al 2.2 M Al(NO3) 2 213.0 0.548 

Fe Fe(NO3) 3•911.iO 404.0 0.0250 

Mo liz.MoO4 161.96 0.0010 

B H3BO3 61.83 0.0160 

Cr Cr(NO3) 3•911.iO 400.16 0.006 

'ZI Zr0(NO3) 2•3:HzO 285.28 0.005 

F 27.6 MHF 20.00 0.0710 

Cl 12.0 MHCl 36.46 0.0220 

SO
4

,.. 18.0 M 11.iso" 98.07 0.0380 

PO
4

~ 14.8 M ~PQ4 98.00 0.010 

Cs CsNO3 194.91 6.77 X 10w 

Sr Sr(NO3) 2 211.63 1.85 X 10w 

Ce Ce(NO3) 3•~O 434.23 4.0x 1~ 

NO3 13.0 MHNO3 63.01 4.49 

6 
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and Na2CO3) and relatively high concentrations of toxic heavy metal ions such as Hg2+, 

Cu2+, and pt,2+ (-1, -5, and -5 ppm respectively).16 The Army would like to discharge 

this waste into the ocean but the heavy metal concentrations must be reduced, to satisfy 

environmental concerns, before this can be done. 

The use and or contamination of heavy metal ions in the production of fluorescent 

lights, car batteries, pesticides, in the fields of dentistry17 and photography18, and in other 

miscellaneous industries requires that effective remediation technologies be developed and 

implemented One industrial example is the "wet process" production of phosphoric 

acid.19 In this process, phosphoric acid is produced by the attack of sulfuric acid on 

phosphate rock. Often the phosphate rock used contains high levels of heavy-metal­

containing mineral impurities that contaminate intermediates or the final product of the 

process.20 These impurities must be removed from intermediate process solutions for the 

final product to be heavy metal free. 

Besides the DOE, U.S. Army, and industrial waste streams there are many other 

examples of anthropogenic and natural heavy metal ion pollution that are of concern. High 

levels of lead are present in the soil of many urban areas in the U.S.21 Lead and copper are 

also present in the soil at the Aberdeen Proving Ground in Maryland.22 Lead, copper, and 

cadmium have been shown to be present in the storm water runoffs that enter Lakes Bay, 

New Jersey.23 In addition, thallium(I) is present in natural waters and wastewaters and 

mercury is present in many aquatic environments.24 Even though these waste streams are 

regulated and monitored and must be remediated before their release into the environment, 

there is a major problem of unregulated release of heavy metals, especially mercury, into 

the environment. 

The Environmental Protection Agency (EPA) recently released its Mercury Study 

Report to Congress, as required under the Clean Air Act of 1990.25 According to this 

study, high concentrations of mercury were found in fish from remote locations throughout 

the world. These findings implicate the atmospheric deposition of mercury, as many of 

7 
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the remote water bodies received no pollution discharge.26 The EPA suggests that these 

remote depositions result from the volatilization of mercury species from emissions from 

incinerators and coal fired boilers used in the public utility, waste, and medical industries. 

Atmospheric mercury can stay airborne for quite some time before being oxidized and 

deposited. Both metallic mercury and divalent mercury (i.e., Hg(ll)) are relatively non­

toxic towards living organisms. However, both species can be transformed, by 

microbiological action,27 to the lethal methylmercury ion (CH3Hg+), which has been 

implicated in the human tragedies in Minimanta Bay, Japan and in Iraq.17 Methylmercury 

cation is especially lethal because it can concentrate in the food chain. It is clear that 

mercury and other heavy metals present a very real danger to the environment and man. 

In summary, this section illustrates the numerous heavy-metal-containing aqueous 

streams that must be addressed by remediation technologies. One can see that this is not an 

easy problem to solve because the different waste matrices are as numerous as the number 

of waste streams. In all likelihood, no one extractant will solve all of these remediation 

problems. For that reason, it is important that new extractants and extractant strategies be 

continuously developed and evaluated. 

Current Separation Technology 

The effective and selective removal of heavy metal ions from aqueous and solid 

wastes is currently under investigation in many academic and government laboratories. 

The number of different research institutions pursuing this endeavor is only matched by the 

number of different technologies being employed to solve the problem. A survey of the 

literature over the last twelve years illustrates the diversity of methods used. The use of 

thiacrown ethers,28 sulfur-bearing calixarenes,29-32 cryptands,33 and other polydentate 

organic ligands34-36 for the removal of heavy metal ions from aqueous phases is currently 

being actively investigated. Another approach has been the use of water soluble polymers 

to complex the heavy metal ions and to remove them from the aqueous phase using 

8 
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ultrafiltration technologies.37-39 Men:uric ions can be leached and recovered from 

contaminated soils, as the soluble [Hg4J2- complex, using acidic KI solution 

technology.40 A discussion of one of the more well reported studies mentioned above is 

now in order. 

Roundhill and co-workers have published a series of reports describing the 

preparation and application of calixarenes with sulfur-bearing lower-rim functionalities as 

selective extractants for heavy metal ions.29-32 A diagram of one such calixarene is shown 

in Figure 1.2. The calixarenes are not water soluble so they must be dissolved in a suitable 

water immiscible solvent (CHCl3 in their published work) that is then contacted with an 

aqueous phase containing the heavy metal ions. Using this procedure, they report removal 

of certain heavy metal ions such as Hg2+, Au3+, Ag+, Hg22+, and CH3Hg+ from aqueous 

solution. 29,31 

The fundamental synthesis of these molecules and their potential applications are the 

strong points of these reports. However, there are many problems with this particular 

technology and whether or not it is practical for remediation of current waste streams. 

First, the calixarenes are expensive and difficult to make (several separation steps are 

involved), and large-scale production of them is unlikely. Second, extraction experiments 

show that they can remediate a 30 ppm solution of Hg2+ to - 9 ppm, but this value is still 

too high for a waste stream to be suitable for discharge (see Table 1.1). In addition, the 

organic phase used is chloroform, which is an unacceptable solvent for environmental 

remediation due to the fact that halogenated solvents are known carcinogens.41 Also, little 

attention has been given to the fact that the mechanism of ion removal is ion-pair extraction 

and not ion exchange, since the calixarene is a neutral species. Therefore, the relative 

hydration energies of the counterions are very important and their effect on the extractions 

have not yet been investigated. Finally, to date there has been no proposed method of 

recovery of the target pollutant ion and regeneration of the extractant for further use. This 

9 
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A) 

B) 

< 
4 

SMe 

Figure 1.2. Diagrams of A) a generic calixarene molecule, and B) the 25, 26, 27, 28-(2-

methylthioethoxy) calix[4]arene. In A) the pendant groups are positioned at the end of the 

cone with the larger diameter. (Adapted from ref. 32) 
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example was intended to illustrate that this research is very exploratory and fundamental in 

nature and therefore, large-scale application of this technology is not immediate. 

The separation strategy most relevant to the work in this dissertation is the use of 

solid-state materials as selective sorbents for heavy metal ions. The attractiveness of this 

approach is that separation of the primary waste stream from the extractant is facile, and the 

waste is concentrated on a solid support, presumably in a smaller volume than. in the 

technologies discussed above. Natural zeolites42 and clays43 intercalated with complexing 

organic ligands have been used for the removal of Hg2+, Cd2+, Ag+, pt,2+, and Cu.2+ from 

solution. More recently there have been several reports on the study of functionalized 

polymers44-46 and inorganic solids as selective extractants. In general, organic moieties 

containing sulfur-bearing groups have been attached to solid supports such as 

polystyrene,44 mesoporous silica,47-49 and the mineral montmorillonite.50 These 

functionalized materials have shown the most promise as selective and reusable extractants. 

One such material, mercaptosilylpropyl functionalized mesoporous silica will be discussed 

below. 

The synthesis of hexagonal arrays of large pore diameter silica based materials was 

first reported by Mobil researchers in 1992.51 Since then these materials have seen 

extensive use in catalysis and separation studies. Liu and co-workers at Pacific Northwest 

National Environmental Laboratory (PNNEL) in Richland, Washington have covalently 

grafted mercaptosilylpropyl organic moieties in the pores of mesoporous silica.48 A 

schematic of this material is shown in Figure 1.3. This material has large pores (average 

pore diameter - 55 A), a very high surface area (900 m2/ g), and has been demonstrated to 

effectively remove heavy metal ions, like Hg2+, Ag+, and Pb2+ from aqueous solution to 

acceptable regulated levels (see Table I.I). The material also displayed a maximum 

mercury capacity of 600 mg of Hg per g of extractant, which is the highest mercury 

capacity reported for any extractant material. For comparison, activated carbon has a 

mercury capacity of l mg Hg per g of carbon at pH 4.12 Thus, the functionalized materi8! 
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Figure 1.3. Diagram of mercaptosilylpropyl-functionalized mesoporous silica. 
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represents a quantum leap in mercury uptake capacity. The mechanism of ion removal is 

ion exchange of ff+ ions on the tethered thiol groups for Hg2+ ions in solution and is 

summarized in (1.1). The ion-exchange equilibrium shown in (1.1) is driven by the high 

affinity of the donor thiol 

/-~ 
/ -<>::3Si(CH2))SH(s) + Hg2+(aq) :::;::::::::~ 
/ -0 

groups for the mercuric ions. 

One hundred percent of the mercury can be removed from the heavy-metal-loaded 

extractant and the material regenerated by contact with 12 M HCl for a period of four 

hours. Presumably the equilibrium shown in (1.1) is driven back to the left by the excess 

of protons and the mercuric ions are washed off of the material. The regenerated material 

was reused, but the once-cycled material displayed only 40% of the initial capacity. 

Although this material is very effective, recyclable, and displays a large capacity for 

mercury loading its regeneration does not provide a small and safe stream of secondary 

waste (12 M HCl is corrosive and hazardous). In addition, the material is not effective in 

waste simulants with a pH < 3. This is a major problem as many of the waste streams 

described previously are strongly acidic. It is likely that this technology will be applicable 

to some of the known heavy metal waste problems but clearly it is not a universal 

extractant. 

This short literature survey was intended to illustrate that soft heavy metal 

remediation chemistry is an area of active and current interest. It also exposes the fact that 

it is a relatively young technology that has produced some interesting breakthroughs, but 

there is still clearly room for improvement. However, for any practical application of these 

materials, there are two issues that are lacking and need further development. Those two 

issues are the recyclability of the extractant and the minimization of the secondary waste 

volume. 
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Redox-Recyclable-Extraction and Recovery (R2ER) Concept 

Research in the Strauss and recently the Dorhout Groups at Colorado State 

University (CSU) has focused on the remediation of inorganic and organic ions from 

aqueous waste with an emphasis on designing systems where the extractant is recyclable 

and the ions of interest are recovered in a minimal volume of secondary waste. This 

research has employed a relatively unexplored strategy in waste remediation. This strategy 

is the use of redox-active transition-metal containing extractants for the separation and 

recovery of pollutant ions. This strategy has been named Redox-Recyclable-Extraction and 

Recovery (R2ER) and is summarized in Figure 1.4. 

The R2ER process can be summarized in three elementary steps, as follows. The 

neutral deactivated extractant, EX.TR, is a redox-active transition-metal-containing complex 

or solid that, in its neutral state has no affinity for the target pollutant ions. The neutral 

extractant is activated by either oxidation (to give a cationic extractant species for anion 

extraction) or reduction (to give an anionic extractant species for cation extraction), in the 

presence of a suitable counterion, to form a cation/anion pair ([EXTR±][IQN±]). The 

[EXTR±][IQN±] material is the active extractant that is then contacted with an appropriate 

waste stream. 

Contact of the (EXTR±][IQN±] material with the polluted stream leads to ion­

exchange of the counterion for the target ion. The selectivity of the ion-exchange can be 

driven by differences in hydration energies or the affinities of the two exchanging ions for 

the respective counterions. The final step involves the redox deactivation (either oxidation 

or reduction) of the [EXTR±] material back to its neutral form. As mentioned before, the 

neutral form EXTR has no affinity for the target pollutant; therefore its deactivation releases 

the pollutant species into a secondary waste stream of small volume. 
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Figure 1.4. Summary of the redox-recyclable extraction and recovery concept (R 2ER). 

The EXTR species is a neutral redox-active, transition-metal-containing complex or solid. 
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The R2ER process has two distinct advantages over the current technologies 

summarized previously. The pollutant is recovered by simply "switching off' the 

extractant and thus no displacement of the target species by another ion is needed. This 

results in a process that allows concentration of the pollutant ions in a minimal secondary 

waste volume. Secondly, because the pollutant ions are recovered by redox switching 

instead of displacement the inverse relationship between the degree of extraction and the 

stripping efficiency does not apply (see Figure l.l). This allows the design of highly 

selective and effective extractants that can be used with the added advantage of recovery of 

target ions in a small volume of secondary waste. 

The design criteria for a solid-state redox-recyclable extractants is as follows. The 

material must have potentials that allow easy access of its active and inactive oxidation 

states with known oxidizing and reducing agents without over-oxidation or over-reduction 

of the material. The solids must be highly selective for removing low levels of soft heavy 

metal ions even in the presence of high levels of competing metal cations such as Na+ and 

Mg2+ (note that the ICPP waste simulant shown in Table l.2 contains 625 times more Na+ 

than Hg2+). Both the active and inactive forms of the material must be stable in a wide 

variety of aqueous solutions. The materials must be able to undergo relatively rapid 

activation, extraction, and deactivation reactions to limit duty cycle time. Finally the 

material and its oxidants and reductants should have low cost and low toxicity and be 

relatively easy and safe to handle. 

The R2ER. concept has been successfully demonstrated in several studies at CSU. 

Strauss and co-workers have investigated the remediation of radioactive 99'fc04-, 90Sr2+, 

and 137cs+ ions from aqueous waste streams with highly alkylated ferrocene derivatives 

dissolved in a water-immiscible solvent through a solvent extraction and ion-exchange 

process.52-54 In other studies, Strauss and co-workers have examined the removal of ions 

from aqueous solution using alkylated ferrocene derivatives that were adsorbed on silica gel 

or polymers.55 
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Candidate Solid State Materials for R2ER of Heavy Metal Ions 

This dissertation reports on the investigation of known and heretofore unknown 

phases of alkali-metal-intercalated transition-metal chalcogenide-based solids as potential 

R2ER extractants for the removal of soft heavy metal ions from solution. The rationale for 

this course of study contained in this dissertation is summarized below. 

Many of the early transition-metal dichalcogenides solids are two-dimensional 

layered compounds.56 This is important because layered compounds have shown great 

flexibility in uptake of guest species with a variety of different sizes and geometries. 57 

These compounds are made up of layers with very strong metal-chalcogenide bonds that 

are very stable under extreme thermal and chemical conditions.58 Some of these solids can 

be partially reduced. thereby providing the driving force for intercalation of charge 

compensating metal ions.59 When these materials are partially reduced, one can think of 

the solids as slabs of partially reduced chalcogenide atoms. Chalcogenide donor ligands 

are known for their high affinity for binding soft heavy metal ions (e.g .. Hg2+, Ag+, Pb2+. 

Cd2+ and Au3+).60 This high affinity could be the driving force for these materials to be 

highly selective for the intercalation of heavy metal ions over alkali, alkaline earth. and 

other transition-metal ions. Finally. some of the transition-metal dichalcogenides are 

known to undergo reversible electrochemical oxidation and reduction. thereby providing a 

potential pathway to the oxidation (deactivation) of the intercalated compound back to its 

neutral form.61,62 The complete process of activation/extraction/deactivation. and recovery 

can be summarized in equations 1.2-1.4. Where [redi] and [mq] are suitable reducing 

and oxidizing agents, respectively. A+ is an alkali metal cation and en+ is a heavy metal 

ion. Under these conditions it is very likely that the extraction step 

activation: 
MS2 (s) + x A[redi] --~ 
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extraction: 

deactivation/recovery: 

Bx1nMS2 (s) + [oxi] x B n+ (aq) + MS2 (s) + [redi.] (1.4) 

above will have an equilibrium that lies far to the right and thus. will be highly selective for 

heavy metal ions. A more in-depth discussion of why the reduced chalcogenide layers 

should be selective for heavy metal ion intercalation is in order. 

The target pollutant ions for this study are heavy metal ions. Many heavy metal 

ions are considered soft Lewis acids by Pearson's Hard Soft Acid Base principles.63 This 

means that their affinity for soft Lewis basic atoms like phosphorus and sulfur is higher 

than that of hard basic atoms like nitrogen and oxygen. The terms hard and soft are best 

quantified using Figure 1.5 and Table 1.3.64 

Figure 1.5 is a plot of the log K (formation constant of (1.5)) of the respective 

metal halide complex vs. the halide ion (X-) for a series of different metal ions and Table 

1.3 is a summary of the data in Figure 1.5 along with the classification 

~(aq) (1.5) 

of different Lewis acids as soft. borderline. and hard. You will notice that each line on the 

plot corresponds to a different metal ion. The ions with positive slopes are those that have 

successively higher formation constants for their complexes as you progress from F- to Cl­

to Br to r- (from harder to softer Lewis bases). This is indicative of ions that 
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Figure 1.5. Plot of the logarithm of the formation constant K for different metal halides. 

(adapted from ref. 64) 
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logwK1 
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4 to 5 
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0 to 1 
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Be2 ... Sc3 + Zr-'+ Th-'+ U-' + 

Sn.:!+ Cr3 + Fe3 ' Y-' 1 

Mg2 + La3 + Ce3 + Ac3 + 

Pb:! 1 Fe2 +-+ Cu2 + 

Ag+ Hg2 + 
(Pd~+ Pt2 + ) 
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HARD 

BORDER­
LINE 

SOFf 

Table 1.3: Hard Soft Acid Base classification of a series of Lewis acids. (Adapted from 

ref. 64) 
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preferentially form complexes with the softer Lewis bases and they are considered soft 

Lewis acids. The reverse trend is seen for the lines with negative slope and these cations 

are referred to as hard Lewis acids. 

With the HSAB principles in mind. one obvious strategy for the remediation of 

heavy metal ions is to use an extractant that is based on soft donor atoms such as sulfur. 

This approach is not novel, as several of the studies previously mentioned used sulfur­

based ligands for selective removal of heavy metal ions. With this in mind. a discussion of 

the potential of alkali-metal-intercalated transition-metal dichalcogenides as heavy-metal­

selective extractants will be considered. 

As has been previously illustrated. there should be a driving force for heavy metal 

ions, in a hard aqueous environment, to preferentially enter the soft-chalcogen-lined 

interlayer galleries (since the chalcogens Se and Te are toxic, the studies reported in this 

dissertation were limited to the sulfides). But there is a second driving force more subtle 

than the first that involves the intercalated alkali metal ion. Alkali metals are considered 

hard Lewis acids (see Table 1.3) and when intercalated in these extractant materials they are 

in a very soft environment. Therefore. there should also be a large driving force for the 

removal of that hard cation from the soft-solid-state environment into the hard aqueous 

surroundings of the waste stream. The combination of these two driving forces should 

cause the two cation species to rapidly replace with one another. Under this extraction 

scenario, the heavy metal ion will prefer the soft solid state environment and the hard alkali 

metal ion will prefer the aqueous environment. 

Scope of Dissertation 

The research reported in this dissertation concerns both the basic and applied facets 

of the R2ER processes using several solid-state metal-sulfide-based materials. Chapter 2 is 

a discussion and comparison of the extraction results using several alkali-metal-intercalated 

transition metal sulfide materials. In this study, the extraction capabilities of several 
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materials, for many different metal ions, and different model waste streams, are evaluated. 

Ex.traction parameters such as time of extraction, and the presence or absence of oxygen 

were also varied. One compound, LixMoS2, was demonstrated to be an effective, 

selective, and redox-recyclable extractant for the removal of Hg2+(aq) ion from aqueous 

acidic solution. Mercury was recovered from mercury-included MoS2 in its elemental form 

by heating the compound under dynamic vacuum or purge flow of inert gas. The recovery 

of mercury in its elemental form represents the maximum allowable reduction of secondary 

waste volume. The compound Lio.sWS2 also showed promise as an R2ER extractant for 

the Hg2+(aq) ion. LixMoS2 was also demonstrated to be an effective, selective and 

potentially redox-recyclable extractant for the removal of other heavy metal ions from 

solution. Heavy-metal-laden inclusion compounds were characterized by powder X-ray 

diffraction (XRD), elemental analyses, differential scanning calorimetry (DSC), 

thermalgravimetric/mass spectrometric (TG/MS) analyses, and scanning and transmission 

electron microscopies, results of which will be discussed. Several other alkali-metal 

intercalated transition-metal chalcogenides were investigated as R2ER extractants but were 

found to be poor candidates. Portions of the work presented in Chapter 2 have been 

published in the refereed journal Environmental Science and Technology.54,65,66 

Chapter 3 addresses with the investigation of the mechanism of ion removal by 

LixM0S2 using X-ray absorption spectroscopy (XAS), and mass balance studies. These 

results suggest that LixMoS2 removes ions from acidic solution by an ion-exchange 

process. The mechanistic studies were critical to understanding the capabilities and 

limitations of the material so improvements could be made. It was through these studies 

that the compound Lio.10Ho.12MoS2 was discovered and characterized. This compound 

removed both Ag+(aq) and Hg2+(aq) ions from solution through a process that does not 

involve exfoliation. This is the first example of aqueous intercalation of any metal ion into 

M0S2 without using the exfoliation/flocculation method. In this chapter evidence is 

presented to show that Schollhom's pristine 1 T-M0S2 is in fact a form of proton-
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intercalated MoS2 that is an effective and selective extractant for the removal of Ag+(aq) 

ions from solution. 

From the XAS characterization results a more clear interpretation of the roles that 

the 1 T- and 2H-phases of MoS2 play in heavy metal inclusion chemistry was rationalized 

It appears as though the lT-phase only exists when the material is reduced and therefore, 

an active extractant. When the material is oxidized to neutral MoS2 the phase changes to 

the 2H-polymorph which is inactive towards the extraction of heavy metal ions. This 

hypothesis is used to rationalize some inconsistencies in the literature concerning XAS 

analyses of MyMoS2 compounds. 

Chapter 4 reports the synthesis. characterization. and evaluation of the new 

compounds H2Zr(P03S)2 and H2Hf(P03S)2 as recyclable ion-exchange materials selective 

for heavy metal ions. Neither of these materials are redox-recyclable. This study was 

intended to be an attempt to determine if the well-known transition-metal-phosphate solid­

state chemistry could be mimicked using the monothiophosphate (P03S3-) anion. The 

group IVB metal phosphate chemistry is well developed and therefore, was chosen for the 

substitution of monothiophosphate for phosphate in these solids. The results from this 

study show that the group IVB metal monothiophosphate chemistry is analogous to that of 

its phosphate chemistry and now many studies can be performed that extend to other 

transition metal monothiophosphates, which may have accessible oxidation states to be 

utilized in an R2ER process. Portions of the work summarized in this chapter have been 

submitted to the refereed journal Inorganic Chemistry. 
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Chapter 2 

Evaluation of Several Alkali-Metal-Intercalated Transition­

Metal Sulfides as Solid-State Redox-Recyclable Extractants 

Introduction 

Structure, Properties, and Applications of Early Transition Metal Disulfides 

and Their Intercalants 

Some of the early transition metal disuI.fides (M = Ti, Zr, Nb, Ta, Mo, and W) are 

two-dimensional layered compounds. l With these compounds, two major structure types 

prevail, the Cd.12, and MoS2 types. In the Cdl2 type the sulfide ions are manged in a 

hexagonal close-packed array where the metal atoms occupy the octahedral holes in that 

array. The metal atoms are manged so that only one-half of the available holes are filled 

and they are filled in alternating layers that are held together by weak van der Waals forces. 

This structural nuance gives these materials their lubricating properties, since when shear 

forces are applied to the material the layers slide over one another. Figure 2.1 is a ball and 

stick drawing of the Cdl2 structure type. Binary metal sulfides that adopt this structure 

type are TiS2, TaS2, ZrS2, SnS2, and the "IT-phases" of M0S2 and WS2. The IT-phases 

are named after the one layer, trigonal unit cell, to distinguish this phase from the 

hexagonal one. The Cd.12 structure type has a stacking pattern of AbCAbC (where the 
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capital letter refers to the anion and the lower case letter refers to the position of the cation) 

and therefore, one layer makes up the unit cell of each compound. 

In the M0S2 structure type. the sulfide ions are arranged in a modified hexagonal­

packed array where the metal ions are present in trigonal prismatic holes in the structure. 

Like Cdl2, the metal ions in M0S2 are arranged so that they too are present in alternating 

layers. However. the stacking pattern is AbABaBAbABaB and therefore, two complete 

layers make up the unit cell. Figure 2.2 contains a ball and stick drawing of the M0S2 

structure type. The 2H-phases of both M0S2 and WS2 adopt this structure type. 

The layered transition metal disulfides are known to undergo reductive intercalation 

reactions with reducing agents. 2-4 Intercalation reactions are defined as the insertion of a 

guest species into a host framework without a major change in the structure or composition 

of the host. In reductive intercalation the host transition metal chalcogenide is reduced and 

a charge compensating cation intercalated into the van der Waals gap of the material.5 The 

generic process of reductive intercalation is summarized below in (2.1). Intercalation of 

metal disulfides has been reviewed and there are four general methods 

MS2 (s) + x A[rediJ 

by which the materials can be reductively intercalated: i) by mixing the solid with 

organolithium (n-butyl. phenyl, or methyllithium) dissolved in a suitable aprotic solvent 

(hexanes, cyclohexane, or diethyl ether)2, ii) with an alkali metal dissolved in liquid 

ammonia or the metal itself at high temperatures6,7, iii) at high temperature with solid 

Ax.Bf4 (A = Li, Na)S, and iv) electrochemically by reduction of the compound at an 

electrode along with intercalation of a cation from solution9,10. For a variety of reasons, the 

most convenient synthesis was that using organolithium reagents; this method was 

predominantly used in this study. 

31 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

A 
~~-b 

\.,> A ~ '--
6.15 A 

B ~ -~ 

a 

B 

Figure 2.2. Ball and stick diagram of 2H-MoS2. The black spheres are Mo atoms 

And the gray spheres are S atoms. The stacking sequence is AbABaB. Note that the 

Mo atoms are trigonally prismatically coordinated by the S atoms. 
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Intercalation of alkali metals into transition metal chalcogenides can alter the 

electronic, optical, and magnetic properties of the material as well as cause the material to 

undergo phase transitions to different polymorphs. 11 There has been a great deal of 

interest in these compounds and their potential applications as reversible battery 

electrodes9,12-14, superconductors15,16, heterogeneous catalystsl7-l9, and ionic or 

electronic conductors.20-23 In particular, molybdenum and tungsten disulfide undergo an 

interesting phase transition upon reductive intercalation. 

In their native forms, M0S2 and WS2 exist in the 2H-phase. This phase has the 

M0S2 structure type, as discussed above. Formally the metal centers are in a 4+ oxidation 

state and therfore are ci2 metals. In the 2H-phase, both materials are semiconductors as the 

density of states (DOS) diagram in Figure 2.3 shows.24 The highest energy filled band is 

said to be predominantly made up of Mo dz2 orbitals.25 Upon reductive intercalation the 

injected electrons must occupy the next highest band in the 2H DOS diagram (the shaded 

portion in Figure 2.3), which is very energetically unfavorable. Instead of this occurring, 

there is a subtle change in structure which leads to a reorganization of the band structure.26-

29 In this polytype, called the IT-phase, the band structure is such that the injected 

electrons fill states lower in energy than those required by the 2H-phase. The compounds 

with this polytype have metallic-like conductivity. In the IT-phase, the metal atoms are 

surrounded by a distorted octahedron of sulfur atoms. The l T-phase of M0S2 is 

metastable relative to the 2H-phase, and heating the IT-polymorph causes a phase change 

back to the 2H-polymorph. Differential scanning calriometry (DSC) of the IT-phase 

reveals that this phase change is exothermic and occurs at ca. 100 °C. 30,31 In addition, the 

2H-phase has an interlayer spacing of 6.IS A. 32 

Intercalation of M0S2 was believed only facile for the alkali metals. Researchers 

have developed a method to circumvent the inertness of MoS2 to intercalation using a 

method called inclusion chemistry-33 Inclusion chemistry involves the insertion of guest 
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Figure 2.3. Calculated density of states diagram for the 2H and 1 T phases of M0S2 

(adapted from reference 24). 
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species into the host framework, like intercalation chemistry, but the host's structure is 

perturbed to a greater extent and therein lies the difference. It is well known that lithium.­

intercalated layered metal chalcogenides such as LixMoSz and Lix WS2 undergo exfoliation 

when treated with water. It is believed that H2 gas formed in the interlamellar spaces forces 

apart the metal-chalcogenide layers, producing high-surface-area single-layer colloids that 

are stable above pH 7. 34 ,35 Some investigators have claimed that all of the x. reducing 

equivalents in LixMoS2 go into forming H2, as shown in 2.2.23.33.36 No clear evidence 

has yet been presented to prove this. Upon the addition of metal cations, or various other 

species, the colloid will rapidly flocculate (restack) and the guest species will be trapped in 

between the host layers. A diagram of this process is shown in Figure 2.4. The inclusion 

of guest species into M0S2 can be conveniently monitored using PXRD as the 

001 interlayer distance and hence its XRD reflections move to significantly larger d­

spacing values than native M0S2.37 The types of guest species intercalated include metal 

ions31,37,38, conducting polymers23,39,40, metallocenes41,42, and metal oxide43 and metal 

chalcogenide clusters. 36 These inclusion compounds have been evaluated for their catalytic 

and conductive properties. 

This chapter of the dissertation addresses the use of the inclusion chemistry of 

LixM0S2 in an attempt to remove heavy metal ions from aqueous solution in an effective, 

selective, and redox.-recyclable process like that shown in Figure 2.5. The complete 

activation (1), extraction (2), and deactivation/recovery (3) cycle which uses Li+ as the 

extractant's charge-compensation ion, the extractant as M0S2, and the Hg2+(aq) as the 

pollutant ion is summarized in this figure. The driving force for the extraction step in this 

cycle is provided by the exchange of the hard Li+ ion, from a soft sulfur-rich environment, 

to the hard aqueous environment, and the concomitant exchange of the soft Hg2+(aq) ion 
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from the hard aqueous environment to the soft-sulfur-rich environment. This proposed 

selective exchange follows the Hard Soft Acid Base (HSAB) principle.44 The oxidation of 

the mercury-included M0S2 in Figure 2.5 would result in the recovery of mercury­

containing species in a small volume of secondary waste, as is critical in an R 2ER process. 

The oxidation of mercury-included M0S2 to give Hg2+ (aq) and oxidized M0S2 is not 

without precedent. Schollhom and co-workers have shown that alkali-metal intercalated 

transition metal chalcogenides can be oxidized by Briand Ii to give the alkali metal ion and 

the deintercalated solid. 6.45 The process shown in Figure 2.5 should therefore, also work 

for other soft heavy metal ions such as Pb2+, TI+, Ag+, Cu2+, and Cd2+_ 

It is very likely that there would be serious problems with using the alkali-metal­

intercalated transition metal dichalcogenides, as they are presented here, in any large scale 

extraction technology. The activating agent butyllithium. is expensive and dangerous to 

handle. It is also unlikely that an extractant that produces large amounts of hydrogen when 

used would be desirable. For example, The Westinghouse Co., that operates the Savannah 

River (South Carolina) OOE site, was recently criticized for attempting to initiate a waste 

remediation technology whose implementation results in the production of hazardous and 

flammable benzene gas as a side product. The company has subsequently abandoned this 

technology.46 Therefore, any large scale remediation process that evolved flammable 

hydrogen is unrealistic. Nonetheless, this study is intended to be proof of concept. If 

these materials were demonstrated to be effective, selective and redox-recyclable for heavy 

metal ions then future studies will be directed towards solving the problems presented 

earlier in the paragraph. 

Since this dissertation reports on the study of selective soft heavy metal inclusion 

chemistry of LixM0S2, a review of what has been done to date is in order. Morrison has 

used LixMoS2 as a source of exfoliated MoS2 to make several different hetro- and homo­

metallic inclusion compounds. 33,34 Kanatzidis and others have studied the inclusion of 

polymers or transition metal chalcogenide clusters into exfoliated MoS2 and 
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WS2. 8,23.39,40,47 Several researchers have studied the inclusion of M11+ ions, into MoS2, 

from initially neutral solution using the exfoliation/flocculation method. 37,38.42,48,49 

Selected results from those studies are presented in Table 2.1. These results demonstrate 

that significant amounts of metal ions can be included into M0S2. The amount of each 

respective metal ion included correlates well with - 1/n, where n is the charge on the cation. 

These reports claim that there would have been a residual charge of -1 electron per Mo 

center to support these metal ion stoichiometries and therefore the MoS2 layers still have 

residual negative charge on them. However, one must point out that the final pH of all of 

these syntheses was very alkaline (pH > 12) and therefore, there is a strong likelihood that 

a significant portion of the include metal is present as the precipitated metal hydroxide. In 

the extraction study presented in this dissertation the metal uptake experiments were done 

under acidic conditions (pH -1) to eliminate the formation of metal hydroxides as a 

possible method of ion removal. The inclusion chemistry of other early transition metal 

disulfi.des has also been explored but to a much lesser extent than for M0S2.45.SO.Sl 

Although a great deal of research has been done in the area of the inclusion chemistry of 

MoS2, there have been no studies done on the selectivity of this material in its inclusion of 

hard and soft metal ions. 

The work described in this chapter focuses on the extraction capacities and 

selectivities of a series of lithium-intercalated transition metal disulfi.des LlxES2 ( E = Mo, 

W, Ta, Ti, Sn). Initially, these compounds were tested for their efficacy to take up heavy 

metal ions under a variety of different conditions (aerobic, anaerobic, length of extraction 

time, in the presence of competing cations, and in the presence of solubilizing ligands). It 

was discovered that several of the materials tested are not stable in 0.1 M HN03 and 

therefore, are poor candidates as R2ER. materials for heavy metal ions. However, some 

effective materials and extraction conditions were discovered The most effective material, 

that was extensively studied, was LlxM0S2 (x ~ 1.3). This material was an effective, 
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Table 2.1. Summary of literature syntheses of MxM0S2 

l\'In+ Initial Final Mn+stoich. ac(A) Ref. 
Ion pH pH (x) 

Fe2+ 7 > 12 0.50 4.9 38 

co2+ 7 > 12 0.55 5.0 37 

co2+ 6.6 > 12 0.27 NA 42 

Co2+ 12.3 > 12 0.76 NA 42 

Ni2+ 7 > 12 0.56 5.4 38 

Y3+ 7 > 12 0.36 10.7 37 

La3+ 7 > 12 0.31 7.0 37 

fu3+ 7 > 12 0.35 9.8 37 

To4+ 7 > 12 0.17 11.5 37 
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selective, and redox-recyclable extractant for the removal of Hg2+(aq) ion. Thermal 

treatment of mercury-intercalated MoS2, under dynamic vacuum or the purge flow of an 

inert gas, resulted in the near quantitative removal of the mercury from the material as 

elemental mercury. The compound LixM0S2 was cycled through five complete cycles of 

activation/extraction/deactivation and recovery, under anaerobic conditions, with no loss in 

capacity. LixM0S2 displayed a maximum mercury capacity of 580 mg Hg/gram of 

extractant which compares favorably with other reported extractants. In addition, LixMoS2 

was shown to be an effective extractant for the removal of both mercury and silver ions 

from several relevant model waste stimulants. 

The material LixMoSi was also demonstrated to be an effective extractant for other 

heavy metal ions such as Pb2+, TI+, Ag+, Cu2+, and Cd2+. Interestingly enough, heat 

treatment of both the silver- and lead-intercalated M0S2 resulted in formation of 

deintercalated M0S2 and elemental silver and lead respectively. These products are also 

due to an internal redox reaction between the reduced M0S2 layers and the guest metal ions 

and were confirmed by powder XRD, transmission electron microscopy (TEM), and 

selected area electron diffraction (SAEDIFF) experiments. The quantification of mercury in 

extraction filtrates, by inductively coupled atomic emission spectroscopy (ICP-AES), was 

found to be problematic, so a corrective pre-treatment method was discovered. Attempts 

were made to synthesize LixM0S2 (x ~ 1.3) using both n-BuLi and other reducing agents 

under various reaction conditions, the results of which will be discussed. 

Experimental Section 

Materials and Reagents. Distilled water was purified and deionized (to 18 

MQ) with a Barnstead NANOPure purification system. Nitric acid (Mallinckrodt), 

hydrochloric acid (Mallinckrodt), and metal nitrate salts were reagent grade or better and 

were used as received: NaNOJ (J.T. Baker), MgO (Fisher), Ba(NO3)i (Mallinckrodt), 

Sr(NO3)i (Mallinckrodt), HgO (J.T. Baker), Pb(NO3)2 (Mallinckrodt), Cd(NO3)2-4H2O 
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(Fisher), Zn(NO3)2•6H2O (Fisher), TINOJ (Aldrich.), AgNOJ (Aldrich), Co(NO3)2•6H2O 

(Mallinckrodt). Mn(NO3)2•6H2O (Aldrich). Ni(NOJ)2•6H2O (Mallinckrodt). 

CNH4)6M07Qi4•4H2O (Fisher), Li2COJ (Mallinckrodt). Copper solutions were made by 

dissolving 99% Cu wire in cone. HNO3. Reagents for syntheses were as follows: LlBlii. 

(Aldrich), NaBE4 (Aldrich), Na2S2O4 (Aldrich), Na2S•9H2O (Fisher), M0S2 powder ( < 2 

µm) (Aldrich), WS2 powder ( < 2 µm) (Aldrich), TiS2 powder (ca. - 1 µm)(Aldrich), TaS2 

powder(< 10 µm) (Cerac), and SnS2 powder (Aesar). Schie~ glovebox, and high­

vacuum techniques were employed for some experiments. 52 Purified, anhydrous hexane 

was prepared by stirring over H2SO4 (Mallinckrodt), flowing through activated basic 

alumina (Aldrich; 150 mesh), and distillation from sodium metal. Purified, anhydrous 

tetrahydrofuran (THF) was prepared by storing the HPLC grade solvent over molecular 

sieves and an inert atmosphere. 

The concentrations of metal ions were determined by inductively-coupled-plasma 

atomic emission spectrometry (ICP-AES) using a Perkin-Elmer P400 ICP atomic-emission 

spectrometer equipped with a high-salt nebulizer (the emission lines monitored were 

670.781 nm for lithium, 589.592 run for sodium, 276.787 for thallium, 219.958 run for 

copper, 221.647 nm for nickel, 279.806 nm for magnesium, 294.020 for manganese, 

238.892 for cobalt, 202.030 nm for molybdenum, 194.227 nm for mercury, 220.353 nm 

for lead, 214.438 nm for cadmium, 328.068 run for silver, 213.856 nm for zinc, 334.941 

nm for titanium, 226.230 nm for tantalum, and 207 .911 nm for tungsten). Cahoration 

curves, which were linear in concentration over the range 2.50 to 0.0500 mM, were 

constructed using known concentrations of metal salts in each particular aqueous solution 

studied (i.e., matrix matching was used for all experiments). One standard was reanalyzed 

for at least every five samples during the course of data collection. For each sample, five 

readings of the ICP-AES intensity were recorded and averaged. Selected samples were 

analyzed for mercury by cold vapor atomic absorption spectroscopy (CV AAS) (Quest 

Diagnostics Biomonitoring, Ft. Collins, CO). 
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The compounds Lix.M0S2, Lix TiS2, LixSnS2, and Lix TaS2 were prepared using 

literature procedures.3 In a typical experiment. 25 mL of n-buLi (62.5 mmol; 2.5 M in 

hexanes; Aldrich) was added to a Schlenk flask containing 2.00 g of MoS2 (12.5 mmol; 

Aldrich) and a teflon-coated magnetic stir bar. The mixture was then stirred at 25°C for 48 

h under a nitrogen atmosphere. The solid product was recovered by filtration and was 

washed with two separate aliquots of dried hexanes. Samples of the lithium-intercalated 

materials were digested in aqua regia and analyzed for lithium and molybdenum by ICP­

AES using standard procedures.53 For a fixed set of conditions (5 equiv. of 2.5 M n-buLi 

in hexanes per equiv. MoS2, 3 equiv. n-BuLi per equiv. SnS2, TiS2, and TaSz), the four 

non-stoichiometric materials Li 1.3M0S2, Li15 TiS2, LixSnS2, and Li 1.2 TaS2 were obtained 

(the lithium stoichiometry for Li1.3M0S2 was reproduetble to within ±7%). The 

concentration of n-buLi, before and after the synthesis, was determined by titration.54 

Synthesis ofLio.sWS2 was performed using a method described by Kanatzidis.8 A 

1:1 mixture ofLiBI4 and WS2 were intimately mixed by grinding the two together with a 

mortar and pestle. The mixture was placed in to a ceramic combustion boat that was then 

put into a quartz flow-through reaction apparatus. The closed apparatus was taken out of 

the glovebox and placed into a tube furnace. The schematic diagram of that apparatus is 

shown in Figure 2.6.55 Nitrogen was used as the flow gas and the furnace was heated at 

100 °C/hr. to a temperature of 350°C where it was held for 72 hours and then cooled at a 

rate of 50 °C/hr. to a temperature of 50°C. The apparatus was then closed off and taken 

into an dry-nitrogen glovebox where the products were recovered Using Schlenk 

techniques the recovered solid was washed twice with aliquots of dry tetrahydrofuran 

(THF). 

The extraction experiments were performed as follows. Samples of the lithium­

intercalated solid extractants were weighed in a glovebox into reaction flasks containing 

teflon-coated stir bars. The stoppered flasks were removed from the glovebox. For 

anaerobic extractions, the flasks were moved into an oxygen-free glovebox where samples 

of a deoxygenated aqueous solution containing 0.1 M HN03 and LOO mM M{N03)n were 
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Figure 2.6. Schematic of flow through apparatus used for heat treatment of intercalated 

solids (adapted from ref. 55). 
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added. For aerobic extractions. the reaction flasks were opened to room atmosphere 

immediately before the addition of the aqueous samples. In both cases, the mixtures, 

which contained black solids suspended in colorless supemants, were vigorously stirred at 

25~C for two hours and then filtered through a fritted-glass funnel. The filtrates, all of 

which could be exposed to air at this point, were collected. diluted to a constant volume, 

and analyzed for metal ions by ICP-AES. In some cases the filtered black solids were 

digested in aqua regia until all of the solids had dissolved. The resulting homogeneous 

solutions were also analyzed by ICP-AES. 

Differential scanning calorimetry (DSC) data was collected on powdered samples 

sealed in aluminum pans on a Rheometric Science DSC 1000 instrument and samples were 

heated at l0"C/min. under a flow of nitrogen. Thermogravimetric/mass spectroscopic 

analyses were performed on a TA Instruments TGA 2050 Thermogravimetric Analp.er 

interfaced with a Balzars Thermostar Mass Spectrometer. The thermal unit was ramped at 

S"C/min from room temperature to 400"C under a constant flow (35 ml.Jmin) of He carrier 

gas. Evolved gases were analyzed using scanning (1-300 amu) and multiple ion detection 

modes. 

Powder X-ray diffraction (XRD) measurements were recorded with a Philips 

diffractometer using Cu Ka radiation. XRD patterns were taken of samples on frosted 

glass zero-background sample holders. XRD patterns of air-sensitive samples were taken 

by preparing the sample and holder in a nitrogen glove box and then placing a piece of 

Scotch TM tape over the sample. Powder patterns were compared with those on the PDF 

data base. Scanning electron micrographs were obtained with a Philips 505 Scanning 

Electron Microscope (SEM) using an accelerating voltage of 20 keV. Transmission electon 

microscopy was carried out using a JOEL JEM 2000 TEM working at an accelerating 

voltage of 100 KV. An ion getter pump was used to maintain a vacuum of lo--6 Torr in the 

microscope. The electron gun consisted of a heated tunsten filament. 

Pretreatment of Hg ICP-AES Samples With Ce4+. Pretreatment of 

certain samples before mercury determination by ICP-AES helped obtain reproducible and 
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precise results. The pretreatment procedure was performed as follows. Precisely 9.00 ml 

of each mercury extraction filtrate was delivered to a scintillation vial with an Eppendorf™ 

repipettor. To the scintillation vial 2.00 ml of 0.1 M Ce4+/ 0.lM HNO3 was delivered and 

the mixture was shaken and allowed to sit at least ten minutes before any ICP-AES analysis 

was performed. The 0.1 M Ce4+ solution was made from (Nlti)2Ce(NO3)6 (Aldrich, 

F.W. = 548 g/mol). All pretreated samples were analyzed for mercury by ICP-AES within 

4 hours of the treatment procedure. 

Results and Discussion 

Extraction of Hg2+(aq) Using MoS2. Although the goal of this study was 

to determine if alkali-metal-intercalated transition metal chalcogenides were effective and 

selective extractants for heavy metal ions special interest was paid to how well the materials 

worked for mercury removal. From the discussion presented in Chapter 1 of this 

dissertation, it is evident that mercury contamination of natural waterways and industrial 

and government waste streams presents probably the largest and most dangerous problem 

in heavy-metal waste contamination. Therefore, the effective removal of mercury by 

LixM0S2 would be of interest to academic, governmental, and private institutions. 

It is well known that lithium-intercalated layered metal chalcogenides such as 

LixMoS2 and Lix WS2 undergo exfoliation when treated with water. It is believed that H2 

gas formed in the interlamellar spaces forces apart the metal-chalcogenide layers, producing 

high-surface-area colloids that are stable above pH 7. Note that one equivalent of LixMoSz 

contains x equivalents of reducing capacity relative to MoS2 (i.e., one electron has been 

added to the MoS2 conduction band for each intercalated lithium ion). Some 

investigators23,33,36 have claimed that all of the x reducing equiv. in LixMoS2 go into 

forming H2, as shown in 2.3. The amount of H2 gas produced when samples of 
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Li 1.3M0S2 that had been stored in a nitrogen-filled glovebox were treated 

LlxMoSz(s) + x H3O+{aq) ➔ x/2 Hz(g) + x Li+{aq) + MoSz(col) + x HzO(l) (2.3) 

with aqueous 0.1 M HNO3 under anaerobic conditions was measured (these results as well 

as those of other hydrogen evolution experiments will be discussed in much greater detail 

in Chapter 3 of this dissertation). 

The volume of H2 collecte~ 0.26(5) equiv. based on Mo (average of eight 

experiments), was less than the theoretical maximumof0.65 equivalents. This experiment 

represents the first time a quantitative measurement of hydrogen was made on this system. 

Under these conditions (final pH -1.3), a flocculant black solid was formed instead of a 

metastable colloid. The solid exhibited a XRD pattern with a larger interlamellar spacing 

than MoS2. Interestingly, the flocculant black solid contained only a small amount of 

measurable Li+ (ICP-AES analyses of digested samples). Based on these results, one can 

tentatively conclude that the flocculant black solid consists of small particles of 

(H3O)o.78M0S2 (or CHCH2O)0 )0.1sM0Si). Therefore, eqn 2.3 is incorrect in that it does 

not represent the fact that negatively charged molybdenum-disulfide particles, which retain 

some ion-exchange capacity, are produced instead of a colloid of neutral MoS2 particles. 

When 5.0 equivalents of Li1.3MoS2 were treated with 1.0 equivalent of LOO mM 

Hg(NO3)i in 0.1 M HNO3, the same amount of H2 was collected as when mercury was 

absent (0.27(2) equiv.; average of three experiments). Furthermore, the observed decrease 

in the concentration of mercury in the aqueous supernatant corresponded to a Hg/Mo molar 

ratio of 0.20. Therefore, the flocculent black solid should be formulated as 

(H3O)0_38Hgo.201'10S2- Its formation can be represented by equations 2.4 and 2.5, 

although the mechanism of mercury intercalation (i.e., mercury extraction) may be more 

Li1.3M0S2(s) + 1.3 H30+(aq) ➔ 0.26 H2(g) + 1.3 Li+(aq) + 

(H3O)o.1sM0S2Cs) + 0.52 HzO(l) (2.4) 
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{H3O)o_7gM0S2(s) + 0_20 Hg2+(aq) ➔ (H3O)038Hgo_2oM0S2(s) + 

0-40 H3O+(aq) (2.S) 

complex than shown in these idealized reactions_ For the sake of brevity, the presumed 

hydronium component of (H3O)038Hg0_20~foS2 will be omitted for the remainder of this 

paper (e.g., (H3O)o.3sHgo.2oM0S2 will be abbreviated Hgo_2oMoS2 ). The driving force 

for the second reaction is undoubtedly the greater affinity of the soft Lewis acid Hg2+, 

relative to the hard Lewis acid H3o+, for the soft Lewis base Mos2--0-78. Under these 

conditions, the final aqueous concentration of the filtrate was ~ 0.033(2) µM mercury (6.5 

ppb ). When the experiment was repeated in the presence of air, the final concentration of 

mercury was 0.033(2) µM (6.5 ppb). This value is slightly above the acceptable level of 

0.025 µM mercury (5.0 ppb).56 These experiments demonstrate that LixMoS2 is capable 

of removing large amounts of mercury from aqueous solution to levels that are very close 

to those acceptable for drinking water. 

When the initial mole ratio of Mo/Hg2+(aq) was changed from 5.0 to 2.0, the 

fraction of mercury removed from solution. ([Hg2+(aq)]i - [Hg2+(aq)]r)/[Hg2+(aq)Ji, 

changed from 1.00(1) to 0.78 respectively. The fraction 0.78 corresponds to flocculant­

black-solid stoichiometry ofHgo_39~loS2. When the black, mercury-loaded solid from an 

extraction experiment for which the initial MoJHg2+(aq) mole ratio was 2.0 was digested in 

aqua regia and analyzed by ICP-AES for mercury and molybdem1m, the stoichiometry was 

found to be Hgo_3~oS2 instead of Hgo_3gM0S2. Therefore, the stoichiometries 

determined by ICP-AES analyses are probably accurate to within ±10%. Note that 0.39 is 

less than 0.65, the theoretical maximum based on complete u+JHg2+ ion exchange for 

Li 1.3MoS2. Since, Hg0_39M0S2 is the limiting stoichiometry for divalent mercury 

extraction by Li 1.3MoS2, then the capacity of the lithium-intercalated molybdenum disulfide 

under these conditions is 460 mg Hg per g of Li1.3MoS2. Recall that mercaptosilylpropyl 

functionalized mesoporous silica has a capacity of -600 mg Hg/g of material for the first 
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extraction cycle57 and activated carbon has a capacity of -1 mg Hg/g material.58 

Therefore. Li 1.3~foS2 is a vecy effective ion-exchange extractant for aqueous Hg2+ whose 

capacity is on the same order as other recently reported extractants. However. it is 

important to note that Li 1.3M0S2 works vecy well at pH = 1 whereas, the functionalized 

mesoporous material works only in waste stimulants with pH> 3. Control experiments 

showed that the inactivated extractant MoS2 extracted only a negligible amount of Hg2+ 

from an identical waste simulant. 

Recovery of Mercury from Hg1MoS2 .. As discussed in the introduction, 

extractant capacity and selectivity are only two of the four important design criteria for 

modem extractants. The other two criteria are the feasibility of recovering the pollutant in a 

minimal volume of secondary waste and the reuse of the extractant once the pollutant has 

been recovered. Attempts were made to use chemical oxidants to oxidize Hgo_39MoS2 to 

native MoS2 with the subsequent release of the Hg2+ ions. The aqueous oxidants Ce4+ 

and H20z were each contacted with a portion of Hgo_39MoS2 for a set period of time. The 

mixtures were filtered and the filtrates analyzed for released Hg2+(aq) ions. ICP-AES 

results indicated that both oxidants were vecy effective at removing mercury form the 

solids. However, ICP-AES also indicated that significant levels of dissolved molybdenum 

were also present in the filtrate indicating that the oxidants likely decomposed the host 

solids. Clearly this method of deactivation/recovecy is not desirable in an R2ER process. 

Therefore, alternative methods of deactivation/recovery were attempted. 

When Hgo_3gllgSz was heated under vacuum to 425 °C, in an apparatus like that 

shown in Figure 2.6, the formation of mercury vapor and polycrystalline MoS2 (confirmed 

by XRD)59 was observed. The overall reaction of this process is shown in 2.6. 

42s0 c 
0.39 Hg(g) + MoS2(s) (2.6) 

The reaction shown in 2.6 is an entropy-driven-internal redox reaction where the 

negatively charged [MoS2]n- layers reduce the included Hg2+ ions to metallic mercury 
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which, under these conditions, is volatilized and removed from the layers. A similar 

observation has been made previously by Curtis and co-workers regarding when 

cobaltacinium-intercalted M0S2 was heated.42 The Hg vapor was collected in the cold trap 

on the apparatus at-196 °C and also condensed at various cooler sections of the apparatus. 

This procedure resulted in the removal of >96% of the mercury originally present in 

Hg0_39~IoS2. Only a trace amount of mercury was detected by ICP-AES when the 

recovered MoS2 was digested in aqua regia (specifically, the stoichiometry of the recovered 

compound was Hg0_02MoSi). Note that elemental mercury represents the smallest 

possible volume for mercury-containing secondary waste, although its liquid and volatile 

nature might pose disposal problems that would not arise with a solid, nonvolatile waste 

form. However, it is possible that the elemental mercury recovered in a mercury­

remediation process based on chemistry similar to that described above might be recycled 

or sold, not discarded. 

The thermal removal of mercury from Hgo_3gMoS2 and regeneration of M0S2 was 

monitored using DSC and XRD analyses. The DSC of Hg0_3gM0S2, in air, is shown in 

Figure 2. 7 and displays several irreversible peaks upon heating from 25 °C to 600 °C. 

Note that the endothermic and exothermic peaks occurring at approximately 120 "C are due 

to a trace contaminant on the instrument. The DSC of Hgo_39M0S2 under an N2 

atmosphere is identical to that in Figure 2.7. The most important of these thermal events is 

the endothermic peak at -350 "C This endothermic peak likely corresponds to the 

vaporization of elemental mercury (b.p. = 357 "C) 60 (given its position and the 

observation of mercury evolution in the process shown in 2.6). The exothermic peak at 

-250°C is likely due to the phase change of the host M0S2 compound from the lT­

(reduced) to the 2H-phase. The peak for this transformation is observed at ca. 100 "C in 

exfoliated and restacked M0S2. Apparently, the intercalated mercuric ions stabilize the 

reduced 1 T-phase to a greater extent that it is stabilized in the restacked material. This 

seems plausible as the mercuric ions are chalcophilic in nature. The presence of included 

metal ions has been previously shown to affect the temperature at which this phase 
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Figure 2.7. Differential. scanning calorimetry (DSC) scan of Hgo_39M0S2. The 

endothermic and exothermic peaks occuring at approximately 120 °C are due to a trace 

impurity in the instrument and are reproducible artifacts. 
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transformation takes place.31 Therefore, the thermal event at -250 '"C corresponds to the 

discharge ( oxidation) of the reduced M0S2 (1 T) layers to reduce the mercuric ions to form 

elemental mercury which is vaporized at 350 "C and form neutral 2H-M0S2. Nonetheless, 

the observation of the endothermic peak at -350 °C is consistent with the explanation that 

the mercuric ions in Hg0_39MoS2 are reduced by the negatively charged (l T-phase) 

~0S2]n- layers to give elemental mercury and the 2H-phase of MoS2. 

The thermogravimetric results for the heat treatment of Hgo_3gM0S2 are shown in 

Figure 2.8. The thermogravimetric results show that the material undergoes three major 

weight changes and overall has a weight change of -42 %. The loss of 0.39 equivalents of 

mercury from Hgo_39M0S2 should result in a weight loss of 32 %. Therefore, other 

species, in addition to elemental Hg, are evolved in the heat treatment of Hgo_3gMoS2. The 

mass spectra results are quite complex: and indicate the presence of several different 

gaseous species. 

According to the mass spectral results the first weight loss of -4.5% occurs at 

approximately 100 °C and contains fragments of water (H2O+) and carbon oxygen species 

(CO22+, and CO2+). The carbon-containing species may be due some trace organic 

contamination decomposition (the Li1.3MoS2 was washed with dry hexanes). The second 

weight loss of -13% occurs between 175 °C and 200 °C and contains fragments of SO+ 

(48 amu), SO2+ (64 amu), and peaks at 99, 100, 102, 199, 200, 201, 202, and 204 amu 

which correspond to both Hg+, and Hg2+ species. Both the sulfur- and mercury­

containing species continue to be evolved between the temperatures of 200 and 310 "C with 

the final weight loss of -24% in this region and then the species seem to decrease in 

frequency between 310 and 400 "C. The TG/MS analyses indicate clearly that Hg species 

are evolved during this process but that a great deal of sulfur-oxide gaseous species are also 

released. The origin of the sulfur-oxide species is not obvious, but could be due to partial 

oxidation of the edge S-atoms on the particles as the edge planes of MoS2 have been shown 

to be reactive towards oxygen.61 
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Figure 2.8. Thermogravimetric analysis (TGA) of the compound Hgo_39M0S2. 
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The deintercalation of mercury-intercalated MoS2 was also monitored by XRD and 

Figure 2.9 shows the results of those analyses. The diffraction peak maximum for the 001 

reflection of Hgo_39M0S2 (Figure 2.9b) is the most intense peak in that pattern and it is 

asymmetric and shifted to a higher d-spacing value (- 6.40 A) than that of exfoliated and 

flocculated Ho.sM0S2 ( - 6.20 A) (Figure 2.9a). This difference in interlayer spacing is 

due to the fact that Hg2+ ions are included in the former compound. Heat treatment of 

Hgo_39M0S2 to 425 °C, for 6 hours under a dynamic vacuum, results in the solid, whose 

XRD pattern is shown in Figure 2.9c. The 001 peak of the heat treated Hgo.39M0S2 is at 

a smaller d-spacing value (-6.20 A) and its peak shape is symmetric and sharp when 

compared to the shape of the 001 peak of Hgo_39M0S2. In addition, elemental analysis of 

the heat treated Hgo_39M0S2 compound showed that nearly all of the mercury was removed 

from the compound (actual stoichiometry Hgo.02M0S2). These observations are consistent 

with the removal of the included mercuric ions from the van der Waals gap of M0S2. 

Hg2+(aq) Recyclability Studies. To study the efficacy of Llx.MoS2 as a 

recyclable extractant a single sample of Li1.3MoS2 was treated with 10.0 mM Hg(NO3)i 

(Mo/Hg2+ mole ratio = 2.0) in 0.1 M HNO3, deactivated at 425°C under vacuum, and 

reactivated with n-BuLi through six complete cycles of 

activation/extraction/deactivation/recovery under both anaerobic and aerobic conditions. 

The conditions (temperature, time, initial molar ratios) were kept constant for all six cycles. 

The results of the aerobic study are shown in Table 2.2 which also depicts the complete 

ex.traction-deactivation/recovery-reactivation cycle. There are several points that must be 

illustrated when analyzing this data. 

No detectable mercury was found in HgzMoS2 after the first cycle. Interestingly, 

more mercury was extracted in the second and subsequent cycles than for the first. This is 

apparently due to a greater value of x for LixMoS2 as the material is cycled (see the x 

column in Table 2.2). The increase in x may be due to faster reductive-intercalation of 

lithium as the MoS2 extractant is recycled. The increased rate of reductive intercalation is 
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Figure 2.9. Powder XRD patterns for a) Ho.sM0S2, b) Hgo_39M0S2, and C) 

Hgo.02M0S2 (heat treated Hgo_39M0S2). The asterisks denote the reflection for the added 

internal standard of Si. 
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Table 2.2. Summary of redox-recyclable extraction of Hg2+(aq) from 0.1 M HNO3 with 

LlxM0S2. 

Cycle# X y z 

1 1.2 0.39 <0.01 

2 1.4 0.50 <0.01 

3 l.7 0.50 <0.01 

4 1.8 0.50 <0.01 

5 1.8 0.50 <0.01 

6 NA 0.50 NA 
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most likely due to a decrease in the particle size of the recycled material relative to native 

MoS2. Figure 2.10 shows the scanning electron micrographs of (a) native MoS2 (before 

the first activation), (b) deactivated extractant after one complete cycle, and (c) deactivated 

extractant after two complete cycles. There appears to be a decrease in the average particle 

size as the material is cycled. The observed decrease in particle size is probably due to the 

several cycles of exfoliation and retl.occulation that the material experienced during this 

procedure. A smaller MoS2 particle size might increase the rate of reductive intercalation of 

MoS2 by n-buLi. This in tum would lead to a higher value of x (in LixMoS2> when M0S2 

is treated with n-buLi for a fixed amount of time. In any event, the data in Table 2.2 clearly 

show that LlxMoS2 can be used for several complete extraction-deactivation/recovery­

reactivation cycles without a significant loss of activity. 

The intermediates at each step of each cycle in this process were monitored. XRD, 

DSC, and elemental analyses were performed on each material in the cycle in Table 2.2. 

Monitoring of the XRD patterns of the heat treated HgzM0S2 provided some interesting 

results. Figure 2.11 is an overlay of those XRD patterns for the six complete cycles of the 

aerobic experiment There are two regions of these XRD patterns that are of interest. The 

first region, at -14 degrees two theta, is a peak that corresponds to deintercalated M0S2. 

Note that this peak broadens and decreases in intensity with successive cycles. The 

broadening is likely a result of the decrease in the average particle size of the material as it 

was cycled. Another observation is the absence of this peak in the XRD pattern of the 

material from the sixth cycle. It is apparent that this material contains no crystalline M0S2. 

The disappearance of the MoS2 peak was accompanied by the appearance of peaks at -26 

(indicated by asterisks) , -37, and -53 degrees two theta (the peaks at 37 and 53 degrees 

are not shown in Figure 2.11). These peaks match the peaks for tugarinovite (MoQi)62 in 

both intensity and position. The amount of MoOi appears to increase exponentially with 
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Figure 2.10. Scanning electron micrographs of a sample of M0S2 before activation and 

after one and two complete cycles of activation, extraction, deactivation and recovery: a) 

native MoS2 (before first activation) (Aldrich); b) deactivated extractant after one complete 

cycle; c) deactivated extractant after two complete cycles. 
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Figure 2.11. Overlay of XRD patterns for the heat treated HgzM0S2 ( z ~ 0.02) for a 

sample of material that was taken through six complete cycles of activation, mercury 

extraction, deactivation/recovery. under aerobic conditions. Note the disappearance of the 

diffraction peak at -14°two theta and the growth of the peak at -26° with subsequent 

cycles. The asterisks denote the diffraction peak for MoOz. 
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successive cycles. 

It is possible that the formation ofMo(h is caused by the action of Oz on LixM0S2. 

The reaction between M0S2 and 0z(g), at elevated temperatures (-400 °C), is known to 

give Nio{h and S(h and is shown in 2.7_63 Although the Ll1.3~foS2 is not subjected to 

high temperatures, during the extraction step, it is more reduced than native M0S2 

--> 2S{h(g) + MoQz(s) (2.7) 

and therefore, more susceptible to oxidation. To test this hypothesis an identical 

recyclability experiment under anaerobic conditions was performed. The mercury 

stoichiometries of the intermediates of these experiments are comparable to those shown in 

Table 2.2. The XRD patters of heat treated mercury-deintercalated M0S2 were also 

monitored, the results of which are shown in Figure 2.12. Inspection of this figure shows 

that the M0S2 peak at -14 degrees two theta does not disappear through the five cycles. 

More importantly, the figure also indicates the absence of any peaks for Mo(h. Recall that 

in the aerobic experiment Mo02 peaks were observed after the first cycle and they grew in 

intensity with successive cycles. In the anaerobic experiment no peaks from Mo()i were 

observed even after the fifth cycle. This demonstrates that LlxM0S2 is a recyclable 

extractant material for the removal of Hg2+(aq) ions when it is used under anaerobic 

conditions. 

Extraction of Other Heavy Metal Ions Using Li1.3M0S2. In a series of 

extraction experiments, samples of Li1.3MoS2 were vigorously stined at 25°C for 2 h, 

under room atmosphere and temperature, with aliquots of 0.1 M HNO3 containing 0.20 

equiv of M{NO3)n (i.e., initial Ma/M(NO3)n mole ratio = 5.0; [MM(aq)]i = 1.00 mM). 

After separating the supematants from the flocculant black ion-exchanged MyMoS2 solids 

by filtration, the final concentration of M11+(aq) in each of the filtrates was determined by 

ICP-AES analysis. The ratios ([M11+(aq)]i - [Mfl+(aq)]f)f[M11+(aq)]i, are listed in Table 
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Figure 2.12. Overlay of XRD patterns for the heat treated HgzMoS2 ( z ~ 0.02) for a 

sample of material that was taken through five complete cycles of activation, mercury 

extraction, deactivation/recovery, under anaerobic conditions. The asterisks denote the 

diffraction peak for the added internal standard, silicon. 
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2.3. The metal ion stoichiometries of the metal-included solids are highly variable and do 

not appear to be proportional to - 1/n, as reported by both Golub and Danot (see Table 

2.1).37,38 However, the experiments reported in this dissertation were done under acidic 

(pH= 1) conditions and even after exfoliation and flocculation the pH was -1. Both of 

those researchers performed their syntheses in neutral (pH - 7) solution that quickly became 

alkaline afterexfoliation of the LixMoS2. It is therefore- likely, that a significant portion of 

the included metal ions in their compounds are present as the respective metal hydroxide 

salt. In fact, extended X-ray absorption fine structure (EXAFS) analyses have shown that 

the metal ions in these compounds have oxygen ligands (possible H20 molecules or more 

likely OH- anions) around them.48,49 The precipitation of a monolayer of metal hydroxide 

in between the M0S2 layers could account for the large changes in interlayer spacing seen 

for these compounds (see Table 2.1). 

Careful examination of the data presented in Table 2.3 shows that some metal ions 

appear to be selectively removed by Li 1.3M0S2, under the given conditions, while others 

are not removed at all. It is very interesting to note the following trend that the softer metal 

ions such as Hg2+, Ag+, TI+, Cu2+, Pb2+, Cd2+, and Au3+ seem to all be remediated to 

some degree by Li1.3M0S2. However, the harder metal ions such as Zn2+, Na+, Mg2+, 

Ba2+, Mn_2+, Co2+, and Sr2+ are not removed at all by the material. There seems to be a 

clear selectivity for the removal of the softer metal ions over the harder ones. It is likely 

that this selectivity arises from the fact that the extractant material is sulfide-based and will 

thus preferentially include heavy metal ions. These results suggest that the extraction 

reaction shown in 3 is actually an equilibrium like that shown in 2.8. 

The extent to which 2.8 lies to the left or right depends on the chalcophilicity of the 

Mit+(aq) ion. 
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Table 2.3. Extractions of Metal Ions from 0.1 M Aqueous HNO3 Using the Redox-Recyclable Ion-Exchange Material 

Li 1 .3MoS2 Under Aerobic Conditions 

Mfl+(aq) initial Mo/MD+ [Mn+(aq )Jr, MyMoS2 (CM°+(aq)Ji - [M0+(aq)]r)/[M0+(aq)Ji 

mole ratio mM recovered 

Hg2+ 5.0 S3.3xJ0-5 8 H&>.20MoS2 1.00(1) 

Ag+ 5.0 S6.5xl0-5 b A8(),20MoS2 1.00(1) 

Tl+ 5.0 0.37 T10.13MoS2 0.63(1) 

Cu2+ 5.0 0.13 Cu0.18MoS2 0.87(1) 

°' Pb2+ 5.0 0.58 Pb0.08MoS2 0.42(1) 
I.I) 

Cd2+ 5.0 0.93 Cdo.01 MoS2 0.07(1) 

Zn2+ 5.0 0.98 Zn<0.01MoS2 0,02(1) 

Au3+ 5,0 <0.05 ----- C 1.00 

Co2+ 5.0 0.96 Coo.01MoS2 0.04(1) 

Mn2+ 5.0 1.00 Mn<o.01 MoS2 0,00 

Mg2+ 5.0 0.95 Mgo.01MoS2 0,05(1) 

Na+ 5.0 0.95 Nao.o1MoS2 0.05(1) 

Ba2+ 3.0 1.00 Ba<0.01MoS2 0.00 

sr2+ 3.0 0.98 Src:;0,01 MoS2 0.02(1) 



R
eproduced w

ith perm
ission of the copyright ow

ner.  F
urther reproduction prohibited w

ithout perm
ission.

Table 2.3. (continued) 

8Mercury concentration detennined by cold vapor atomic absorption spectroscopy. h-rhis was the detection limit for silver of the ICP 

atomic emission spectrometer used in this study. c XRD analysis showed that the gold removed from solution was precipitated us Au 

metal. 
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The effect that the amount of contact time between the extractant and the extraction 

solution, under aerobic conditions, had upon the amount of metal removed was 

investigated. Aerobic extractions of Hg2+(aq), Pb2+(aq), and Cci2+(aq) were performed 

for different lengths of time and the results of these experiments are shown in Figure 2.13. 

This figure is a plot of the metal ion stoichiometry in the metal-included solid vs. the 

contact time of the extraction. One can see that the stoichiometry of all three metal ions 

does not appear to significantly change with contact time. This seems likely as the 

Li1.3MoS2 is quickly exfoliated exposing a high surface area colloid that undoubtedly 

undergoes rapid ion-exchange and then flocculation. It is therefore likely, that the ion­

exchange step is rapid and is over in less than ten minutes (ten minutes was the shortest 

time extraction that was performed). 

As was stated previously, the compound Li1.3MoS2 is susceptible to oxidation, and 

therefore deactivation, by water. It is therefore likely that it is also susceptible to oxidation 

by other oxidants that are present in the extraction system. One oxidant could be molecular 

oxygen. The extractions, whose results are presented in Table 2.3, were done performed 

under room atmosphere and therefore, the aqueous extraction solution contains dissolved 

02. The oxygen could have reacted with the negatively charged M0S2 layers oxidizing 

them further and thus, reducing their extraction capacity. Therefore, determination of the 

effect of oxygen on the extraction characteristics of Li1.3MoS2 was an important goal of 

this research. 

In a series of extraction experiments, samples of Li 1.3MoSz were vigorously stirred 

at 25vc for 2 h with aliquots of oxygen-free 0.1 M HNO3 containing 0.20 equiv of 

M(NO3)0 (i.e .. initial Mo/M(NO3)0 mole ratio= 5.0). After separating the supematants 

from the flocculant black ion-exchanged MyMoS2 solids by filtration, the final 

concentration of M11+(aq) in each of the filtrates was determined by ICP-AES analysis. The 

ratios ([Mll+(aq)Ji - [M11+(aq)]r)/[M11+(aq)]i, listed in Table 2.4, were 1.00(1) for Hg2+, 
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Figure 2.13. Plot of the metal loading stoichiometry of MxM0S2 (M = Hg, Pb. Cd) for 

extractions performed with Li 1.3MoS2 under aerobic conditions. 
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Table 2.4 Extractions of Metal Ions from 0.1 M Aqueous HNO3 Using the Redox-Recyclable Ion-Exchange Material Li 1,3MoS2 

Under Anaerobic Conditions 

M"+(aq) initial Mo/Mn+ [M"+(aq )Jr, MyMoS2 ([M"+(aq)]j - [M"+(aq)]r)/[Mn+(aq)]i 

mole ratio mM recovered 

Hg2+ 5.0 $3,3xt0-5 a H&,.20MoS2 1.00(1) 

Ag+ 5.0 $6.5x10-3 b A&,,20MoS2 1,00(1) 

Tl+ 5.0 $5.9xt0-2 b Tl0,20MoS2 1.00(1) 

Cu2+ 5.0 $8,5xl0-3 b Cu0.20MoS2 1.00(1) 

°' -...l Pb2+ 5.0 0.25 Pb0,15MoS2 0.75(1) 

Cd2+ 5.0 0.59 Cdo.00MoS2 0.41(1) 

Zn2+ 5.0 0.87 Zn0.03MoS2 o. 13(1) 

Au3+ 5.0 <0.05 C 1.00 

Co2+ 5.0 0.87 Co0.03MoS2 0.13(1) 

Mn2+ 5.0 0,89 Mn0.02M0S2 0.11(1) 

Ni2+ 5.0 0.78 Ni0.04MoS2 0.22(1) 

Na+ 5.0 0.95 Nao.01MoS2 0,05(1) 

Ba2+ 5.0 0.87 Bao.03MoS2 0.13(1) 
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Table 2.4. (continued) 

8 Mercury concentration determined by cold vapor atomic absorption spectroscopy. hrrhese are the detection limits for silver, thallium, 

and copper of our ICP atomic emission spectrometer under the conditions used in this study. c XRD analysis showed that the gold 

removed from solution was precipitated as Au metal. 
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1.00(1) for Ag+, 1.00(1) for Cu2+, 1.00(1) for Tl+, 0.75(1) for Pb2+, 0.41(1) for Cd2+, 

and 0.13(1) for Zn2+. Comparison of these values with those for the aerobic extractions of 

the same ions in Table 2.3 is quite interesting. When these experiments were repeated in 

the presence of air, the corresponding ratios were 1.00(1) for Hg2+, 1.00(1) for Ag+, 

0.87(1) for Cu2+, 0.63(1) for TI+, 0.42(2) for Pb2+, 0.07(2) for Cd2+, and 0.02(1) for 

Zn2+. Clearly, the presence of oxygen reduced the capacity of Li13M0S2 for thallium, 

copper, lead, cadmium, and zinc but not for mercury or silver. The conclusion is that Oi 

must oxidize solid MyMoS2 (M = Tl, Cu, Pb, Cd, Zn), as shown in 2.9. 

Note that the selectivity of the Li 1.3MoS2 for the ions, Hg2+ =Ag+> Cu2+ >TI+> Pb2+ > 

Cd2+ > 2n2+, was qualitatively the same whether or not air was present. Note also that the 

slow reaction with 0 2 represents a potential method for redox-recovering Cu2+, Pb2+, 

TI+, Cd2+, and Zn2+ from the heavy-metal loaded solid extractants and for redox-recycling 

Mos2. 

The effect of contact time between the extractant and the extraction solution, under 

anaerobic conditions, had upon the amount of metal removed was also investigated. 

Anaerobic Pb2+(aq), Cd2+(aq), zn2+(aq), extractions were performed for different periods 

of time and the results of these experiments are shown in Figure 2.14. One can see that the 

stoichiometry of all three metal ions does not appear to significantly change with contact 

time. This result agrees with that for the aerobic extraction of metal ions presented earlier. 

Several anaerobic extraction experiments were performed where the initial 

Mo/M(NO3h mole ratio was 2.0 instead of 5.0 the results of which are ~nmmariud in 

Table 2.5. The purpose of these studies were to determine the maximum metal loading 

capacity of Li 1.3~IoS2 for the metal ions that were completely removed by the material 

when the Mo/M(NO3)2 mole ratio was 5.0 (i.e., Hg2+, Ag+, Cu2+ and TI+). It appears as 
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Figure 2.14. Plot of the metal loading stoichiometry of MxM0S2 (M = Pb, C~ Zn) for 

extractions performed with Li 1.3MoS2 under anaerobic conditions. 
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Table 2.5.Extractions of Metal Ions from 0.1 M Aqueous HNO3 Using the Redox-Recyclable Ion-Exchange Mnterial 

Li 1.3M0S2 Under Anaerobic Conditions 

M"+(aq) initialFJMll+ [MJl+(aq )Jr, MyMoS2 ([MJl+(aq)Ji - [MJl+(aq)Jr)/[M"+(aq)]j 

mole ratio mM recovered 

ttg2+ 2.0 2.20 Hg0,39MoS2 0.78(1) 

Ag+ 1.0 4.00 Ago,60MoS2 0,60(1) 

TJ+ 1.0 6.70 Tl0,33MoS2 0.33(1) 

Pb2+ 2.0 6.80 Pb0,16MoS2 0.32(1) 
~ ..... 

Cd2+ 2.0 2.00 Cdo,wMoS2 0.20(1) 

Na+ 2.0 10.00 Na<o.OIMoS2 0.00 

Ba2+ 2.0 10.00 Ba<o.o I M0S2 0.00 
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though these are the maximum metal loading conditions as in all of the experiments 

summarized in Table 2.5 there was excess metal ions left in solution. 

Some extraction experiments were performed to ascertain the importance of having 

the target metal ions present in the extraction solution when exfoliation initially occurs. In 

these experiments samples of Li 13MoS2 were vigorously stirred at 25°C for 1.5 h in an 

oxygen-free glovebox. with aliquots of oxygen-free 0.1 M HNO3. The stirring was 

stopped and the mixture allowed to sit for approximately five minutes. During this time 

period the black solid M0S2 particles settled to the bottom of the flask. Presumably this 

solid was the material Ho.1sM0S2. After five minutes an aliquot of M_ll+(aq) (made from 

M(NO3)n (M = Hg2+ and Ag+) and in sufficient concentration to bring the Mo/M(NO3)n 

mole ratio to 2.0 in the case of mercury and LO in the case of silver) was added to the 

mixture and it was then stirred for another 30 minutes before being filtered. The filtrates 

were analyzed by ICP-AES and the solids characterized by powder XRD and DSC. The 

ICP-AES analyses indicated that significant amounts of both mercury and silver had been 

removed from solution. The calculated metal-ion stoichiometries for the two compounds 

were Hgo_25M0S2 and Ago51M0S2 respectively. These two values are smaller than those 

reported in Table 2.5. The powder XRD analyses indicated that both compounds had been 

intercalated and the patterns were identical to those for mercury and silver included M0S2 

that is synthesized when the metal ions are in solution during the exfoliation step. These 

experiments clearly show that those metal ions can be added after the flocculation step and 

still be incorporated into the solid. 

XRD analyses of MyM0S2 compounds. The compounds shown in Table 

2.3 and 2.4 were synthesized using the well-known method of inclusion chemistry of 

M0S2, that was summarized in the introduction of this chapter. If the metal ions are 

included between the M0S2 layers the position of the 001 peak in the XRD patterns of 

these compounds should be shifted co higher d-spacing values, relative to M0S2, indicating 

that species are present in the interlamellar galleries. Similar observations have been 
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reported for metal-included M0S2 compounds and the compounds listed in Tables 23 and 

2.4 are no exception. 

Figure 2.15 is an overlay of the powder XRD patterns of the compounds 

Ago.61M0S2, Tlo.31M0S2, and Pbo.104\10S2. In all three cases the lowest angle diffraction 

peak has shifted to higher d-spacing values, relative to native 2H-MoS2. This is expected 

because the insertion of metal cations into the interlayer space would result in an expansion 

of the layers. The powder XRD patterns of all of the compounds shown in Table 2.3 are 

identical to those in Table 2.4 and therefore, the method of preparation (aerobic or 

anaerobic) has no effect on the observed pattern. Differential scanning calorimetry 

experiments have indicated that the compounds in Figure 2.15 do not contain water and 

therefore, the intercalated cations are not hydrated as has been observed in some previous 

inclusion compound reports.6,7,31 Thus, the different interlayer spacing increases, relative 

to 2H-MoS2, are a result of the different ionic radii of each respective metal cation. 

It is likely that the different metal cations sit in different types of holes in between 

the adjacent layers and the type and size of the hole also affects the interlayer spacing 

increase. The interlayer space of adjacent MoSz slabs should have both octahedral and 

tetrahedral holes. To more thoroughly understand the coordination environment of each 

metal cation in its respective inclusion compound the radii of the octahedral and tetrahedral 

holes in between M0S2 layers were calculated. The radius of an octahedral hole is 0.77 A 

and the radius of a tetrahedral hole is 0.42 A. A summary of how these values were 

calculated is described in Appendix B. Table 2.6 is a summary of the ionic radii, 

geometry, and the predicted and observed interlayer spacing increases for several inclusion 

and intercalation compounds of M0S2. Note that the lithium-, sodium-, and potassium­

intercalated compounds were not made by the exfoliation/restacking method. 

There appears to be good agreement between the predicted and observed interlayer 

spacing increases for several of the compounds in Table 2.6. For example, if the pt,2+ 

ions in Pbo.16MoS1 sit in the octahedral holes (as they do in the sulfur-rich environment of 

PbS)l the predicted interlayer spacing increase, based on the six coordinate ionic radius64 
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Figure 2.15. Powder XRD patterns for a) Pbo.1(;M0S2, b) Tlo.31M0S2, and c) 

Ago.61MoS2. The asterisks denote the diffraction peaks from the internal standard of Si. 
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Table 2.6. Interlayer Expansion of MxMoS2 Compounds 

Metal Ion Ionic Radius Geometry of Predicted Ubserved 
(A.) (C.N.)a Hole Ac (A.)b Ac (A)c 

Ha1+ 
e 0.83 (2) oft 0.12 0.25 (3) 

Pb2+ 1.33 (6) oft 1.12 1.05 (3) 

Cd2+ 1.09 (6) oft 0.64 0.40 (3) 

n+ 1.64 (6) 0/t 1.74 1.65 (3) 

Ag+ 0.81 (2) Td 0.78 0.88 (3) 

Na+ 1.16 (6) oft 0.78 0.93 (3) 

Li+ 0.90 (6) o,. 0.26 0.26 (3) 

K+ 1.52 (6) 0/t 1.50 1.52 (3) 

a) Ionic radii from Shannon et al. 64 

b) Based on the formula (radius of ion - radius of hole) x 2 = predicted increase in c. 

c) Measured from approximate position of 001 peak in XRD patterns and relative to the 

002 distance of6.15 A of2H-M0S2. 

15 
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of Pb2+, would be-1.12 A and the observed value is -1.05 A. Good agreement between 

these values is also observed with the thallium, lithium, and potassium-intercalated solids. 

In the case of Hgo_39~foS2 the observed interlayer increase of -0.25 A is 

significantly larger than that expected if the Hg2+ ion has a coordination number (C.N.) of 

2 (this was determined by extended X-ray absorption fine structure spectroscopic (EXAFS) 

studies which are discussed in more detail in Chapter 3 of this dissertation). The Hg2+ ion 

in the crystal structure of HgS (cinnabar) resides in an octahedral hole of the sulfide lattice. 

However, the mercuric ion does not sit in the center of that hole and has a C.N. of 2. L To 

adopt such a coordination environment the mercuric ion resides closer to one edge of the 

octahedron than the others. It is posSiole that the mercuric ions in Hgo_39M0S2 adopt such 

a geometry also. If this is the case then the interlayer spacing increase would be larger than 

that expected for the two coordinate ion if it were in the middle of the octahedral hole. A 

similar situation appears to occur with Ago.6tMoS2 where the silver ions are residing in 

tetrahedral holes. 

DSC analyses of MyMoS2 compounds. Several MyMoS2 compounds had 

their thermal behavior evaluated using DSC. Figure 2.16 contains an overlay of the DSC 

scans for Ho.1sMoS2 (Lii.3MoS2 exfoliated and flocculated in 0.IM HNO3). Cdo.toMoS2, 

Pbo.L6~foS2, Hgo_39MoS2, and Ago.61M0S2. The DSC of all of these compounds contain 

one prominent exothermic peak between -100 °C-275 °C. In all of these cases this 

exotherm likely corresponds to the IT (reduced) to 2H (oxidized) phase transition of 

MoS2. It is very interesting to note that this exotherm occurs at a different temperature for 

each inclusion compound. This has been observed previously for Na+-, K+-, and Af3+­

included31, and different polymer-included M0S2 compounds.23 

Interestingly enough, the two highest transition temperatures are observed for the 

Ag+ - and Hg2+ -included materials (275 °C and 250 °C respectively). These two metal ions 

are considered very soft by HSAB theory44 and are the most chalcophilic of the metal ions 

studied here. The next two highest transition temperatures are for the pb2+ - and Cd2+ -
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Figure 2.16. DSC scans of the compounds: a) Ho.1sMoS2, b) Cdo.1MoS2, c) 

Pbo.16-M0S2, d) Hgo.39MoS2, and e) Ago.61MoS2. 
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included materials (215 °C and 170 °C respectively). These metal ions are considered 

borderline soft cations by HSAB theory. It is likely that the different transition 

temperatures for the included materials shown in Figure 2.16 are due to the different 

degrees of stabilization that each metal ion affords the reduced M0S2 layers. Therefore, it 

stands to reason that the more chalcophilic ions would more effectively stabilized the 

negatively charged layers thus, increasing the transition temperature. 

Removal and recovery of target pollutant metals from MyMoS2 

compounds. The silver-intercalated M0S2 solid, Ago.61MoS2 was subject to the same 

heat-treatment procedure that Hgo_39MoS2 was. The XRD patterns of Ago.61M0S2 and its 

heat treated products are shown in Figure 2.17. The XRD pattern of Ago.61M0S2 (Figure 

2.17a) shows an increase in the 001 d-spacing, of -0.88 ~ relative to native M0S2. 

Presumably, this increase is due to the presence of Ag+ cations in the van der Waals gap of 

M0S2. As was the case with Hgo_39M0S2, the silver included compound undergoes 

significant structural and chemical changes upon heating, at 425 °C, under a dynamic 

vacuum for 6h. According to the XRD pattern shown in Figure 2.17b, heating of 

Ago.61M0S2 under these conditions causes the 001 d-spacing to decrease from -7.02 A to 

-6.20 A. Presumably this is due to the deintercalation of the silver ions and the formation 

of t:nintercalated M0S2. The XRD pattern in Figure 2.17b also contains sharp diffraction 

peaks (denoted by arrows) that were not present in the original XRD pattern of 

Ago.61M0S2. Those peaks (and others not shown in this portion of the pattern) match 

identically, in both position and intensity, to the XRD of elemental silver.65 There are also 

peaks from a trace amounts of Ag2S (acanthite).66 It is likely that, as in the Hgo_39M0S2 

case, heating of Ago.61MoS2 results in a internal redox reaction where the negatively 

charged MoS2 layers reduce the intercalated Ag+ ions to elemental silver. However, the 

very high boiling point (- 2200 °C)60 of silver metal precludes it being separated from the 

M0S2, like Hg was, under the given conditions. Please note that again a metal intercalated 
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Figure 2.17. Powder XRD patterns of a) Ago.61M0S2 and b) heat-treated Ago.61M0S2. 

The arrows denote diffraction peaks for elemental silver. 
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M0S2 material can be induced to release the target pollutant species in as small a volume of 

secondary waste as is possible (i.e .. it elemental form)~ 

The transformation of Ag+ ions to crystalline deintercalated silver by heat treatment 

of Ago.61M0S2 can be utilized to separate the target pollutant silver from the extractant in 

another R2ER cycle. The mineral molybdenite, M0S2, is mined throughout the world and 

locations of prominent mines include the state of Colorado.67 The process used for the 

separation and concentration of M0S2 from other constituents present in the ore is 

flotation.68 In this industrial process the mineral ore is ground into a fine powder and then 

contacted with water containing a frothing agent. Air is blown through the mixture and the 

hydrophobic M0S2 particles cling to the bubbles formed which rise to the top of the 

mixture. Other constituents of the ore settle on the bottom and the MoS2 is skimmed off of 

the top. This process represents a possible way of separation of the silver metal from the 

M0S2. With this process in mind, a simple proof of concept experiment was performed. 

A small portion of beat-treated Ago.61M0S2 was mixed with methanol to form a 

slurry a portion of which was put onto a lacey carbon copper transmission electron 

microscopy (TEM) grid. The slurry was allowed to evaporate and then TEM micrographs 

were taken of the material one of which is shown in Figure 2.18. In this micrograph the 

white solids are native MoS2 particles and the numerous small spheres are silver metal 

crystallites (both confirmed by selected area electron diffraction (SAEDIFF)). What is very 

interesting to note is both the location and distribution of the silver crystallites in the 

sample. First, the silver crystallites in this sample were located in only one small area of 

the TEM: grid, where as MoS2 particles were spread uniformly around the grid. This 

implies that the silver particles were concentrated, likely by the evaporation of the methanol 

droplet. In addition, one will notice that the size distribution of the silver particles appears 

to vary from very small to larger particles as one moves from left to right across the 

micrograph. This type of distribution would suggest that the particles have settled out of 

solution by gravity. The concentration of silver particles and their distnbution indicates that 
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Figure 2.18. TEM negative of Ago.61M0S2 (heat treated). 
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they could potentially be physically separated from M0S2 in a process such as flotation. 

This would allow the recovery of the silver in the smallest secondary volume possi"ble and 

the reactivation of the MoSi for further extractions. This is another example of the use of 

Li 1.3M0S2 in a. R2ER process for the removal of heavy metal ions from aqueous solution. 

Figure 2.19 is a SAEDIFF pattern of the small spherical particles in Figure 2.18. 

SAEDIFF is commonly used to determine the composition and structure of materials under 

TEM analyses.69 Electron diffraction peaks can be indexed. just as XRD patterns are, to 

ascertain the identity of the diffracting species by comparison with known d-spacings from 

XRD. This can be done by calculating the ratio of the distance of each ring radius on the 

negative to the centermost ring and comparing it to the ratio of corresponding d-spacings of 

known compounds.55 Using this analysis the SAEDIFF pattern in Figure 2.19 was 

indexed and the results agreed very well with the known d-spacings for elemental silver.65 

An identical heat-treatment of Pbo.16MoS2 was also performed. the XRD results of 

which are shown in Figure 2.20. As with the mercury and silver intercalated MoS2 it 

appears as though heat treatment of the solid results in deintercalation of the material (note 

that the 001 peak is at-7.2 A in the XRD pattern of Pbo.16MoS2 and at-6.2 A in the XRD 

pattern of heat-treated Pbo.16M0S2). The XRD pattern of the heat-treated Pbo.16MoS2 

material indicates the appearance of peaks from elemental lead70 (marked by the arrow in 

the figure) and from lead sulfide (galena). 71 It appears as if there is a strong trend for metal 

intercalated M0S2 to undergo and internal redox reaction to form the native MoS2 and 

reduced metal when heated. 

With the previous results in mind, the cadmium- and thallium-intercalated solids, 

Cdo. rnM0S2 and Tlo.33M0S2, were thermally treated. Although the XRD data is not 

presented here, deintercalation of the materials was observed. However, there is no XRD 

evidence of either Cd or Tl metal present, as there was with Pb and Ag, in the heat treated 

materials. This could be due to the fact that the metals have not formed well-defined 

crystallites and possibly more intense thermal treatment is needed. 
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Figure 2.19. SAEDIFF of Ag particles in A&,_~oS2 (heat treated) 
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Figure 2.20. Powder XRD patterns for a) Pbo.16M0S2, and b) heat-treated 

Pbo.16~foS2. The arrow denotes an XRD reflection for elemental lead in the pattern of the 

heat treated material. The asterisks mark the diffraction peaks from the internal standard Si. 
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In summary, the results presented here present strong evidence for the use of 

thermal treatment to deactivate the extractant and recovery the target pollutant. This 

scenario is very appealing to the R 2ER process as the oxidizing agent is the reduced host 

material therefore, no additional oxidizing agents are needed. The recovered target 

pollutant is present is the smallest allowable volume of waste, its elemental form. In 

addition, these materials are the first well-characterized examples in which electron transfer 

between the host MoS2 material and guest ions has been observed 

Other Model Waste Streams. As discussed in the introduction section of this 

dissertation, there are a variety of diverse waste streams that contain heavy metal ions. It 

would be advantageous if an extractant was developed that was shown to be applicable to 

more than one waste stream. The robust covalent nature of the intralayer molybdenum.­

sulfur bonds suggest that Li1.3M0S2 may be applicable in more than one type of waste 

simulant. With that in mind. the selectivity and capacity of Li1.3M0S2 for heavy-metal-ion 

uptake from several relevant model waste stimulants were evaluated 

The ICPP waste stream at INEEL, discussed in Chapter 1, contains significant 

levels (- 1-2 mM) of several heavy metal species (Hg2+, Pb2+, Cd2+) in addition, to 

extremely high levels of Na+(aq) (1.25 M), and Af3+(aq) (0.55 M) as well as many other 

constituents (see Table 1.2). 72 This waste stream is very complex and the selective 

removal of the heavy metal constituents would represent a significant technological 

achievement. As has been previously demonstrated Li1.JMoS2 has shown a propensity to 

selectively include heavy metal ions like Hg2+ and Pb2+, while showing little if any affinity 

for alkali metal ions like sodium. Therefore, Li 1.3MoS2 should be an ideal candidate 

material for this difficult separation problem. 

A degassed portion of the ICPP waste simulant, shown in Table 1.2, was contacted 

with a known amount of Li1.3MoS2 (initial MofHg2+(aq) = 5.0) under anaerobic 

conditions for a period of 2 hours. The mixture was filtered and the filtrate analyzed for 

mercury and the solid extractant characterized by XRD. The ICP-AES analysis for 
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mercury indicated that no measurable amount of mercury was removed by Li1.JM0S2. In 

addition. ICP-AES analysis of the extraction filtrate for dissolved Mo indicated the 

presence of significant amount of Mo. above what was present in the initial waste simulant. 

Finally. XRD analysis of the recovered extractant showed no indication of the formation of 

the mercury-included M0S2 solid shown in Figure 2.9. All of these observations suggest 

that the extractant undergoes decomposition in this matrix. and therefore, is not an effective 

extractant for mercury from this waste simulant. 

It is possible that the extractant undergoes decomposition due to the highly 

oxidizing nature of the matrix (ICPP waste simulant is -4.5 M in N03-). Since the degree 

of inclusion of heavy metal ions is related to the amount of negative charge on the 

exfoliated [MoSi]n- layers, the presence of large amounts of a strong oxidant in the 

extraction medium is an important concern. A strong oxidant, like nitrate ion, could 

completely oxidize the negatively charged layers to neutral and therefore, eliminate the 

driving force for ion uptake. A very strong oxidant could also over-oxidize the material 

and transform it to another species that could lead to its decomposition (i.e., high levels of 

NOr could oxidize M0S2 to Mo(h or MoQ42- (most salts of which readily dissolve in 

acidic media)).60 To more thoroughly asses the effect of high levels of dissolved nitrate 

anion on the extraction properties of Li 1.JMoS2 several additional experiments were 

performed. 

In these experiments, the solid Ago.61M0S2 was contacted with acidic solutions 

(pH= 1) containing high levels (0.5 - 3 M) of dissolved nitrate (present as various metal 

(Na+, Ni2+, and Fe3+) salts) for 48 hours. In all of the cases, significant amounts of the 

included silver were released but so were large amounts of Mo. This indicates that the 

solid was decomposed and not just oxidized by either the metal ion or nitrate ions to release 

the silver ions. Attempted extractions of Pb2+ (aq) from extraction solutions with high 

levels (-6 M) of nitrate ion were also unsuccessful. Therefore. the experiments 

summarized in this section illustrate one potential limitation with using Li 1.JMoS2 as an 
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extractant for heavy metal ions. That limitation being that the material is not effective in the 

presence of high (- 0.5-6 M) level of the nitrate ion. This limitation will preclude the use 

of this material for the remediation of a waste steam like that shown in Table 1.2_ 

The capacity of Li 1.~foS2 to take. up mercuric ions from extraction solutions with a 

"brine like" character was also evaluated- This waste simulant matrix was tested in an 

attempt to model the conditions of the U.S. Army scrubber solution waste on the Johnston 

Atoll that was discussed in Chapter 1. 73 The two extraction solutions used were both l 

mM in Hg2+(aq) and one was also 2M in NaCl and the other was 2M in MgCii. The 

extraction conditions used were: Mo/Hg2+(aq) = 5.0 and an extraction time of 2 hours 

under aerobic conditions. In both cases, Li 1.3M0S2 removed significant portions of 

mercuric ions from solution. However, the extent of mercury removal was not as great as 

that reported in Table 2.3. The (([Hg2+(aq)Ji - [Hg2+(aq)]r)/[Hg2+(aq)]i) values were 

0.67(3) and 0.55(4) for the NaCl and MgCl2 matrices, respectively as opposed to 1.00(1) 

for the same extraction done in a 0.1 M HNO3 matrix. The reason for the decreased 

capacity of the two materials in this matrix could be due to the fact that at these high 

concentrations (2 molar in sodium and magnesium, respectively, which were 2000 times 

the concentration of mercury in the extraction) some sodium or magnesium ions are taken 

up by the solid This seems likely if the exchange process is an equilibrium (see 2.8) as 

has been proposed. 

The selectivity ofLi1.3MoS2 for the removal of heavy metal ions from solution was 

evaluated through. several competition experiments. In these experiments equal portions of 

competing metal ions were present in the extraction solution and their amounts after 

extraction were determined by ICP-AES. For example, for a given set of extraction 

conditions (Mo:Hg2+(aq): M2+(aq) = 5:1:1) the material Ll1.3MoS2 was demonstrated to be 

very selective for the removal of mercury over that of Mg2+(aq), Ba2+(aq), or Sr2+(aq). In 

fact, all of the mercury was removed from these solutions whereas, essentially none of the 

alkaline earth metal ions were. Given the results in Table 2.3 this is not very surprising. 
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However, when the competition extraction were between two heavy metal cations the 

results were different. 

For example, when the extraction was as follows Mo:Hg2+(aq): pt,2+(aq) = 2:1:1 

not all of the detectable mercury was removed from solution and a significant portion of 

lead was also removed. The relative ratio of mercury to lead removed was -3 to 1. When 

the extraction was as follows Mo:Hg2+(aq): Ag+-(aq) = 2:1:1, the relative ratio of mercury 

to silver removed was -1 to 2 to give the solid with the stoichiometry Ago_31Hgo.11MoS2. 

However, on an equivalent basis (since mercuric ions have a 2+ charge and the silver ions 

a 1 + charge) the same amount of both ions were removed. Again this is not unexpected 

since according to Table 2.3 both metals are removed by Li 1.3M0S2 to similar equivalent 

stoichiometries. Heat treatment of Ago.31Hgo.11M0S2 should result in the conversion of 

both ionic metal intercalants to their elemental forms which can then be separated from the 

M0S2. An extraction and recovery system like this could be used to effectively treat the 

waste generated in dental practices.74 

The material Li1.3M0S2 was shown to be an effective extractant for mercury and 

silver in the presence of different solubilizing ligands for each metal ion. The tetradentate 

chelating ion ethylenediaminetetraacetate (EDTA) is a widely used chelator for metal ions in 

analytical chemistry. High levels of EDTA have been added to DOE waste streams as it 

forms strong 1:1 complexes with many metal ions.75 Therefore, the evaluation of the 

performance of Li1.JM0S2 in the presence of EDI'A is an important experiment to 

demonstrate the versatility of the extractant. Extraction experiments were MoJHg2+(aq) = 

5.0 and [Hg2+] = [Na2EDTA] = 1.00 mM in 0.1 1\-1 HNO3 were performed The 

(([Hg2+(aq)Ji - [Hg2+(aq)]f)/[Hg2+(aq)]i) values for these extractions were 0.89(3) as 

opposed to 1.00(1) for the experiments in the absence of EDTA. Although the capacity of 

Ll1.JM0S2 for Hg2+(aq) decreases in the presence of EDrA (presumably due to the 

competition between the formation of the soluble [(Hg)EDTA]2- complex and the inclusion 
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of mercury into MoS2) it still removes significant amounts of mercury from such a solution 

which is very encouraging. 

No discussion of heavy-metal waste streams would be complete without inclusion 

of the industrial processes involved in the photographic industry. It is well known that the 

thiosulfate complex S2~2- is very effective at solubilizing insoluble silver halide solids.76 

This process is how the photographic fixer solutions works. The recovery of Ag from 

these solutions is an important economical and environmental goal given the enormous use 

of this process worldwide. 77 Current methods for silver removal and recovery from 

developer solutions are electrolysis, ion-exchange, and precipitation.78,79 

Extraction experiments were performed with Li 1.JM0S2 and an extraction solution 

that was [Ag+] = lmM, [Na2S2O3] = 0.lM and pH = 10 where the Mo/Ag+ = 5.0 and 

10.0. ICP-AES analyses of the filtrates from these extractions yielded ([Ag+(aq)Ji -

[Ag+(aq)]c)/[Ag+(aq)li) values of0.78 and0.99 respectively. The first value is lower than 

that observed for silver uptake by Li 1.3M0S2 at pH = 1 and no thiosulfate present. This 

however is not unexpected since the role of the thiosulfate ion is to solubilize the silver ion 

and thus keep it in solution. Nonetheless, these results show that Li1.3M0S2 is effective 

for the removal of silver ions from solution in the presence of thiosulfate. 

Syntheses of AxMoS2 Compounds (A = Li, Na). As stated in the 

introduction, many of the lithium intercalants were synthesized by straightforward contact 

of a five molar excess of n-buLi in hexanes with the native powdered element. 'The 

products were characterized by powder XRD, and elemental analysis. A typical powder 

pattern of the intercalated product is shown in Figure 2.21. The material in this pattern is 

the compound Li1.3M0S2. The prominent low angle reflection occurs at - 6.40 A and 

corresponds to the 00 J diffraction peak. This d-spacing is the interlayer distance of the 

intercalated compound and is - 0.25 A larger than that of native 2H-M0S2 (doo2 = 6.15 A) 

and corresponds well with literature reports for lithium-intercalated M0S2. 2 Exposure of 

the compound to room atmosphere for even a few minutes results in a compound with a 
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Figure 2.21. Powder XRD patterns for a) Li1.3MoS2 and b) Ll1.JMoS2 that has been 

exposed to room atmosphere for -10 min and likely has been intercalated by water. 
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dramatically different powder XRD pattern. The pattern in Figure 2.21b is that of 

Li 1.3M0S2 that has been exposed to room atmosphere. There are now three prominent 

peaks at- 11.6, 9.0, and 5.8 A. It is probable that the peaks at 11.6 and 5.8 A are the 001 

and 002 reflections of Li 1.3MoS2 where a bilayer of water molecules have intercalated and 

solvated the Li+ ion and the peak at - 9 .0 A is the 001 reflection of Li 1.3MoS2 that has been 

intercalated with a monolayer of water. There are numerous reports on the hydrated phases 

of alkali-metal-intercalated transition metal chalcogenide and they indicate that intercalation 

of a molecule of water generally results in an interlayer distance increase of - 3.0 A.6.Sl 

Application of this value to the observed interlayer increase values seems to give good 

agreement with the scenario presented above. These observations also indicate that the 

compound Li 1.3MoS2 is very hydrophilic. 

As mentioned previously, there are several problems with using Li1.:;M0S2 as an 

extractant on any large scale. One of those problems is the production of elemental 

hydrogen by the exfoliation of Li1.3M0S2. The production of large volumes of H2 gas 

would be very hazardous as the gas is flammable. Recently the DOE cancelled the 

development of a waste technology that, although effective, had a similar limitation. 

One possible solution to this problem would be to reduce the lithium stoichiometry 

in LixM0S2. This would decrease its potential to reduce ff+ ions to hydrogen. Synthetic 

attempts were made to intercalate a substoichiometric (x ~ 0.8) amount of lithium into 

M0S2 using n-buLi. In theory, it should be possible to make LixMoS2 that would not 

generate hydrogen and still removal heavy metal ions. Figure 2.22 is an overlay of the 

powder XRD patterns of the products obtained when LO, 0.75, and 0.5 equivalents of 

BuLi is reacted with 2H-M0S2. One would have expected to see one LixMoS2 phase with 

different x values (as determined by ICP-AES). However, the XRD of the reaction 

products in Figure 2.22 indicate the presence of 2 phases. One phase is LixMoS2 ( doo1 = 

6.41 A) and the other is native 2H-M0S2 ( doo1 = 6.15 A). These results indicate that the 

intercalation of lithium into MoS2 is not uniform, as expected. More likely a MoS2 particle 

has been reduced by a butyl radical anion is somehow activated for further reduction by 
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Figure 2.22. Powder XRD patterns for the products of the reactions a) 2H-M0S2 + 0.5 

equiv of BuLi, b) 2H-MoS2 + 0. 75 equiv of BuLi, and c) 2H-MoS2 + 1.0 equiv of BuLi. 
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more equivalents of n-buLi. A more accurate representation of the stoichiometry of the 

products of the 2H-M0S2 + 0.75 BuLl reaction is probably (Li1.3~foS2)0.s7(M0S2)0.43• 

This should not be surprising if one takes into account the band diagrams of 2H and lT 

M0S2 shown in Figure 2.3. According to the DOS diagrams l T-M0S2 should be more 

easily intercalated than 2H-MoS2. Since the reductive intercalation of 2H-MoS2 results in a 

phase change to the l T-polymorph it stands to reason that the partially reduced MoSi 

particles are much more susceptible to further reductionfmtercalation. These conclusions 

are supported by the data presented in Figure 2.22 and suggest that the synthesis of sub-­

stoichiometric LlxMoS2 using 2H-M0S2 as a starting material and BuLi as the reducing 

agent is not possible. 

A second problem with using Li 1.3M0S2 on a large scale is the use of BuLl as the 

reducing agent. Butyllithium is expensive and pyrophorric and its use on a large scale 

would be costly and dangerous. Ideally alkali-metal intercalated MoS2 would be made 

from native 2H-M0S2 in water with an inexpensive reducing agent. Attempts were made to 

make alkali-metal-intercalated MoS2 using a variety of different reducing agents under 

different synthetic conditions the results of which are summarized in Table 2. 7. The results 

of these experiments were not encouraging. It was only possible to intercalate 2H-MoS2 

with either organolithium reagents or with AxBRi. (A= Li, Na) in a solid state reaction that 

was a variation of a previous literature report. 

The intercalation of 2H-M0S2 in aqueous solution has been shown to be difficult at 

best. The potential of the reducing agent needed to perform the initially reduction of the 

2H-phase bandstructure is too high to be used in aqueous solution (i.e., it would reduce 

water before it would reduce 2H-M0S2). However, it should be possible to intercalate 

M0S2 in aqueous solution if the 1 T-polymorph is used as the starting material. According 

to the band diagram shown in Figure 2.3 the lT- should be much easier to reduce than the 

2H-phase and therefore, less harsh reducing agents could be used. Using lT-MoS2 as 

starting material it should also be possible to make LixM0S2, where x is a 
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Table 2.7. Summary of attempted syntheses of A11 MoS2 (A= Li, Na, K). 

Reducing 
Agent 

n-BuLi 

11-BuLi 

NaBH4 

NaBH4 

NaBH4 

Na2S 

Na2S2O4 

Na2S2O4 

NaBH4 

l{iS/H2 

Solvent 

hexanes 

hexanes 

H2O(pH = 8) 

DMF 

EtOH 

H2O (pH= 10) 

H2O(pH = 10) 

H2O(pH= 10) 

none (solid state) 

none (solid state) 

Ratio 
(Red. Agent/2H-MoS2) 

5.0 

0.80 

5.0 

5,0 

5.0 

5.0 

5,0 

5.0 

2.5 

large excess 
of red agents 

Temperature Product" 
(Co) 

R.T. Li1,3MoS2 

R.T. (Li I .3MoS2)0.ss(MoS2)0,4s 

R.T. no intercalation 

Reflux no intercalation 

Reflux no intercalation 

Reflux no intercalation 

Reflux no intercalation 

R.T. no intercalation 

385 Na"M0S2 

400-800 KMoSl 

a Whether or not intercalation took place was determined by evaluation of the powder XRD pattemof the products. b The starting 

material for this synthesis was K2MoO4 and not 2H-MoS2• 
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substoichiometric amount of lithium (since no phase change will occur when the material is 

reduced). There are literature reports concerning the synthesis of pure l T-M0S2. 30 

A portion of l T-MoS2 synthesized by a literature procedure was reacted with O .8 

equivalents of n-buLi. The product of this reaction is shown in Figure 2.23. The product 

consists of a single phase with an interlayer spacing of -6.41 A. This interlayer distance 

corresponds very well with what had been previously observed for lithium-intercalated 

M0S2 and suggests that is the product of the reaction. Therfore, it is possible to make 

LixMo~ with anx value that is substoichiometric starting with the IT-phase. It was also 

shown that 1 T-MoS2 should be reductively intercalated with sodium ions using Na2S204 

in aqueous solution. This is the first report of aqueous phase reductive intercalation of 

M0S2. Both of these syntheses indicate that, as predicted by 00S states calculations, l T­

M0S2 is much more susceptible to intercalation than the 2H-phase. 

Extraction of Heavy Metal Ions Using ES2-Based Extractants (E = 
Ti, Ta, Sn). Other lithium-intercalated early transition-metal layered metal sulfides were 

investigated as extractants for aqueous heavy metal ions in this dissertation. Samples of 

Li 15 TiS2, Li 1.2 TaS2, and LixSnS2 were treated with 0.50 equiv. of 10.0 mM M{N03h in 

0.1 M HN03. The extraction results are summarized in Table 2.8. 

The compounds Li 1.5 TiS2. Li 1.2 TaS2, and LixSnS2 displayed a very high capacity 

for heavy metal ions. However, control extraction experiments showed that TiS2, TaS2, 

and SnS2 removed essentially the same amount ofHg2+(aq) as did their lithium-intercalated 

analogs. Several lines of evidence indicate that Hg2+(aq) was not removed by a reversible 

ion-exchange process, as was the case with LixMoS2. Figure 2.24 contains the XRD 

patterns of TiS2, Li15TiS, and the solid recovered after Hg2+(aq) was extracted using 

Li 15 TiS2. The peaks with the asterisks by them were identified as crystalline metacinnabar 

(HgS) by comparison with PDF reference files. 80 The other diffraction peaks in the pattern 

are those of native TiS2. The 001 line for Hg1.24TiS2 was not observed (20 = 
10.2°).81.82 Similarresults were obtained for Hg2+(aq) extractions using eitherLi1.2TaS2 

or TaS2 and SnS2 or LixSnS2: the 001 line for Hg1.0TaS2 (20 = 9.9°) was not 
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Figure 2.23. Powder XRD patterns of a) lT-MoS2 (Schollhorn prep) and b) 

Lio.sMoS2. The asterisks denote the internal standard Si. 
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Table 2.8. Extractions of Soft, Divalent, Heavy-Metal Ions from 0.1 M Aqueous HNO3 Using Various Intercalated and Non-

Intercalated Transition Metal Sulfide Based Solids 

M2+(aq) Material initial FJM2+ conditions [M2+(aq )Jr, MyES2 Rationaleb 

mole ratio mM recovereda 

Hg2+ Li1,sTiS2 2.0 aerobic <0.03 Hgo,sTiS2 HgS ppt. 

Hg2+ TiS2 (Aldrich) 2.0 aerobic <0.03 Hg0,5TiS2 HgS ppt 

Hg2+ Li1.2TaS2 2.0 aerobic <0.03 Hgo,5TaS2 HgS ppl. 

Hg2+ TaS2(Cerac) 2.0 aerobic <0.03 Hg0,5TaS2 HgS ppt. 

Hg2+ LixSnS2 2.0 aerobic <0.03 Hg0_5SnS2 HgS ppt. 

Pb2+ LixSnS2 2.0 aerobic <0.01 Pb0.5SnS2 PbS ppt. 

Cd2+ LixSnS2 2.0 aerobic <0.01 Cd0.5SnS2 CdS ppt. 

Hg2+ SnS2 (Cerac) 2.0 aerobic <0.03 Hg0,5SnS2 HgS ppt. 

a The stoichiometries are idealized and are intended to only show that 0.5 equiv. of M2
t (aq) was removed by the extractant. The true 

nature of the recovered material has not been fully characterized and quantified. b This determination was made by observation of 

peaks in the XRDs, of the recovered compounds, that correspond to that of the respective metal sulfide (MS) through comparison 

with PDF database files. 
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Figure 2.24. Overlay of XRD patterns for a) TiS2, b) Li15TiS2, and c) the products of 

the the reaction of Li 15 TiS2 and Hg2+(aq) in 0.lM HN03. The asterisks denote the 

diffraction peaks from crystalline metacinnabar (HgS). 
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In addition, ICP-AES analysis showed that the filtrates from Li 15 TiS2 or TiSi extractions 

contained significant amounts of soluble titanium. Finally the strong odor of H2S was 

detected whenever Li 1.s TiS2 or TiS2 were used for aqueous extractions. In contrast, when 

Li 1.3MoS2 is used to extract Hg2+(aq) (i) the XRD pattern was consistent with HgyMoS2 

and was inconsistent with MoS2 and/or HgS, (ii) ICP-AES analysis indicated a negligible 

amount of soluble molybdenum species, and (iii) the odor of H2S was not detected. 

The presence of HgS lines in the XRD patterns can be explained if s2- anions are 

formed during the extraction process. Titanium disulfide is known to undergo a 

complicated set of hydrolysis reactions. 84 One greatly simplified possible reaction is 

shown in 2.10. If this reaction, or a similar reaction, occurred to an appreciable extent 

(2.10) 

in the experiments, then a significant amount of s2- anions would have been available for 

the precipitation of HgS (Ksp - 10-50)_75 According to Table 2.8, the Hg2+(aq) 

extractions using titanium-based solids extracted all of the available Hg2+(aq). The 

extractions were performed with an initial Ti/Hg2+(aq) ratio of 2.0. It is therefore possible 

that all of the Hg2+(aq) cations originally present could be converted to HgS by the 

hydrolysis of only one-quarter of the TiSi originally present. The products of all of the 

extractions shown in Table 2.8 had powder XRD patterns that contained diffraction lines 

form the native metal sulfide (i.e. PbS, CdS, HgS). Therefore, it is likely that processes 

similar to that shown in 2.10 were occuring for all of the materials shown in Table 2.8. 

These results suggest that none of these materials or their lithium-intercalated analogs are 

viable R2ER. materials for the removal of heavy metal ions form aqueous acidic solution. 

Extraction of Heavy-Metal Ions Using LixWS2. The success of LixMoS2 

as an effective, selective, and redox recyclable extractant for heavy metals raised the 

question of whether or not this unique behavior could be extended to WSz. Tungsten 

disulfide is a group VIB dichalcogenide that adopts the MoS2 structure type. 
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Unfortunately, WS2 is not effectively lithiated by organolithium reagents under mild 

conditions. as is MoS2.47 Therefore. an alternative synthetic method was utilized. The 

method involves the solid state reductive intercalation of WS2 by LiBI4 at high 

temperatures (300 "C-400 "C) and was reported by Kanatzidis and co-workers. 8 The 

overall reaction is shown in 2.11. Using this synthetic procedure a compound with a 

lithium stoichiometry of 0.8 (Lio.sWS2) was synthesized. This compound was used 

WS2 (s) + LiBli4 (s) --> Lix WS2 + x/2 H2 (g) + x/2 B2H6 (g) (2.11) 

in aerobic extractions for Hg2+(aq) and Pb2+(aq), just as LixMoS2 was. The (([Hg2+(aq)Ji 

- [Hg2+(aq)]f)/[Hg2+(aq)Ji) value forLio.sWS2 was LOO just as it was for Li1.3MoS2 and 

0.50 for Pb2+, a value slightly higher than that observed for extractions with Li1.JMoS2 

(see Table 2.3). 

Extraction experiments were also run under maximal-metal-loading conditions (i.e., 

wfM.2.+(aq) = 2.0 and M2+(aq) = 10.00 mM) with Lio.sWS2. Under those conditions the 

solids Hgo.43 WS2 and Pbo.24 WS2 were obtained. Both of these included metal 

stoichiometries were higher than those observed with Li1.JMoS2 (0.39 and 0.16 

respectively). These metal-included WS2 compounds have similar properties as their MoS2 

analogs. For example, the a do01 for both compounds is nearly identical to that observed 

for their Mo analogs. In addition, both compounds undergo an irreversible exothermic 

phase transition when heated and the position of that transition depends on the identity of 

the included metal ion, just as it does with the MoS2 analogs. Finally, the DSC of 

Hgo.43 WS2, which is shown in Figure 2.25, is very similar to that of Hgo_39MoS2 in that 

both displayed an endothermic phase transition at -350 °C that is likely that of elemental 

mercury. Therefore, Hgo_43WS2 can also be heated to give elemental mercury and pristine 

WS2. 
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Figure 2.25. DSC scan of Hgo_43WS2- Note the presence of the sharp endothermic 

peak at ~350 °C that is likely due to the vaporization of elemental mercury (b.p. = 357 °C)_ 
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The mercury stoichiometry of Hgo.43 WS2 is very interesting in that it represents 

complete exchange of all of the intercalated lithium ions in Lio.sWS2 for mercury ions. 

Therefore. there can be no H2 evolution by Lio.s WS2 when it is contacted with 0.1 M 

HNO3 if the Hg2+(aq) extraction takes place by the same mechanism as established for 

Li1.3M0S2 (see above and Chapter 3). However, there is significant H2 evolution which 

suggests that more Hg2+(aq) equivalents are taken up by Lio.s WS2 than can be accounted 

for. This is possible if the material undergoes hydrolysis for form sulfide anions which 

precipitate as HgS(s). This has been observed previously for LixESz ( E = Ti, Ta, Sn) 

extractants. However, the XRD of Hgo_43 WS2 does not indicate the presence of crystalline 

HgS as is the case in the extractants with other LixES2 (E = Ti, Ta, Sn) solids. This 

represents an interesting dilemma. 

The contradictory results above can be explained by first considering the reaction in 

2.11. According to this reaction one of the by products of the synthesis is H2(g). 

Molecular hydrogen has been shown to reductively intercalate M0S2 at high 

temperatures.85,86 It is likely that the production of H2(g) at the temperature of the 

synthesis (350°C) provides another reducing agent that could reductively intercalate the 

WS2 solid further. Therefore, the true stoichiometry of the compound is likely 

Lio.sHx WS2. It is possible that the additional reductive equivalents of protons are why the 

stoichiometry of the mercury-included solid is confusing. These issues would likely be 

best addressed in a mass balance experiment where the equivalents of mercury removed are 

compared to the equivalents of lithium and protons that are released. The metal ions 

exchanged could be monitored by ICP-AES and the protons released could be monitored 

by pH measurements or by a strong acid-base titration. Nonetheless, these crude results 

for Lix WS2 indicate that it has the strong potential to be an effective, selective, and redox­

recyclable extractant like LixMoS2. 
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Conclusions 

The results presented in this chapter demonstrate that two lithium-intercalated 

transition metal dichalcogenides, LlxES2 (E = Mo, W), can be effective, selective, and 

redox-recyclable ion exchange materials that are selective for the removal of soft heavy 

metal ions from aqueous acidic solution. One material, LlxM~ was demonstrated to 

remove up to 580 mg Hgfg of extractant and was recyclable through at least five complete 

cycles of activation, extraction, deactivation, and recovery when the extraction was 

performed under anaerobic conditions. Heat treatment of the mercury-included MoS2 

resulted in an entropy driven internal redox-reaction where the negatively-charged MoS2 

host layers reduced the included guest ion Hg2+ to elemental mercury which was 

subsequently volatilized leaving deintercalated MoS2 behind. Up to 96% of the included 

mercury could be removed by this method. 

The material, LixM0S2, was also demonstrated to be an effective extractant for 

other heavy metal ions such as Pb2+, TI+, Ag+, Cu2+, and Cd2+_ In addition, the capacity 

of LlxMoS2 for the removal of these ions from solution depends upon whether the 

extraction was performed under aerobic or anaerobic conditions. The capacity of this 

material for metal ions does not depend on contact time between the extractant and solution 

and indicates that the ion exchange that occurs is likely very rapid. Heat treatment of the 

silver- and lead-included materials results in the deintercalation of the solid and the 

formation of crystalline silver and lead respectively. 

LlxM0S2 was demonstrated to be an effective and selective extractant in ~everal 

relevant waste stream simulants. However, LlxM0S2 is not stable in extraction solutions 

that contain high levels of nitrate ion and therefore, is a very poor extractant under these 

conditions. 

Lio.s WS2 was also demonstrated to be an effective and recyclable extractant for 

Hg2+(aq). The mercu..ry-incluc!ed compound Hgo.43 WS2 h"berates metallic mercury upon 

heating under a dynamic vacuum, like Hgo_39M0S2. There are some results that suggest 
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that indicate that protons may also be intercalated in Lio.s WS2 which warrants further 

characterization of this material. 

The synthesis of LixMoS2 ( x ~ 0.8) was attempted using 2H-MoS2 and n-buLi. 

Powder XRD results suggest that these syntheses resulted in biphasic products of LixMoSi 

and 2H-M0S2 instead of the formation of a single phase of substoichiometric LiMoS2. The 

lithium or sodium intercalation of 2H-M0S2 was attempted with several other reducing 

agents under a variety of different conditions with very limited success. 

The lithium-intercalated materials LixESi (E = Ti. Ta, Sn) were also evaluated and 

were found to be unsuitable R2ER materials. All of these materials undergo significant 

decomposition in 0.1 M HNO3. This situation was deceiving because their decomposition 

results in the evolution of sulfide anions which precipitated the heavy metal ions from 

solution. Therefore, the materials displayed high affinities and capacities for the removal of 

heavy metal ions from solution. It was only through the characterization of the heavy­

metal-laden extractants that this process was deduced thus, underscoring the critical role 

characterization must play in these studies. 
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Chapter 3 

Elucidation of the Mechanism of Heavy-Metal Ion Removal by 

LixM0S2 Using X-ray Absorption Spectroscopy (XAS) and Mass 

Balance Experiments 

Introduction 

The 1986 discovery by Gee and co-workers that transition-metal ions could be 

intercalated into M0S2 through the exfoliation and flocculation of LiM0S2 in aqueous 

solution was a major breakthrough in synthetic M0S2 intercalation chemistry.1 Previously, 

the only species that had been intercalated into M0S2 were alkali metal cations through high 

temperature synthesis involving the elements.2 This new synthetic route has allowed the 

intercalation of various metal cationsl, polymers3,4, metallocenes5,6, and metal 

chalcogenide7 and oxide clusters8 into M0S2 under relatively mild conditions. This has 

resulted in the synthesis of many new materials and the production of a large number of 

scientific publications. Even though there has been active research in this area for the past 

14 years, there are still fundamental questions about the mechanism of M0S2 inclusion 

chemistry. Although many of these questions were posed in the seminal papers, the 

authors have left the questions to speculation and have proven little through 

experimentation. 

For example, various authors at different times have postulated that the MoS2 layers 

in inclusion complexes are either charged or neutral. 3,8 Some have speculated that included 

metal ions are present with charge balancing counterions 1 and still others suggest that the 

metal ions are counterbalancing the negative charge on the layers.6,9-12 Some 
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experimentation has been designed to more completely answer these questions but it is 

incomplete. I2 Therefore, the question of whether the layers are charged or neutral has still 

not been completely addressed. In addition, few studies have addressed the issue of the 

effect of molecular oxygen on the process. Most of the previous studies were done under 

aerobic conditions. It is well known that LlxM0S2 is highly susceptible to oxidation. 

Therefore, it is likely that a species such as molecular oxygen may play a integral role in its 

aerobic chemistry, but no studies have yet addressed this.13 And finally, what role, if any, 

do the lT- and 2H-polytypes of lVIoS2 play in this unique chemistry? All of these are 

questions that were addressed in this dissertation. 

One of the goals of the research reported in this dissertation was to more completely 

understand the mechanism of metal ion removal by LlxM0S2 in aqueous solution. The 

previous chapter has demonstrated that this material is a promising material for the 

effective, selective, and redox-recyclable removal of heavy metal ions from aqueous 

solution. However, without detailed knowledge of the processes that are involved in ion 

removal by this material, any attempt to improve or modify it can only be accomplished by 

random trial and error methodology. 

A ciassic approach to understanding the mechanism of an ion-exchange reaction is 

to perform mass balance studies.14,15 By accounting for all of the species before the 

reaction and all of those gained or lost during the process, one can more definitively 

investigate possible mechanisms. However, mass balance on the LlxMoS2 extraction 

system is challenging as gaseous, dissolved, and solid species must all be accounted for. 

In this respect, the experiments reported here are unique. 

There are three possible mechanisms of ion removal that will be specifically 

addressed in this chapter. They are (1) the process is simply ion exchange between the 

cations in solution and the negatively charged lVIoS2 layers, (2) the removal of cations 

involves the simple adsorption of a counterion with the cationic species, and (3) LixMoS2 

acts as a strong reducing agent that reduces the metal ions to their elemental forms which 

precipitate out of solution. To completely address the issues discussed above there is a 

112 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

crucial need for knowledge of both the oxidation state and coordination environment of the 

host material and guest ions. In the absence of a single crystal X-ray structure, this type of 

information can be gained through X-ray absorption spectroscopic (XAS) methods. 

A great deal of useful chemical information can be gained from both polycrystalline 

and amorphous samples by using XAS analyses. The coordination number, neighbor 

identity, oxidation state, as well as neighbor distances can be obtained for a desired X-ray 

absorbing atom in a sample using XAS.16 Historically XAS has been applied to biological 

systems in order to characterize metal and metal clusters in, which typically have very low 

crystallinity.17 More recently, this technique has been successfully applied to characterize 

both the host and guest species in metal-included MoS2 compounds.6,18-21 

When exposed to an X-ray photon source, most atoms in the periodic table display 

an X-ray absorption spectrum (XAS) like that shown in Figure 3.1.22 The absorption is 

due to the ejection of a core level electron in the absorbing atom by the incoming X-ray 

photon. The spectrum in Figure 3.1 contains three specific regions, two of which are of 

specific interest. The first region, called the X-ray absorption near edge structure 

(XANES), occurs -50 eV before and after the absorption edge.16 The XANES region of 

the spectrum is sensitive to both the coordination environment and oxidation state of the 

absorbing atom.23 

The second region, called the extended X-ray absorption fine structure (EXAFS) 

region starts -50 eV above the absorption edge and consists of undulations in the 

absorbance values with increasing energy (see Figure 3.1). These undulations are called 

the fine structure of the spectrum and are brought about by oscillations in the absorption 

coefficient. The oscillations are caused by the constructive and destructive interference of 

the photoelectron wave emitted from the absorbing atom, which is subsequently 

backscattered by neighboring atoms (ligands). The fine structure can be enhanced by 

background fitting methods and decomposed into its fundamental components through 

Fourier transform techniques. Through the comparison of the components to those for 
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region. 

114 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

More specifically, extended X-ray fine structure analyses (EXAFS) can be used to 

detect the presence of both the IT- and 2H-phases of M0S2. Each phase has a distinct 

EXAFS transform with sufficiently different Mo-Mo interaction distances that allow 

identification of each phase. Curtis and co-workers have determined that lithium­

intercalated M0S2 is made up of layers of M0S2 in the IT-phase.6 In the IT-phase, a 

structural distortion is induced in the material to form Mo3 trimers. This formation gives 

rise to two distinct Mo-Mo distances of -2.8 A and -3.8 A which are very different than 

the single Mo-Mo distance of 3.I6 A seen in EXAFS transforms of the 2H-pbase. I8 They 

have also determined that exfoliated and restacked M0S2 contains a mixture of both the IT 

and 2H phases in it. In addition, the EXAFS analyses of Co2+-intercalated M0S2 were 

used to elucidate the coordination environments of both the host (Co2+) and guest metals 

(Mo). This study demonstrated that the M0S2 layers of the co2+-intercalated host material 

also had a mixture of both the IT- and 2H-phases. 

EXAFS has proved useful in the other studies of metal-included M0S2 compounds. 

Zubavichus and co-workers have characterized the coordination environment of the host 

guest metals in several metal-included MyM0S2 (M = co2+, Mn2+, Ru2+, Ni2+) 

compounds.19-21 However, according to these studies, the M0S2 layers of the Co2+_ 

included material are only present as the 2H-phase. The difference between this study and 

Curtis' has been attributed to different thermal histories for the two compounds (remember 

that thermal treatment of the IT-phase induces the transformation to the 2H-phase). 

Interestingly enough, in this study the Mn2+-included compound had Mo EXAFS 

indicating only the 2H-phase also. However, both the Ru2+- and Ni2+-included material 

had Mo EXAFS that indicated a mixture of the two phases. 

The IT-phase of M0S2 has been reportedly observed in exfoliated and restacked 

M0S2. 4,6,9 It has also been reported to exist via a different synthetic route developed by 

Schollhom.24 More recently, electron diffraction studies have shown the presence of a 

superstructure in both compounds; however, the superstructures are not identical. 25-27 
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The lT-phase of M0S2 has been reportedly observed in exfoliated and restacked 

M0S2.4•6•9 It has also been reported to exist via a different synthetic route developed by 

Schollhom.24 More recently, electron diffraction studies have shown the presence of a 

superstructure in both compounds; however, the superstructures are not identical.25-27 

Therefore, it is increasing likely that both compounds, previously called "1 T-M0S2", have 

slightly different structures and properties. The difference in the two polytypes resides in 

the arrangement of the Mo atoms in the layers. In the restacked material, the Mo atoms 

have shifted relative to 2H-M0S2 to form zigzag chains of close Mo-Mo contacts (-2.8 

A.).27 In Schollhom's lT material the Mo atoms have shifted, relative to 2H-M0S2, to 

form close Mo-Mo contacts in M03 trimers. Both of these structural changes lead to a 

distorted octahedral environment around the Mo atoms and the similarity of the 

environments in each material likely led to their classification as the same phase. However, 

in the absence of a classification of a new phase of M0S2, this dissertation will refer to both 

of these materials as existing in the IT-phase. This distinction is only made to indicate that 

their interlayer bonding arrangement consists of more direct metal-metal interactions than in 

the 2H-phase. 

In this chapter, a discussion of the mechanism of ion removal by LixM0S2 using X­

ray absorption spectroscopy (XAS) techniques as well as detailed mass balance studies on 

the extraction system will be presented. From the results of these studies, it appears as 

though the ion removal by Ll1.3MoS2 occurs by an ion-exchange process. In the course of 

these studies, a new extractant material, Lio.1oHo.12M0S2, was discovered and its capacity 

and selectivity for the uptake of heavy metal ions was evaluated. It was also shown that the 

material known as pure l T-M0S2 developed by Schollhom likely contains intercalated 

protons and can be more accurately be represented as HxMoSz. With these new results, 

concerning proton intercalated M0S2 presented herein, it seems likely that the "lT-phase" 

of M0S2 only exists when the layers are negatively charged. Therefore, when M0S2 exists 

in this phase, it is an active extractant for heavy metal ions. Heat treatment or aging in air 
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causes the lT-MoS2 phase to change to the 2H polymorph. This phase change occurs 

because the layers become oxidized back to neutral M0S2 thus, making the material an 

ineffective extractant. The implications of these hypotheses are used to rationalize some 

previous contradictions in the literature. 

Experimental Section 

Hydrogen evolution experiments were performed using a specially designed 

vacuum-tight flask with two chambers, which is shown in Figure 3 .2. 28 The inner 

chamber was loaded with the appropriate aqueous solution and thoroughly degassed by 

three freeze(-196°C)-pump-thaw (F-P-T) cycles. The outer chamber of the apparatus was 

then loaded with a weighed sample of Lix.MoS2 in the glove box. After nitrogen gas was 

removed from the outer chamber by evacuation on a high-vacuum line(~ 104 Torr), the 

two chambers were connected by opening a teflon valve connecting them and the solid and 

liquid phases were vigorously mixed by shaking at 25°C. The apparatus was reattached to 

the vacuum line and the pressure inside the apparatus resulting from hydrogen gas 

evolution and water vapor, was measured using a Baratron model 122A electronic 

manometer. The pressure of hydrogen in the apparatus was determined by subtracting the 

known vapor pressure of water at 25°C from the total pressure (the solubility of hydrogen 

in water is negligible )29. and the amount of hydrogen gas evolved was calculated using the 

ideal gas law. Identical hydrogen evolution results were obtained in an experiment using a 

Toeplerpump attached to two cold traps (-196°C) in line with the apparatus. The captured 

non-condensable gas was identified as H2 by gas chromatography. 

Mass balance experiments with Lit.3M0S2• Mass balance experiments 

using Li 1.3MoS2 with both 0.1 M HNO3 and 22.5 mM Ag+/0.1 M HNO3 were performed 

as follows. Exactly 20.00 ml of either aqueous solution was delivered to the H2 evolution 

apparatus shown in Figure 3.2 with an Eppendorf 10.00 ml repipettor. The H2 evolution 

apparatus was then attached to a high vacuum line where the aqueous solution 
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Figure 3.2. Hydrogen evolution apparatus. 
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was subject to three F-P-T cycles. After the third F-P-T cycle there was no observable 

change on the display of the cold-cathode-gauge indicating that essentially all of the 

dissolved gases in the aqueous solution had been pumped away. The H2 apparatus was 

then taken off of the high-vacuum line and cycled into a dry N2 atmosphere box. In the dry 

box a known portion ofLi1.3MoS2 was weighed out and delivered to the side arm of the H2 

evolution apparatus. The valve between the side are of the H2 apparatus and the o-ring arm 

was closed and the apparatus was taken out of the box and reattached to a MKS Baratron 

electronic manometer. After evacuation of the side arm region of the apparatus the valve 

between the side arm region and the region containing the aqueous solution was opened and 

the solution and solid were allowed to mix. The apparatus was taken off the line and 

agitated. by hand, for several minutes until suitable mixing had occurred. During the 

agitation portion of the experiment the valve connecting the side arm region of the apparatus 

and the O-ring arm was kept tightly closed. After agitation, the appar-dtus was reattached to 

the manometer and the o-ring arm and manometer portions of the experimental set up were 

evacuated. After evacuation, the valve connecting the side arm portion to the electronic 

manometer was opened and the pressure inside the apparatus was measured. The apparatus 

was submerged in a constant temperature bath. up to the region enciosed by the valve 

separating the main portion of the apparatus from the side arm-portion and held at 20°C. 

The mixture was stirred using a telfon stirbar and a magnetic stirrer. The reaction was 

allowed to equilibrate and the pressure was measured until the pressure readings became 

relatively constant (usually a period of 4-6 hours). 

Recovery of the solution and solid from the mass balance experiments described 

above was performed as follows. The solid-liquid mixture from the H2 evolution apparatus 

was transferred to a clean dry Schlenk flask, under a N2 purge using a double-tipped 

stainless steel cannula. The mixture was then filtered through a glass fritted Schlenk 

apparatus under a N2 purge. The filtrate was then exposed to air and diluted to 25.00 ml 

using deionized distilled water. The solid was left on the frit and dried, under vacuum, at 
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room temperature for 16 hours. The dried solid was then recovered and stored in a drybox 

atmosphere. 

Weighed portions of the dried solid were digested in aqµa regia and diluted to a 

constant volume with deionized distilled water. The lithium and molybdenum 

concentrations in the digestate of the solid were determined using inductively coupled 

plasma-argon emission spectroscopy (ICP-AES). Calibration curves were constructed 

from standards prepared with Ll2CO3 and (NH~~o7O24, respectively. The 

concentrations of the standards used were 0.500 mM. 1.000 ~ 2.500 mM, and 5.000 

mM, respectively. The wavelengths of the emission lines monitored were 670.781 nm for 

lithium and 203.030 nm for molybdenum. For the ICP-AES analyses of each sample five 

replicates were performed. One standard solution was run after every six samples to check 

the calibration. After ever ten samples one sample was run again to verify its 

concentration. The filtrate form the experiment was analyzed for both lithium and silver, in 

the Ag+ mass balance, by ICP-AES. The procedure for these analyses was identical to that 

described above. The silver emission line monitored was at 328.068 nm. 

The ff+ ion concentrations in the filtrates were determined by a strong-acid (HN03) 

strong-base (NaOH) titration. The concentration of the base that was used to titrate the 

filtrate was -0.02 M NaOH. The base was standardized by titrating aqueous solutions with 

known amounts of dissolved dried potassium hydrogen phthalate (KHP) and using three 

drops of 1 % phenolthaline indicator solution (50/50: water/EtOH by volume) according to 

standard methods.30 The base was standardized immediately before titrating any filtrate 

samples. A minimum of three KHP samples were titrated for each standardization and the 

results were averaged. The KHP was from J.T. Balcer and was dried for 2 hours at ll0°C 

and stored 1n a dessicator. 

The procedure used for determining the ff+ ion concentration in each filtrate was as 

follows. A 5.0 ml aliquot of the filtrate was delivered to a clean 250 ml Erlenmeyer flask 

with a calibrated glass pipette. Approximately 50 ml of distilled deionized water was added 
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to the flask with a graduated cylinder. Three drops of the l % phenolthaline indicator 

solution was added to the flask. Base ( -0.02 M) was added to the flask. that was 

constantly swirle~ from a graduated burette. The flow rate of base used did not exceed 

20ml/min. A sheet of white paper was placed underneath the titration flask to more clearly 

discern the endpoint. The endpoint was reached when the color of the aqueous solution 

turned light pink, and staye~ that color for more than 15 seconds, with constant swirling. 

The volume of based used for each titration was typically between 8 and 20 milliliters. 

The acid-base titration method was use~ instead of determination by a pH probe, 

for these samples because they contain high levels of dissolved lithium. It has been shown 

that lithium ions are an interference for accurate determination of pH. 30 This is to be 

expected as lithium ion and the hydrogen ion are both small and univalent cations. 

Therefore, the use of a pH probe to determine the ff+ ion concentration in the mass balance 

experiments involving Li 13MoS2 might have introduced some unnecessary error. 

Mass Balance With Lio_10H0 _72MoS2. Mass balance experiments were 

performed using Li0_1oHo_72MoS2 in 1.00 mM Ag+-/ 0.0001 M HNO3, LOO mM Ag+-/0.1 

M HNO3, 1.00mMMg2+/0.0001 M HNO3, and 1.00 mM Hg2+/0.l M HNO3 solutions. 

The salts used to make extraction solutions were as follows: for silver AgNO3 (Aldrich), 

magnesium: MgC12 (J. T. Baker), mercury; HgO (J. T. Baker). Typically, a known 

portion ofLio.ioHo.12M0S2 (usually 0.032g) was mixed with a precise volume (40.00 ml) 

of one of the aqueous phases listed above such that the MoJMil+ mole ratio was 5.0. The 

experiments were performed in an oxygen-free wet glovebox. The mixture was then 

stirred for a prescribed time (between 2 and 6 hours). The mixtures were then filtered 

through a fritted glass funnel inside of the glovebox. After filtration, the filtrate and solid 

were removed trom cne gioveoox. ana ex.posed to air. The filtrates were then diluted ro 

50.00 ml with deionized distilled water. Mass balance experiments were performed with 

1 T-MoS2 prepared according to Schallhorn identical to those descn"bed above except that 

the ~1oJMn+ mole ratio was 2.0 and the extraction solution was 10.()0 mM in MD+ (aq). 
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Metal ion concentrations were determined by ICP-AES by standard procedures. 31 

The hydrogen ion concentrations were determined using a pH meter. The pH meter used 

was an Orion 720A with a standard H + ion glass electrode. The pH meter was cah'brated 

prior to each use, according to the operation manual, using two buffer solutions, one of pH 

= 4 and the other of pH = 7. The pH meter was used in these mass balance experiments 

because the lithium concentrations were low, compared to the mass balance experiments 

with Li 1.3MoS2. 

Determination of Mass Change of Hg0_39M0S2 Under Dynamic 

vacuum. A portion of the compound Hg0_3gMoS2 was put under vacuum for a long 

period of time to determine if any HgO was present in the compound. Presumably if any 

HgO were present it would volatilize, under these conditions, and the mass would change. 

The compound Hgo_3gMoS2 was subject to constant vacuum treatment at room temperature 

for -2 weeks. Periodically the vial containing Hg0_3gMoS2 was removed from the 

apparatus and weighed using an analytical balance. It was at this point, that a small portion 

of the sample was taken and digested in aqua regia. The resulting digestate was analyzed 

by ICP-AES for both mercury and molybdenum to determine if the stoichiometry of the 

Hgo_39M0S2 compound changed. 

Preparation of Li0 _10H0 _72MoS 2 . Samples of the compound with the 

stoichiometry, Lio.ioHo.72MoS2, were prepared as follows. A portion of the compound 

Li 1.3MoS2 was weighed out in a N2 glovebox. The vessel containing the compound was 

stoppered and removed from the glovebox. It was then taken into the oxygen-free wet 

glovebox where it was promptly mixed with degassed 0.1 M HNO3, in a ratio 

corresponding to 200ml of solution/lg of Li 1.3MoS2. The mixture was vigorously stirred 

for 2 hours and then filtered through a fritted glass funnel in the glovebox. The recovered 

solid was then transferred to a Schlenk flas~ in the glovebox, and dried under vacuum at 

room temperature for -16 hours. The dried material was stored under an inert atmosphere. 
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Preparation of samples for X-ray absorbance spectroscopic (XAS) 

analyses. Several of the intercalated compounds were analyzed by XAS. The XAS 

spectra of both the guest metal ion and the host metal of the respective metal chalcogenide 

were recorded and analyzed. The physical preparation of samples for analyses was 

performed as follows. An appropriate mass of each compound (for each metal atom 

analyzed (i.e., either Hg, Ag, or Mo) was weighed out (see Appendix B for a discussion of 

the determination of an ••appropriate amount"). All of the compounds used were fine 

powders to ensure a uniform distribution in the sample holder. The compound was then 

mixed and ground in a mortar and pestle with enough polystyrene beads to ensure that the 

mixture could be packed into the 5 x 20 mm slot in the aluminum sample holder (see 

Appendix B for a diagram of the sample holder). A piece of Kapton tape was put over one 

side of the aluminum sample holder making a uniform window. The sample/polystyrene 

mixture was poured into the slot and packed well. Another piece of Kapton tape was 

applied to the other side of the sample holder to make a tight seal. 

The experimental details of X-ray absorption spectroscopy (XAS) analyses are as 

follows. Appropriate amounts of the studied compounds were mixed with polystyrene 

beads in order to give an edge jump of -1 across the Mo or Ag K-edges or the Hg Lm 

absorption edges. All subsequent analyses and data fitting was perfomed by Dr. Patrick G. 

Allen (Lawrence Livermore National Laboratory). All spectra were acquired at room 

temperature in transmission mode at the Stanford Synchrotron Radiation Laboratory 

(SSRL) on wiggler beamline 4-1 (unfocused) using a Si(220) double-crystal 

monochromator. Harmonic rejection was achieved by detuning the monochromator by 

50% relative to the maximum incoming flux. measured in Io. The data were calibrated by 

simultaneously measuring spectra for Mo foil or HgCI, defining the first inflection points at 

20003.9 and 12285 eV, respectively. 

EXAFS and XANES data reduction was performed by standard methods using the 

suite of programs EXAFSP AK developed by G. George of SSRL. Data reduction 
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included pre-edge background subtraction followed by spline fitting and normalization 

(based on the Victoreen falloff) to extract the EXAFS data above the Mo and Hg threshold 

energies, E0 , defined at 20020 and 12305 eV respectively. Curve-fitting analyses were 

performed using EXAFSP AK to fit the raw k3-weighted EXAFS data. The theoretical 

EXAFS modeling code, FEFF7, of Rehr et al. 32 was used to calculate the backscattering 

phases and amplitudes of the different neighboring atoms which were included in the fits. 

All of the fits, included only single scattering interactions calculated from the model 

compounds MoS2, HgS, HgCl2, and Hgz02. 

Results and Discussion 

Mass balance studies with Li1.3MoS2. A mass balance study was 

performed to more precisely determine the mechanism of ion removal using Lii.3~foS2 in 

acidic solution. The first mass balance experiment involved the exfoliation and flocculation 

of Ll 1.3M0S2 in 0. IM HN03 under anaerobic conditions. The details of the experimental 

conditions and the determination of the H2 evolved, the Li+ ions released, and the H+(aq) 

removed from solution by Li 1.3~foS2 are discussed in the experimental section of this 

chapter. The results of the mass balance experiments with Li1.3M0S2 are shown in Table 

3.1. 

Several aspects of this data warrant further discussion. The data indicate that only 

0.24 equivalents of H2(g) was made by Li1.3M0S2. This is less than the maximum 

theoretical amount of 0.65, that would have been evolved if the [MoS]l.3- layers were 

completely discharged (oxidized) to give neutral M0S2. This experiment was performed 

under anaerobic conditions: therefore. the solid could not have been oxidized further by 

molecular Oz. The hydrogen evolution results suggest that there is still a considerable 

amount of negative charge on these layers and therefore, there must be charge balancing 

cations present in the flocculated solids. 
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Table 3.1. Mass balance results for the exfoliation of Li 1.3MoS2 in 0.1 M HNO3. 

0.1 MH+(aq) 
LiuoM0S2(s)------► 

Trial# 

l 

2 

3 

a 

0.87 

0.92 

0.91 

b 

0.69 

0.76 

0.70 

C 

0.48 

0.46 

0.48 

d 

0.10 

0.0i 

0.06 

initial conditions: 1.886 mmol ff+ initially present as 0.1 M HNO3(aq); 

a = mmol Li 1.3oM0S2 

e 

1.27 

1.29 

1.24 

b = (l.886 mmol ff+)-(mmol ff+ measured in titration) - (2 x mm.al H2 evolved))+ a 

c = (2 x mmol ff2 evolved) + a 

d = Li stoichiometric value in recovered solid Lit#{,,MoS2 

e = b + c + d (theoretical value is 1.30) 
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ICP-AES measurements of the digestates from aqua regia digests of the recovered 

flocculated solids from this experiment indicate very little lithium present in the solid. It 

seems that this result contradicts the hydrogen evolution result. However, one must take 

into account the fact that this experiment was performed in acidic media. Therefore, it is 

possible that H+ ions could also be present in the solid. The removal of protons from 

solution is not only achieved by their incorporation into the solid but also through the 

formation of hydrogen gas which is a factor that must be accounted for. The detection of 

protons is relatively straightforward when a glass pH electrode is used. Unfortunately, this 

type of pH detection suffers from interferences of high levels of lithium ions in solution, a 

situation that is likely present in these samples. Instead, a simple strong acid-strong base 

titration with a phenolphthalein indicator was used to determine the concentration of ff+ 

ions in these experiments. 

According to the titration data, the number of protons removed from solution by the 

exfoliation/flocculation of Li 1.3M0S2 in 0.1 M HNO3 was much greater than can be 

accounted solely by the evolution of hydrogen (see columns band c in Table 3.1). The 

titration data show that - 0.72 extra equivalents (in addition to those consumed in the 

production of 0.24 equivalents of H2) were removed in the experiment. Interestingly 

enough, this value, 0.72, is quite close to that of ~.82, the residual negative charge left on 

the layers of M0S2 calculated from the hydrogen evolution results. If these "missing" 

protons were taken up by the solid, then the balance of the original ~.82 equivalents, 

should be ~.10, and made up by lithium ions (the only other cation in solution) in the 

solid. The ICP-AES results for the aqua regia digests of the recovered flocculated solid 

show a lithium content of - 0.08 (average value). This agreement is remarkable as 

essentially all of the ionic species (H+ and Li+) and their fates are accounted for and 

represencs a ciear mechanistic picrure oi wi:tac happens to iichium ions and protons when 

Li1.3M0S2 is exfoliated in 0.lM HNO3. 

In summary, when Ll1.3M0S2 is placed into 0.lM HNO3 the material reduces some 

protons in the solution to molecular hydrogen. The evolved gas helps to exfoliate the bulk 
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MoS2 into single layers. It had been widely speculated that these layers still posses 
negative charge and these ex!)eriments prove that they do. The negatively charged layers 
undergo rapid ion exchange with the protons in solution. In this ion-exchange reaction 
most of the lithium ions still associated with the negatively charged layers are exchanged 
for protons. These experimental results are the strongest and most complete pieces of 
evidence of negative charge existing on the MoS2 layers afterexfoliation and flocculation in 
acidic media and help put to rest previous speculation. These experiments have given a 
great deal of insight into the processes of exfoliation and flocculation. However, to more 
completely understand the mechanism of heavy metal extraction similar mass balance 
extractions were performed for the extraction of silver ions by Li1.JM0S2 the results of 
which are presented in Table 3 .2. 

The conditions for this series of mass balance experiments were nearly identical as 
those for the experiments discussed above with the exception that 0.5 equivalents of 
Ag+(aq) ions were present in the 0.1 M HNO3 solution. As expected, there were some 
differences between the data collected in these experiments and the previous ones. First, 
fewer equivalents of hydrogen were evolved in this experiment (0.14(2) as compared to 
0.24(3)). This is likely a consequence of the silver ions in the extraction solution. The 
presence of these soft chalcophilic cations in solution and their rapid ion exchange into the 
negatively charged MoS2 layers likely helps stabilize a higher negative charge on them than 
the protons do in the first experiment. If the presence of the silver ions in the solid helps 
maintain a higher negative charge on the layers, then fewer of its reducing equivalents 
would go into making hydrogen and hence less hydrogen would be evolved. 

As with the first experiments, the number of equivalents of protons removed from 
solution was larger than that can be accounted for by the evolved hydrogen. However, this 
difference is not as large as it was in the first experiments. The results of the titration 
experiments indicate that ~0.52 additional equivalents of protons were removed from 
solution. In these experiments, there were silver ions that could compete, and most likely 
effective displace protons from the solid. The compoundLi1.3M0S2 has a very high 
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Table 3.2. Mass balance results for the ex foliation of Li 1,3MoS2 in 0.0225M Ag+(aq)/0.1 M HNO3. 

Trial# a b C d e f 

1 0.83 0.51 0,54 0.26 0.03 1.34 

2 1.02 0.53 0.44 0.28 0.02 1.27 

3 0.96 0.55 0.47 0.30 0,03 1.35 

4 0.82 0.50 0.55 0.26 1.31 

5 0.92 0.49 0.49 0.30 1.28 

initial conditions: 1.886 mmol ff+ initially present as 0.1 M HNO3(aq); 0.447 mmol Ag+ initially present in first five exps. as 

AgNO3 

a = mmol Li 1.30MoS2 

b = (1.886 mmol H+)- (mmol H+ measured in titration)-(2 x mmol H2 evolved))+ a 

c = (mmol Ag+) + a 

d = (2 x mmol H2 evolved)) + a 

e = Li stoichiometric ratio in recovered solid LieHbMoS2 

f = b + c + d + e (theoretical value is 1.30) 
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affinity for silver ions and therefore. those ions should be selectively incorporated into the 

solid. This is indeed the case as the results column c of Table 3.2 indicate that all of the 

available silver equivalents were taken up by the solid. The sum of the silver and proton 

equivalents removed was 1.02 equivalents and is essentially equal to the amount of 

negative charge left on the layers after exfoliation, that was calculated from the hydrogen 

evolution results. Again. this mass balance agreement is remarkable (see column f) and 

indicates that the removal of silver metal ions from acidic media by Li1.3~foS2 occurs 

through an ion exchange process. 

The mechanistic study was intended to more completely understand the processes 

involved in the extraction of heavy metal ions from acidic solution by Li1.3M0S2. The 

hope was that this understanding would allow modification and or improvement of any 

future extraction parameters or materials. This study has accomplished this goal. Before 

this series of experiments. there was no evidence that the compound Lio.1oHo.12M0S2 

existed, although it had been speculated. Once it was determined that this compound 

existed and could be isolated, naturally questions about its extraction capacity and 

selectivity were raised. According to its stoichiometry. the compound has a sufficient 

number of presumably exchangeable cations present in it (H+, and Li+) to, in theory, 

extract significant amounts of heavy metal ions from solution. The M0S2 layers are still 

negatively charged and therefore, they should be selective for heavy metal ion removal. 

The benefit of such an extractant is that it will not produce hydrogen in its extraction step 

(the material has already been exfoliated). As stated several times previously, one of the 

major limitations of using Li1.3M0S2 is the fact that it produces hydrogen. But successful 

application ofLio.1oHo.12M0S2 as an extractant would eliminate this problem. With this in 

mind. the extraction capacity of this material was evaluated in a series of experiments. 

The compound Lio.1oHo.12M0S2 was prepared as described in the experimental 

section of this chapter. Silver ion extractions were performed with this material 

(Mo/Ag+(aq) = 2.0: [Ag+(aq)] = 10.00 mM) under anaerobic conditions for a period of 6 

hours. ICP-AES measurements of the extraction filtrate indicated that the material removed 
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significant portions of Ag+-(aq) ions from solution. the calculated silver-ion stoichiometry 

was Ago.32M0S2 for these extractions. Figure 3.3 is an overlay of the XRD patterns of 

Lio.1oHo.12M0S2 and the products of its extraction reaction with Ag+(aq) ions. One can 

see that the 001 reflection of the sil·:er-Iaden material has moved to a significantly larger d­

spacing value than that for the 001 reflection of Lio.1oHo.12MoS2 (the change in the 

interlayer distance is - 0.8 A). This intralayer increase is very close to that observed when 

silver-intercalated M0S2 is made from Li1.3MoS2 by the exfoliation/flocculation method. 

Lio.1oHo.12:tvioS2 was also shown to extract Hg2+ from solution. 

The material Lio.1oHo.12MoS2 undergoes an exothermic phase transition at -105°C, 

as determined by DSC analysis. It has been generally accepted that exothermic phase 

transition of exfoliated and restacked M0S2 compounds corresponds to the lT to 2H phase 

transition of the material. The effect this phase transition has on the extraction properties of 

Lio.1oHo.12M0S2 was investigated. A portion of Lio.1oHo.12M0S2 was heated to - 130 

°C, under an N2 purge, in an oil bath. This heat-treated material was then used in 

extraction experiments identical to those descn"bed in the previous paragraph. ICP-AES 

analyses of the extraction filtrates from these experiments indicated that essentially no 

Ag+(aq) ions were removed from solution by the heat-treated Lio.1oHo.12M0S2. In 

addition, the XRD patterns of Lio.1oHo.12i\'foS2 and the product of an attempted Ag+(aq) 

extraction with heat-treated Lio.1oHo.12M0S2 showed no evidence of silver intercalation, 

these XRD patterns are shown in Figure 3.4. These results can be explained if the phase 

transition of Lio.1oHo.12M0S2 at -105 °C corresponds to a discharge of the excess negative 

charge on the layers of M0S2 (i.e., oxidation). This would render the material with little, if 

any, negative charge to drive any intercalation, and thus extraction, of silver ions from 

solution. 

Although much evidence has been presented in this chapter to prove that ion 

exchange occurs with the extraction of metal ions by Li1.3MoS2, this likely is the case with 

Lio.10Ho.?2MoS2. confirmation was attempted by performing mass balance studies with 

the compound. The results of mass balance experiments for the removal of Ag+(aq), 
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Figure 3.3. Overlay of the powder XRD patterns of a) Lio.1oHo.12M0S2, and b) 

Lio.1oHo.12M0S2 + Ag+(aq). The asterisks denote the reflections from the added internal 

standard, Si. 
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Figure 3.4. Overlay of the powder XRD patterns of a) Lio.1oHo.12M0S2 (heat treated) 

and b) Lio.10Ho.12M0S2 (heat treated)+ Ag+(aq). The asterisk denotes the reflection from 

the added internal standard. Si. 
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Mg2+(aq). and Hg2+(aq) using Lio.1oHo.12MoS2 and Ag+(aq) and Hg2+(aq) using heat­

treated Lio.1oHo.12M0S2 are shown in Table 3.3. The mass balance for the removal of 

Agi'(aq) and Hg2+(aq) by Lio.1oHo.12MoS2 indicates that the silver and mercury ions are 

indeed removed by an ion-exchange process. Table 3.3 also indicates that 

Lio.1oHo.12MoS2 will not remove detectable amounts of the hard metal ion Mg2+(aq) from 

solution. This shows that like Li1.JMoS2, the material Lio.1oHo.12M0S2 seems to be 

selective for the removal of soft heavy metals. The mass balance study also indicates that no 

Agi'(aq) or Hg2+(aq) ions are removed by heat-treated Lio.1oHo.12MoS2. This indicates 

that heat treatment of Lio.1oHo.12M0S2 deactivates it towards extraction of heavy metal 

ions. Nonetheless. the experiments descnbed here are very significant as heavy metal ions 

can be selectively removed using an extractant that does not produce hydrogen in the 

extraction step. 

The observation that once Lio.1oHo.12MoS2 was heated above - 130°C it was not an 

effective extractant was very interesting. This observation is likely related to the phase 

change that was observed in the DSC at - 105°C. The IT-phase of M0S2 has been referred 

to as the "reduced" phase because it is formed upon reduction of the material by strong 

reducing agents. There are no previous reports that determine if the l T-phase of M0S2 

only exists when the material is reduced. However, it is possible that this is the case and 

when the material gets oxidized. such that all of the residual negative charge is gone from 

the layers, it undergoes a phase change back to the 2H-polymorph. To more completely 

address this hypothesis a sample of l T-M0S2 was synthesized according to Schollhom's 

method. 

Schollhom has described the synthesis of a compound called the l T-phase of 

M0S2.24 The synthetic route taken involves the preparation of KM0S2 from K2MoO4 

reduced with H2S and Hz. The KM0S2 can be oxidized with water and then an l2/CH3CN 

solution in the processes shown in (3.1) and (3.2). These reactions are not 
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Table 3.3. Summary of mass balance results for extractions with Lio.1oHo.12M0S2. a 

extractant ny H_+ gainedd yMJl+(aq) loste 

(mmoles) (mmoles) 

Ag+ Lio.1oHo.12M0S2 4.064 3.201 0.028 0.030 

Ma-2+ 
0 Lio.1oHo.12M0S2 4.379 4.231 0.()()1 <0.001 

Hcr2+ ::, Lio.1oHo.12M0S2 3.1271 2.820 0.046 0.022 

Acr+ 
0 Lio.10Ho.12M0S2g 1.159h 1.552 0.001 <0.001 

(heat treated) 

Hcr2+ 
0 Lio.10Ho.12M0S2g 1.048h 1.465 0.001 < 0.001 

(heat treated) 

a Unless otherwise noted the extractions consisted of stirring a 0.040 L potions of 

extraction solution ([M0+] = 1.00 mM/0.0001 M HNO3) with a suitable amount of 

extractant, so that MofM0+(aq) = 2.0, for 4 hours. 

b The pH of the initial extraction solution was determined using an Orion 720 A pH meter. 

c The pH of the and diluted extraction filtrate was determined as described in a the final 

volume of the filtrate was 0.050 L after dilution. 

d This value was determined by calculating the number of H+ ions in the extraction 

solution before and after extraction, and taking the difference. 

e The amount of metal ion removed by the extraction was determined by ICP-AES. 

f This extraction was performed using [M0 +] = LOO mM/0.001 MHNO3. 

g This extractant was Lio.10Ho.12M0S2 that has been heated to 130 °C under an inert N2 

atmosphere. 

h These extractions were performed using 0.020 L of [M11+] = 1.00 mM/0.1 MHNO3. 
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stoichiometric as an excess of both water and iodine are used. The 

KM0S2(s) + 0.67 H20Cl)-> Ko.33~foS2 Cs) + 0.67 K+ (aq) 

+ 0.67 OH- (aq) + 0.33 H2(g) (3.1) 

KQ_33M0S2 Cs) + 0.16 I2 (orgJ --> l T-M0S2 Cs) + 0.33 I- (argJ + 0.33 K+ (org) (3.2) 

lT-MoS2 was characterized by powder XRD and DSC and displays a 001 reflection at 

5 .99 A and undergoes an irreversible exothermic event at ca. l00°C. Powder XRD 

analysis confirmed that the exothermic event is the lT to 2H phase transition of MoS2. 

Schallhorn performed elemental analyses on the 1 T-phase and did not observe any 

potassium. so it was assumed that the compound was neutral. However. the material was 

treated with H2(g) at high temperatures and it is therefore possible that molecular hydrogen 

reduced the material and protons intercalated for charge balance. Molecular hydrogen at 

high temperatures has been used previously to reductively intercalate MoS2. It is likely that 

Schollhom's l T-phase of M0S2 is still reduced and is a form of proton-intercalated M0S2 

CHxM0S2). 

If this material is HxM0S2, then it is likely that it could be a good material for the 

extraction of heavy metal ions from solution. Therefore, the extraction capacity of 

Schollhom's IT-phase for Ag+(aq) was evaluated. Figure 3.5 contains an overlay of the 

XRD patterns of 1 T-M0S2, the products of the aqueous phase intercalation of Ag+ into l T­

M0S2 . and the heat-treated silver intercalant. It is clear that the 001 reflection of l T-M0S2 

(at 5.99 A.) is shifted to a much higher d-spacing ( - 6.90 A.) after it has been contacted 

with an aqueous acidic solution of Ag+ (aq) ions. This is clear evidence for intercalation. 

The extraction conditions of Mo/Ag+(aq) = 1.0 and [Ag+] = 10.00 mM/0.lM HNO3 result 

in a silver-intercalated solid with stoichiometry of Ago_44MoSz. It is interesting to note that 
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Figure 3.5. Overlay of the powder XRD patterns of a) 1 T-M0S2, b) 1 T-M0S2 +Ag+(aq) 

(Ago_44~foS2), and c) Ago_44~foS2 (heat treated). The asterisks mark reflections from the 

added internal standard, Si. 
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the doo1 spacing of Ago_,i.iMoS2 is essentially the same as observed for Ago.61M0S2 that is 

prepared using Li1.3MoS2 thus, providing more evidence that the solid in Figure 3.5b is 

silver-intercalated MoS2. These results are very revealing as l T-MoS2 must have at least 

0.44 equivalents (per Mo atom) of negative charge on its layers. The exchange of ff+ ions 

for Ag+ ions in the synthesis of this solid can be monitored by measuring the pH of the 

extraction solution both before and after the intercalation reaction. The exchange of Ag+ 

ions for ff+ ions will result in a drop in pH of the solution and should be accounted for in a 

mass balance study. To prove that this ion-exchange equilibrium was occurring, a mass 

balance study was performed the results of which are shown in Table 3.4. 

The mass balance studies summarized in this table indicate that the silver ions are 

being removed by an ion exchange process. The amount of Ag+ ions taken up by the solid 

is accounted for very well by the corresponding drop in pH indicating that one Ag+ ion is 

being removed for every ff+ ion that is gained by the extraction solution. Table 3.4 also 

indicates that l T-M0S2 does not remove any significant measurable amount of the hard 

cations K+(aq) or Mg2+(aq). This indicates that the material is also a heavy-metal selective 

extractant. 

When Schollhom's l T-phase of M0S2 was heated or allowed to age for several 

weeks, the compound underwent a transition to the 2H-phase. Figure 3.6 is an overlay of 

the XRD patterns of lT-MoS2, heat-treated lT-MoS2, aged lT-MoS2, and 2H-M0S2. 

Note that the latter three compounds all have a prominent low angle diffraction peak at 

~6.15 A whereas the pristine IT-phase has its low angle diffraction peak at 5.99 A. These 

results indicate that these processes on 1 T-M0S2 result in its transition to the 2H-phase. 

Both of these processes could induce the oxidation of the l T-phase. The heat treatment 

may induce an internal redox reaction where the material discharges and reduces the 

intercalated protons to hydrogen. Aging in air, the layers could be oxidized by oxygen or 

water. If the heat treatment or aging of the l T-phase of MoS2 results in the oxidation of the 

layers it should have a dramatic effect on its extraction capacity. 
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Table 3.4. Summary of mass balance results for extractions with 1 T-MoS2a 

Reaction: 

extractant 

(mm.oles) (mm.oles) 

Ag+ lT-MoS2 3.249 2.129 0.17 0.17 

Mg2+ lT-MoS2 3.156 3.371 0.003 0.011 

K+ lT-MoS2 3.144 3.323 0.003 0.008 

Ag+ lT-MoS2 3.156 3.371 0.003 0.005 
(heat treated)/ 

a Unless otherwise noted the extractions consisted of stirring a 0.040 L potions of 

extraction solution ([Mn+] = 10.00 mM/0.001 M HN03) with a suitable amount of 

extractant, so that Mo/M2 (aq) = 2.0, for 4 hours. 

b The pH of the initial extraction solution was determined using an Orion 720 A pH meter. 

c The pH of the and diluted extraction filtrate was determined as described in a the final 

volume of the filtrate was 0.050 L after dilution. 

d This value was determined by calculating the number of H+ ions in the extraction 

solution before and after extraction and taking the difference. 

e The amount of metal ion removed by the extraction was determined by ICP-AES. 

f This extractant was lT-MoS2 that has been heated to 140 °C under an inert N2 

atmosphere. 
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Figure 3.6. Overlay of the powder XRD patterns of a) lT-M0S2, b) lT-M0S2 (heat 

treated), c) lT-M0S2 (aged), and d) 2H-M0S2. 

139 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

Figure 3.7 is an overlay of the XRD patterns of the products of the attempted 

intercalation of Ag+ into heat-treated lT-MoS2 and aged lT-MoS2 along with that of 2H­

MoS2. It is evident from this figure that both the heat treated and the aged l T-M0S2 do not 

intercalate Ag+ ions. If intercalation had occurred. there would be a shift of the 001 

reflection to higher d-spacing values. These attempted intercalation reactions were also 

monitored by mass balance experiments that are summarized in Table 3.4. The mass 

balance results indicate that no ion exchange between silver ion and protons had occurred. 

These results confirm those suggested by the XRD results that no silver ions were removed 

by the would-be extractants. 

To snmmarire, the results presented here are new in that they indicate a clear 

relationship between the 1 T- and 2H-phases of MoS2 and their intercalation chemistry. It 

appears as though the l T-phase only exists when the MoS2 layers are reduced. Therefore, 

in this phase the material is an active extractanL When the material exists in the 2H-phase 

the MoS2 layers have been oxidized back to neutral and therefore is a poor extractant. In 

these studies two new extractants were discovered, Lio.10Ho.12MoS2 and lT-MoS2 

(HxM0S2). Both of these extractants are effective and selective ion-exchange extractants 

for the removal of heavy metal ions from solution. 

Au3+ Extraction by Li1.JM0S2. The extraction of Au3+ ions from solution, by 

Li 1.JM0S2, was not straightforward. Powder XRD analysis of the heavy-metal-laden 

extractant is shown in Figure 3.8 along with the XRD patterns for Li1.JMoS2 exfoliated and 

flocculated in 0.1 M HN03 (Lio.1oHo.12MoS2) and that of gold metal.33 The XRD pattern 

for the heavy-metal-laden extractant displays a low angle diffraction peak at the exact 

position that it was observed in the XRD patterns for Li1_3M0S2 exfoliated and flocculated 

in 0.1 M HN03 ( -6.20 A). The XRD pattern of the heavy-metal-laden extractant also 

appears to contain the diffraction peaks of gold metal in iL These XRD • results indicate that 

no intercalation had occurred. This is not unexpected as there is no driving force for the 

neutral AuO species to be incorporated in between the layers. In 
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Figure 3.7. Overlay of the powder XRD patterns of a) lT-M0S2 (heat treated), b) lT­

M0S2 (heat treated)+ Ag+(aq), and c) lT-MoS2 (aged)+ Ag+ (aq). There is no evidence 

of silver intercalation into any of the compounds. 
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Figure 3.8. Overlay of the powder XRD patterns of a) Au metal b)Auo5M0S2. and c) 

ex.foliated and restacked M0S2. The asterisks denote the reflections from the added internal 

standard, Si. 
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addition, the DSC scan of Auo.5MoS2 had an exotherm at -1O5°C. This is exactly where 

the exotherm for exfoliated and restacked MoS2 occurs. Previous results of have indicated 

that the position of this exotherm shifts when guest metals are intercalated.34 This 

observation also suggests that gold ions are not intercalated into MoS2. 

It is likely that the Li 1.3MoS2 reduced the Au3+ ions to elemental gold. The salt 

used for the Au3+ source was HAuC4 which dissolves to give the [AuC4J- anion in 

solution. The [AuC4J- anion has a reduction potential of 1.002 V (vs NHE)35 for its 

conversion to gold metal. This is the most positive reduction potential for any of the heavy­

metal-containing species used in this study and therefore, would be the most likely ion to be 

affected by reduction by Li1_3MoS2- The compound, Li13MoS2 is a strong reducing agent 

(i.e., it reduces water to Hz), it is possible that it could also reduce the aqueous heavy-metal 

ions to heavy metal atoms, which could adsorb to the surfaces of the MoS2 particles. This 

hypothesis will be addressed shortly. 

It is important to pause here and point out that the extraction of gold ions with 

Li 1_3MoS2 provides a nice example of metal ion removal by the reduction mechanism. This 

result is important because it provides a characterization baseline for comparison with other 

metal ion extractions. According to this example, metal ion removal by the reduction 

mechanism results in precipitation of the target metal and no intercalation of the host 

material as determined by both XRD and DSC analyses. These general characterization 

results will help determine if the reduction mechanism is occurring in other cases also. 

Reduction Mechanism. As was shown above, one possible mechanism of ion 

removal would be the reduction of M 0 + species to Mo atoms, by Li 1.3M0S2, which could 

adsorb to the surfaces of the MoS2 particles. Examination of Table 2.3, with the reduction 

potentials of the M0 + ions in mind, show that those with the most positive M0 +/0 E values 

were removed to the greatest extent by Li 1.3M0S2 (i.e., E value for Hg2+/0 is 0.854 V and 

that of Ag+10 is 0.799 V).35 It also appears that those metal ions with less positive E values 

are removed to a lesser extent by Li1.JM0S2 (i.e., E value for Cd2+/0 is -0.402 V and that 

for Pb2+/0 is -0.126 V). Given the variable stoichiometry of the heavy-metal-inclusion 

143 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

inclusion compounds in this study. the latter mechanism could be plausible. To more 

comoletelv address this posstole situation the followinsr experiment was performed. 

A sample of mercury-intercalated MoS2 was prepared by the exfoliation/flocculation 

method. This sample was filtered and recovered and a portion of the wet material was 

weighed out and then put under dynamic vacuum for 230 hours. If a significant amount of 

the mercury in this compound was present as elemental mercury it would be removed under 

a dynamic vacuum atmosphere for extended periods. The high vapor pressure and high 

density of elemental Hg would allow its removal and easy detection by monitoring of the 

mass of the sample. At regular intervals the mass of the sample was redetermined. A plot 

of the absolute mass of the sample vs. the time under dynamic vacuum is shown in Figure 

3.9. This plot shows an initial mass loss of approximately 0.2 gin the first two hour under 

vacuum. This mass loss is attributed to the evaporation of adsorbed water from the sample 

(the sample was wet when the experiment started). However, after that initial mass loss, 

the sample's weight was essentially constant for the entire time period. This result 

suggests that little if any Hg was removed from the sample. 

In addition, small samples of the solid were taken at regular intervals and digested 

in aqua regia. ICP-AES analyses were performed for Mo and Hg on the digestate and the 

relative amounts of each were determined for each sample the results of which are shown in 

the plot in Figure 3.10. This plot shows that the Hg/Mo ratio for the various solids stayed 

essentially constant over the time under dynamic vacuum which supports the conclusion 

from the previous experiment. Therefore, it is unlikely that any of the mercury present in 

mercury-intercalated M0S2 is present as elemental Hg. 

XAS analyses of MyM0S2 (M = Ag+, Hg2+) compounds. The goals of 

the XAS studies performed on the inclusion compounds reported in this dissertation were 

several-fold. XAS analyses would provide information about both the oxidation state and 

coordination environment of guest (heavy metals) and the host (Mo). The oxidation state 
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Figure 3.9. Plot of the mass of a sample of Hg;cMoS2 vs. the time that compound was 

subject to a dynamic vacuum atmosphere (-0.001 Torr). 
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Figure 3.10. Plot of the Hg stoichiometry in HgxM0S2 vs. the time that compound was 

subject to dynamic vacuum. 
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of the guest addresses whether or not the heavy metal ion have been reduced by the solid 

Ll1.3M0S2 (as has been demonstrated for the removal of gold species above). The 

coordination environment of the guest metals provide evidence of whether or not cation 

removal is accompanied by counterion adsorption on to the solid. The counterions in this 

study were nitrate ions and EXAFS should be able to differentiate between them and a 

sulfur environment (the anticipated metal ion environment if the M0S2 layers are negatively 

charged). The characterization of the host Mo coordination environment should reveal 

information about which phase(s) are present in the respective compounds. This will likely 

yield some information about the role that the each. phase plays in the inclusion chemistry of 

M0S2 and whether or not there is negative charge on th.e layers. 

Guest species XAS. Figure 3 .11 shows Hg Lm-edge XANES spectra for 

Hgo.02M0S2 (heat-treated Hgo_32M0S2), Hgo_32M0S2, HgS (cinnabar), Hg2Cl2, 

Hg(CH3COO)2, and HgCl2. The last four compounds listed above were used as structural 

models of the possible mercury oxidation states and coordination environments, in 

Hgo_32M0S2 and Hgo.02M0S2.3640 XANES spectra are sensitive to both. th.e site 

symmetry and the oxidation state of the absorbing atom. The XANES spectra of both 

Hgo_32M0S2 and Hgo.02M0S2 appear to match most closely to the XANES spectra of both. 

the HgS and the Hg2Cl2 model compounds (Figure 3.llc-d) both in edge intensity and 1st 

derivative positions. The pre-edge feature, occurring at -12290 eV, in Hg Lm-edge 

XANES has typically been assigned to a 2p to 6s transition. Since Hg(Il) is 6s0, it should 

show a more prominent pre-edge transition than Hg(I) does due to greater 6s vacancies. 

But, the intensity of the pre-edge transition also depends on both geometry and bond 

lengths. As a general rule, as first shell bond lengths decrease the intensity of the pre-edge 

transition increases. At longer and longer bond lengths (i.e., from Hg(CH3C00)2; 2 0 at 

2.07 A, to HgCh; 2 Cl at 2.28A, to HgS; 2S at 2.36A), the pre-edge amplitudes would be 

expected to decrease for these nominally divalent species. Thus, these results indicate that 

the mercurJ present in Hgo_32M0S~ has a similar charge and bonding environment 

147 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

r:'l 
.,Q 

< 
§ 
0 z 

12275 12300 12325 

Energy (eV) 

a 

b 

C 

d 

e 

f 

12350 

Figure 3.11. Hg Lm-edge XANES. The XANES edges are shown above for a) 

Hgo.02M0S2 (heat-treated Hgo_32M0S2), (b) Hgo_32M0S2, (c) HgS (cinnabar), (d) 

Hg2Clz, (e) Hg(CH3COO)z, and (e) HgCl2. 
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to the mercury in HgS or Hg2Cl2. Therefore, the elemental mercury recovered during 

heating of Hgo_32M0S2 likely was formed during the heating step and not during the 

exfoliation/flocculation synthesis. 

The Hg Lrn-edge EXAFS Fourier transforms of the compounds Hgo_02M0S2 (heat­

treated Hgo_32M0S2), Hgo_32M0S2, Hg2CI2. Hg02, HgS (cinnabar), and Hg(CH3C00)2 

are shown in Figure 3.12. EXAFS curve fits to the model compounds are consistent with 

the published structures. The bond lengths, coordination numbers (N), Debye-Waller 

terms ( a 2), amplitude reduction factors (So2), and &> values for both the model and 

mercury-included compounds are given in Table 3.5. The EXAFS curve fits to 

Hgo_32M0S2 gave a first shell coordination environment of -2 S atoms at 2.38A. These 

structural parameters are nearly identical to those for HgS (cinnabar). The curve fits for 

Hgo_32M0S2 also revealed some (N = 0.20 ± 0.05) Hg-Hg interactions at 2.56A. The 

Hg-Hg was easily identified in the fits due to the substantially different phase and 

amplitude relative to Hg-S interactions. Therefore, it is likely that the mercury present in 

Hgo_32M0S2 is present as a mixture of both mercuric and mercurous ions with mercury 

predominately in the mercuric form. These results show that some Hg2+ species were 

reduced to Hg22+ during the exfoliation/flocculation process. Most likely the mercuric 

species were reduced by the solid extractant, Li1.3M0S2. This is not unexpected as the 

reduction potential for Hg2+ to Hgz2+ is a very positive value of +0.91 V (vs. NHE).35 

It is clear that the EXAFS fit and resulting parameters describe mercury present in a 

sulfur environment. If the mercury in Hgo_32M0S2 were present as adsorbed Hg(N03)2 

species the mercury would have oxygen in its coordination environment, which was not 

observed in the EXAFS analyses of Hgo_32M0S2. These results indicate that the ionic 

mercury species, in Hgo.32M0S2, is present without a charge compensating nitrate ion. 

Therefore, the ionic mercury species present must be there to compensate negatively 

charged M0S2 layers. Although the reduction of the mercury stoichiometry in the heat 

treated material (Hgo_02M0S2) from the initial material (Hgo_32MoS2) implies that the 
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Figure 3.12. Hg Lm-edge EXAFS Fourier Transforms. Fourier transforms of the 

following compounds a) Hgo.02M0S2 (heat-treated Hgo.J2M0S2), b) Hgo.32M0S2, 

c)Hg2Cl2, d) HgCl2, e) HgS(cinnabar), and (f) Hg(OOCCH3)2. 
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Table 3.5. HgxMoS2 EXAFS Curve Fitting Results 

Sample conc,x Hg-0 Hg-X (X=S, Cl) Hg-Hg Eo 

R 

Hg(acet)i 2.07 2 0.0030 0.88 -6.5 

[2.07] 

HgCl2 2.29 2 0,0029 0.85 -14.8 

[2.28] 
.... 

Hg2Cl2 2.42 0.0035 2.55 0,0022 0,80 -14.4 I.II .... 
[2.36] [2.59] 

HgS ( cinnabar ; red) 2.38 2.1 0.0034 -13.0 

[2.36] 2 

HgS (metacinnabar) [2.54] 4 

HgxM0S2, x=0.02 2.38 1.9 0.0040 0.85 -15.0 

HgxM0S2, x=0.32 2.37 1.5 0.0048 2.56 0,2 0,0024 0,85 -14.6 

[ ] = values from XRD 
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mercury may have been removed as elemental vapor, there is no evidence of this in the 

EXAFS analyses. The mercury present in the heat-treated material is likely in the form of 

HgS (see Table 3.5 for comparison to HgS) that probably resulted from decomposition of a 

small amount of the material during either the heat treatment or extraction processes. To 

more clearly show an example of an internal redox reaction an XAS study of the silver-ion­

included M0S2 was performed. 

Figure 3.13 shows Ag K-edge XANES spectra for Ag foil standard, heat-treated 

Ago.61M0S2, Ago.61M0S2, and Ag2S (Aldrich). The position of the edge jump for all four 

compounds is very similar and it is difficult to say positively that there is a difference in the 

oxidation states of the silver absorber in each compound. However, the difference between 

the edge absorptions of Ag+ and Ag0 migh_t be small as there is only a charge difference of 

1+. The shape of the edge spectra for both the Ag foil and the heat-treated Ago.61MoS2 

(Figure 3.13a-b) are also very similar, however, they are quite different from those of the 

Ag2S and Ago.61M0S2 (Figure 3.13c-d). But, the shape of the latter two edge spectra are 

also similar. This implies that the coordination environments of the Ag foil and heat-treated 

Ago.61M0S2 are similar as are those of Ag2S and Ago.61M0S2. These observations follow 

with the contention that the silver ions present in Ago.61M0S2 are present in a sulfur-rich 

environment (likely not very different from Ag+ in Ag2S). Heat treatment of the 

Ago.61M0S2 leads to the deintercalation of silver ions (now as reduced silver atoms) to 

form silver crystallites at the edges of the M0S2. The XANES spectra are suggestive of 

this, but EXAFS curve fitting is more definitive as it provides bond distances and neighbor 

identities. 

The Ag K-edge EXAFS Fourier transforms of the Ag foil standard, heat-treated 

Ago.61M0S2, Ago.61M0S2, and Ag2S (Aldrich) are presented in Figure 3.14 and the 

results of the curve-fir--.ing analyses shown in Table 3.6. From this data one can see that the 

environment of the silver ion in Ago.61M0S2 is sulfur-rich with two S-atoms coordinated to 
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Figure 3.13. Ag K-edge XANES. This figure contains the Ag K-edge XANES spectra 

for a) Ag foil standard, b) heat-treated Ago.61MoS2, c) Ago.61M0S2, and d) Ag2S 

(Aldrich). 
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Figure 3.14. Ag K-edge EXAFS Transforms: The above transforms are for a) Ag foil, 

b) Ago.61M0S2 (heat-treated), c)Ag2S (Alrich), and cl) Ago.61M0S2. 
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Table 3.6. EXAFS Curve Fitting Results. 

Sample Ag-S Ag-Ag So2 Eo 

R N 0'2(A2) R N 0'2(A2) 

Ag2S (EXAFS) 2.52 1.7 0.0071 3.00 0.0137 0.80 -14.4 

2.74 1.3 0.0184 3.17 5 0.0498 

Ag2S (Avg, XRD) [2.52] 1.7 [3.04] I 

(2.81] 1.3 [3.16] 5 

AgxM0S2, x=0.61 2.43 1.6 0.0073 2.91 1.3 0.020 0.80 -18.9 

AgxM0S2, HT, x=0.61 2.49 0,9 0.0050 2.86 5.9 0.0118 0,85 -17.4 
..... 4.01 2.9 0,0081 
I.I\ 
I.I\ 

4.96 11.8 0.0220 

Ag metal (EXAFS) 2.86 12 0,0096 0,85 -18.2 

4.02 6 0.0140 

Ag metal (XRD) (2.88] 12 -

[4.08] 6 -

[5.00] 24 -

[] Values from XRD 
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the silver ion at a distance of 2.43 A. This is the coordination number (2) and nearly the 

bond distance (Ag-S distance is 2.53 A) of silver in the compound AgzS. The 

coordination environment of silver in heat-treated Ago.61MoS2 is quite different when 

compared to that in Ago.61MoS2. The silver in heat-treated Ago.61M0S2 is present as 

clusters of elemental silver. The distances and coordination numbers for the Ag-Ag 

interactions for this compound are listed in Table 3.6 and there is a large amplitude in the 

EXAFS transform in Figure 3.14. These observations and data are very similar to that 

collected for the Ag foil modeL The heat-treated Ago.61M0S2 contains contnl>utions from 

Ag-S interactions (see Table 3.6) (powder XRD analysis of heat-treated Ago.61MoS2 

indicated a small amount of Ag2S, Figure 2.17). This was likely formed during either the 

heat-treatment or extraction processes. Nonetheless, these results show clear evidence for 

the occurrence of an intemal-redox reaction when Ago.61M0S2 is heat treated. In addition 

to studying the XAS of the guest metal ion the XAS characteristics of the host Mo atoms 

were also studied. 

Figure 3.15 shows the Mo K-edge XANES spectra for M0S2, Hgo.02M0S2 (heat­

treated Hgo_32M0S2), Llo.1oHo.12M0S2 (Li1.3M0S2 exfoliated and restacked in 0.1 M 

HNO3), Li1.3M0S2, and Hgo_32M0S2 samples. The shape and position of Mo K­

absorption edges for all of the analyzed samples closely match that of native M0S2. This is 

surprising as the average oxidation state of the Mo atoms in these samples varies from +2.6 

to +4.0 (as inferred from the quantity of included cations) and there are two different 

coordination environments (distorted octahedral and trigonal prismatic) of S atoms around 

the Mo atom. However, previous studies of Mo.s(OH)xCH2O)M0S2 compounds have 

shown that negative charge on the MoS2 layers (indicated by a shift in the absorption edge 

energy towards lower values) was more clearly demonstrated using sulfur K-edge XANES 

than using Mo K-edge XANES.20,21 

Closer inspection of the XANES spectra show what appears to be a loss of spectral 

features in samples where significant amounts of either lithium ion or mercuric ion were 
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Figure 3.15. Mo K-edge XANES. The edge absorption spectra above are for a) native 

M0S2, (b) Hgo.02M0S2 (heat-treated Hgo_32M0S2), (c) Lio.1oHo.12M0S2 (Li1.JMoS2 

exfoliated and restacked in 0.1 M HNO3, (d) Li1.JM0S2, and (e) Hgo_32M0S2. 
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present. Specifically. the broadening of the features around 20000-20040 eV reflected a 

change in the Mo coordination geometry. likely due to increased disorder. The XANES 

spectra for M0S2. Hgo.02M0S2. and Lio.10Ho.12M0S2 (Figure 3.15a-c) all have a small 

broad peak at -20100 e V. This peak was not present in the XANES spectra of 

Hgcu2M0S2 and Ll1.3M0S2 (Figure 3.15d-e). At this level of analysis. the loss of this 

peak in the Hgo.32M0S2 and Li 1.3M0S2 XANES spectra suggests that a shell of 

neighboring atoms has been moved. relative to M0S2. for these compounds. 

The Mo K-edge EXAFS Fourier transforms for the compounds M0S2, 

Hgo.02M0S2 (heat treated Hgo_32M0S2). Lio.1oHo.12M0S2 (Li1.3M0S2 exfoliated and 

flocculated in 0.lM HNO3), Li1.3M0S2. Hgo_32M0S2, and Ago.61M0S2 are shown in 

Figure 3.16. The structure of native MoS2 has six S atoms coordinated to a single Mo 

atom in a trigonal prismatic arrangement. all of the Mo-S bonds are 2.42 A long.41 The 

second coordination shell of Mo in M0S2 consists of six Mo atoms each at a distance of 

3.16 A. For all of the samples. the EXAFS peaks due to first shell Mo-S coordination are 

retained and unshifted. The results of the EXAFS curve fit analyses (bond lengths, 

coordination numbers (N). Debye-Waller terms (a2). So2, and Eo values) are listed in 

Table 3. 7. Although the first shell Mo-S peak positions are the same for all of the 

compounds. the peaks for Li1.3M0S2. Hgo_32M0S2. and Ago.61MoS2 broadened, relative 

to those for the other three compounds. This suggests that the Mo atoms in these 

compounds have a larger range of Mo-S distances or increased disorder Oarger Debye­

Waller terms) than the Mo-S interactions in the other compounds. One possibility is that 

the Mo atoms in Li1.3M0S2. Hgo_32M0S2. and Ago.61MoS2 compounds may be present in 

more than one coordination geometry. 

All of the samples analyzed displayed peak associated with the Mo-Mo absorber­

scatterer pair that was less intense than the peak for native M0S2, that corresponds to a 

shell of 6 Mo atoms at 3.16 A. However, the Mo-Mo peaks for Li1.3M0S2, Hgo_32M0S2, 

and Ago.61M0S2 are much weaker than those for Lio.1oHo.12M0S2 and Hgo.02M0S2. 
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Figure 3.16 Mo K-edge EXAFS Fourier transforms for a) M0S2 (Aldrich), b) 

Hgo.02M0S2 (heat-treated Hgo.32M0S2), c) Lio.1oHo.12M0S2 (Li1.3M0S2 that has been 

exfoliated and flocculated in 0.1 M HNO3, made under aerobic conditions), d) Li1.3M0S2, 

e) Hgo.32M0S2 (made under aerobic conditions), and t) Ago.61MoS2 (made under aerobic 

conditions). The arrows in the above figure indicate peaks for Mo-Mo interactions at-2.7 

A and -3.8 A respectively, and are evidence for the presence of the lT-phase in those 

samples. 
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Table 3.7. EXAFS Curve Fitting Results. 

Sample Mo-S Mo-Mo 

N 

MoS2 2.41 6 0,0026 3.17 6 0.0036 0,94 -17.9, 3-15 

[2.42] 6 [3.17] 6 

HgxMoS2, x=0.02, 2.41 5.2 0.0034 3.17 4.4 0.0043 0.94 -17.0, 3-14 

LixHyMoS2, x<0.l 2.41 5.4 0.0039 3.18 3,9 0,0053 0.94 -17.3, 3-14 

..... LixMoS2, x=l.3, 2.42 4.8 0.0046 3.17 1.8 0.0067 0.94 -18.7, 3-13.5 

~ 2.78 0,8 0,0038 

2.70 1.4 0.0095 

HgxMoS2, x = 0.32 2.41 4.7 0.0045 3.18 1.3 0,0050 0.94 -20, 3-13.5 

2.68 0.9 0.0080 

AgxMoS2 x = 0.61 2.42 4.9 0.0055 3.17 1.1 0.0076 0.94 -19, 3-13.5 

2.71 1.0 0.0052 

AgxMoS2(HT), x=0.61 2.41 5.2 0.0032 3.17 4.5 0.0047 0.94 -17, 3-14 

Values in [] are from XRD. 
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This indicates that in the former three cases the second shell of Mo atoms has been 

disturbed. Indeed curve fits show decreased N (l.8, 13, and l.l respectively) at 3.17 A and 

a new shells of Mo atoms at -2.7 A and -3.8 A in these compounds. The partial loss of 

the 3.17 A Mo-Mo interaction and the appearance of a new one at -2.7 A probably results 

from a change in symmetry and/or a larger distribution of Mo-Mo interatomic distances. 

Similar EXAFS results has been attnouted to the phase change in MoS6 coordination from 

trigonal prismatic (2H) to distorted octahedral (IT) for single layers of exfoliated and 

restacked MoS2 as well as solid compounds such as Mo5(0H)xCH20)MoS2.6•18 

Therefore, the MoS2 layers in Li1.3MoS2, Hgo_32MoS2. and Ago.61MoS2 are present as a 

mixture of the l T- and 2H-phases. 

It appears as though the Ff amplitude of the Mo-Mo curve fits at 3.17 A for 

Hgo_32MoS2 and Ago.61MoS2 are larger than that of Li1.3MoS2. This is likely because 

these materials have been partially oxidized, relative to Li 1.3MoS2, and the coordination of 

the Mo atoms are in the process of changing back to trigonal prismatic (therefore, there is a 

mix of the two phases). This is consistent with the observation that H30+ ions are reduced 

to H2 (hence some [MoSzJX-units are oxidized to MoS2) when Li1_3MoS2 treated with 0.1 

M HN03. The presence of Hg2+, or Ag+ ions in the compounds Hgo_32MoS2, and 

Ago.61 MoS2 serve to stabilize the distorted octahedral MoS6 coordination units within the 

reduced [MoSzJX- layers even when they are exposed to oxidizing agents such as 0.1 M 

HN03 and oxygen. 

From mass balance studies, it has been confirmed herein that MoS2 exfoliated and 

restacked in 0.1 M HN03 is in fact the compound Lio.10Ho.12M0S2. This material has 

negative charge on its layers and yet the EXAFS results show no evidence of the l T-phase 

(see Figure 3.16c and Table 3.7). This seems to contradict the earlier contention that when 

M0S2 has negative charge on it must be in the l T-polymorph. This compound was made 

under aerobic conditions and stored in air until the XAS analyses were performed; therefore, 

the layers could have been oxidized during that time period. The mercury- and silver-
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silver-included compounds were prepared and stored identically and yet they still retain a 

certain degree of the IT-phase (negative charge) in their EXAFS transforms (see Figure 

3.16e-f). These seemingly contradictory observations may be due to the fact that each 

included ion afford a different degree of stabilization to the reduced MoS2 layers. The 

chalcophilic mercuric and silver ions are very stabilizing to reduced sulfide layers whereas a 

mixture of protons and lithium ions (both considered hard cations) do not stabilize the 

negative charge on the layers very well and the material is very susceptible to oxidation by 

oxygen. This aforementioned conclusion can also be used to explain some of the previous 

contradictions in the literature concerning the Mo EXAFS of metal-included MoS2 

compounds. 

Zubavichus et al. report the presence of the IT-phase of M0S2 in the ruthenium-

and nickel-included compounds; however, no trace of that phase is seen in the Mn- and Co­

included materials.20 No details of the materials handling or how long it was between the 

synthesis and XAS data collection were reported. It appears that the more chalcophilic ions 

(Ru2+, and Ni2+) were more stabilizing towards the inclusion compound and thus the 

reduced phase is retained. The harder metal ions (Co2+ and Mn_2+) do not stabilize the 

negative charge on the layers and the layers are likely oxidized to neutral (hence no 

presence of the l T-phase) more quickly than the other inclusion compounds on exposure to 

oxygen or water. It is not known if the oxidation of the Mo.s(OH)xCH20)M0S2 was 

caused by oxygen or intercalated water. Its potential self-oxidation by the intercalated 

water molecules is shown in (3.3). The M0S2 layers can be slowly 

oxidized by water to form hydroxide ion and hydrogen. The hydroxide ion would stay in 

the interlayer galleries to maintain charge neutrality in the compound. It is likely that 
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parameters such as ambient temperature and the identity of the metal ion would affect the 

rate of this reaction. 

Curtis et al. have reported Co-included MoS2 whose Mo EXAFS show clear 

evidence of a mixture of both the lT- and 2H-phases.6 The preparation and storage of this 

material was performed with an effort to minimize the exposure to oxygen and minimize the 

time between synthesis and XAS data collection. This report helps support the contention 

from the previous paragraph and this work. 

To summarize, the Mo XAFS data support the following sequence of structural 

changes that take place during the preparation of Hgo.32M0S2 and Ago.61MoS2 from 

Li 1.3M0S2. When lithium ions are intercalated into native MoS2, under reducing 

conditions, the host compound undergoes a structural change. The coordination of the Mo 

atoms changes from trigonal prismatic (2H-polymorph) to the metastable octahedral form 

(lT-polymorph). This is the structural change that leads to the observed differences 

between the Mo EXAFS transforms of Li1.JM0S2 and native M0S2. When Li1.JMoS2 is 

exfoliated and restacked in 0.lM HNO3 under aerobic conditions, the Li+ ions are removed 

from the interlayer space of the solid and replaced by protons and the tendency is for the 

Mo coordination to return to that resembling native MoS2 (note the similarity of the EXAFS 

transforms of Lio.1oHo.12M0S2 and native M0S2). However, the EXAFS characteristics 

of exfoliated/restacked Llx.M0S2 a..~ not identical to that of native M0S2. Alternatively, 

when Li1.3M0S2 is exfoliated and flocculated in 0.lM HNO3 in presence of heavy metal 

ions such as Hg2+(aq) or Ag+(aq) the Mo atoms tend to retain the distorted octahedral 

coordination present in Li1.3M0S2. This suggests that, under these conditions (pH -1), 

mercuric and silver ions are able to take the place of the Li+ ions in Li 1.JM0S2 and stabilize 

the negative charge on the MoS2 layers. The presence of Li+(aq) and H+(aq) ions in the 

exfoliated/flocculated solid Lio.1oHo.12MoS2 was not sufficient to retain the lT-phase upon 

exposure to air. This implies that different ions have different stabilizing capacities on their 

[MoSz]n- hosts under aerobic conditions. 
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Conclusions 

The mass balance results presented in this chapter clearly prove that the mechanism 

of ion removal by Ll1.3M0S2 in an acidic medium occurs through an ion exchange process. 

Previously, there had been much speculation but much less experimentation to determine 

the nature of this process. Although this result was not unexpected, and predicted by 

many, it was important to definitively prove it. The elucidation of the mechanism of ion 

removal also resulted in the identification of the compound Lio.1oHo.12M0S2. This 

compound is an effective and selective solid-state extractant for the removal of heavy metal 

ions from solution, that does not produce hydrogen during its extraction step, as 

Li1.3M0S2 does. In this respect, the mechanistic study has opened up a new, potentially 

more applicable material, for future research. 

The known compound l T-M0S2 was found to actually be a form of proton­

intercalated M0S2. This had been overlooked by previous researchers and implies that the 

lT-phase of M0S2 only exists when it has been reductively intercalated. This material was 

also demonstrated to be a selective and effective extractant for silver ions, that does not 

produce hydrogen during its extraction step. Heat treatment or aging of this material 

deactivates it towards extraction likely through oxidation of the layers to the neutral 

polymorph of 2H- M0S2. 

EXAFS and XANES techniques were successfully used to determine the oxidation 

state, and coordination environment of both guest and host metal species in metal.­

intercalated M0S2. These results indicated that the mercury and silver species present in 

their respective M0S2 intercalants are present in their ionic form. Results from the Mo 

E.XAFS indicate that the host M0S2 layers, in these compounds, were present in a mixture 

of both the 1 T- and 2H-phases which suggest that the layers are still at least partially 

reduced. The Mo EXAFS analyses also indicated that the identity of the intercalated metal 
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ion can have a stabilizing effect on the reduced M0S2 layers. This result was then used to 

rationalize some contradictions in the literature concerning the Mo EXAFS of metal­

intercalated M0S2 compounds. 
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Chapter 4 

Group IVB Metal (Zr, Hf) Bis(Hydrogen Monothiophosphate) 

H2M(PO3Sh: Sulfur Containing Analogs of 

H2M(PO 4)z (M = Zr, Hf) and Their Ion-Exchange Properties 

Introduction 

The current state of inorganic ion-exchange materials research owes its genesis to 

the cold war nuclear arsenal proliferation. It was during this time (1950s) that nuclear 

superpowers began to encourage and demand the production of new materials to help deal 

with the large scale production of nuclear materials.1 The use of nuclear technology 

demanded the production of ion-exchange materials that were stable at high temperatures 

and in strong radiation fields. 2 Current ion-exchange materials, organic-based resins, were 

not stable under these conditions. 3 At that time, the only well known inorganic ion 

exchange materials were clays and naturally-occurring zeolites.4 The increased emphasis 

on new synthetic inorganic ion-exchange materials lead to the discovery of several classes 

of new materials. Some examples of these materials are aluminum phosphates, hydrous 

oxides, group NA and B metal-phosphates, heteropoly acid salts, titanates, and layered 

double hydroxides. The structures and ion-exchange properties of all of these materials 

have been reviewed. l,2 It is noteworthy to point out that all of these materials are oxide­

based. 

Thirty-five years ago the field of inorganic ion-exchange materials changed a great 

deal 'Nlth Clearfield and Stynes' report of the synthesis and characterization of crystalline 
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zirconium phosphate. 5 This breakthrough allowed the structure of the material to be 

determined and with this knowledge the observed ion-exchange behavior could be 

rationalized from a structural point of view. In the time since then, there has been 

tremendous research efforts directed towards the syntheses and investigation of properties 

of the many phases of crystalline zirconium phosphate.2.6-8 The fact that after 35 years 

there is still a great deal of current research in this area, is a testament to the synthetic 

versatility and unique properties possessed by zirconium-phosphate-based compounds. 

Those unique properties go far beyond the desired inorganic ion-exchange properties that 

intensified research in this area originally. In general, all of the zirconium phosphate 

phases have been shown to posses interesting ion-exchange,6.9 separationlO, catalyticll, 

ionic conductivity2,12, and intercalation properties.12 Intriguing transition metal phosphate 

chemistry is not limited to the group lVB metals as Johnson and Jacobson have 

demonstrated with their investigations of vanadyl phosphate, VOPO4_13.14 In addition, the 

discovery of tantalum l5 and niobium l6 phosphates have added to this class of inorganic 

ion-exchange materials and Piffard and co-workers have reported the preparation of 

KSb(PO)4. 17 All of the compounds mentioned in this paragraph are two-dimensional 

layered materials that undergo ion-exchange intercalation reactions. 

Since the discovery of crystalline layered H2Zr(PO4)2•xH2O there have been 

several different phases reported. The most prominent and interesting are the a, 5 ~. 6 and y 

phases. 18 The structures of all three phases reveal the origin of some of their interesting 

properties. Figure 4.1 shows the structures of both the a; and ~ phases of 

H2Zr(PO4)2•xH2O. The a-phase, H2Zr(P04)2•H2O, shown in Figure 4.la has a layered 

structure where the zirconium atoms lie above and below the mean plane of the layer. The 

zirconium atoms are bridged by phosphate groups located alternatively above and below the 

mean plane. Note that only three of the phosphate oxygen atoms are coordinated to the 'Z:c­

atoms while the fourth extends into the interlayer gallery of the material. A proton resides 

on each interlayer oxygen atom and is ion exchangeable. The position of the proton has 

been identified by neutron diffraction studies.19 The pendant interlayer oxygen atoms on 
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Figure 4.1: The structures of the ex (top) and~ (bottom) phases of zirconium hydrogen 

phosphate. (adapted from ref. 6 ) 
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adjacent layers are interdigitated and give rise to an interlayer distance of -7.6 A..6 The 

layers are held together by van der Waals forces and hydrogen bonding where the interlayer 

water molecule forms hydrogen bonds with the P-OH groups on adjacent layers. 

The structure of the ~ phase of H2Zr(P04)2. is quite similar to that of the a phase. 

The f3 phase is also layered and contains an identical arrangement of the 'Z:r atoms and 

phosphate groups in the intralayer structure. However, the difference between the 

structures arises in the interlayer arrangement of atoms. In the 13 phase pendant oxygen 

atoms are on top of one another and not interdigitated like they are in the a phase. This 

gives rise to a larger interlayer distance of -9.4 A. than is seen for the a phase.6 The 13-

phase does not contain interlayer crystalline water as the a phase does. Oearfield has 

hypothesized that the intralayer arrangement of pendant oxygen atoms in the 13 phase allows 

interlayer hydrogen bonding between P--OH groups thus, no water molecule is neede~ as 

in the a-phase, to facilitate these interactions.6 These structural characteristics give the 13 

phase a more open structure that readily undergoes exchange reactions with large cations 

like Cs+ and Ba2+, which are not easily exchanged using the a phase.6,12 

The y phase of zirconium phosphate also has a layered structure but it also contains 

two chemically distinct non-equivalent phosphate groups and is shown in Figure 4.2. 18 

The material contains layers of zirconium atoms that are bonded to PQ43- and H2P04-

tetrahedral groups. The PQ43- groups shares all four of its oxygens with the Zr atoms 

while the H2P04- groups only share two oxygen atoms with the Zr atoms. The remaining 

two -OH groups are pointed towards the interlayer region of the material. This results in 

an interlayer spacing of 12.2 A for the phase, the largest spacing seen for any phase of 

zirconium phosphate. 3lp MAS NMR studies have shown that this material gives rise to 

two distinct phosphorous-containing groups.20 They phase of zirconium phosphate is 

usually written as Zr(P04)(H2P04)•2H20, to more clearly define its structure. The gamma 

phase is a stronger acid and shows more rapid intercalation rates than the a phase, 

presumably due to its large interlayer spacing which allows relatively large ions to rapidly 
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• •Zr 0 =P 0 =O e =OH 

Figure 4.2. The structure of the y-phase of zirconium phosphate, 

Zr(POJCHzPOJ2•IlzO. (adapted from ref. 12). 
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exchange for protons.12 A interesting synthetic characteristic of the y phase is that the 

dihydrogenphosphate group can be substituted with phosphonic acids. This property 

irnpart_s a great deal of synthetic versatility to the phase and allows the synthesis of a variety 

of new materials.21.22 

As mentioned previously. the phases of zirconium phosphate have proven 

interesting in many materials applications. Clearfield and co-workersS-8 as well as 

others9.23 have extensively investigated the ion-exchange properties of these phases for 

many different alkali- and alkaline-earth metal ions in aqueous solution. These materials 

have shown the ability to intercalate these cations from aqueous solution. It is particularly 

interesting that they will remove both Cs+ and Sr2+ from solution as the radioactive 

isotopes of both of these ions contaminate many DOE high level waste streams and their 

removal from those waste streams is of utmost concem.24 The applications of the different 

phases of zirconium phosphate have not been limited to ion-exchange studies. Mallouk and 

co-workers have used a zirconium phosphate intercalated with a cationic chiral 1t-acceptor 

guest molecule to selectively bind one enantiomer of a racemic mixture of 1t-acceptor 

organic molecules.10 Whittaker and co-workers have studied the ability of zirconium 

phosphate to catalyze the dehydration of alcohols to olefins.11 Additional catalytic studies 

have been performed for isomerization and hydrogenation transformations of olefins.25.26 

Some zirconium phosphate phases are also proton conductors and their potential application 

as solid-state gas sensors for H2. 02. CO. and NOx gases has also been studied.27-30 

Beginning in 1978. Alberti and co workers showed that one of the oxygen atoms in 

the phosphate precursor could be substituted with an organic group (phosphonate) and the 

resulting zirconium phosphonate compound contained the same structural motif seen in the 

zirconium phosphate phases. 31 Zirconium phosphonate chemistry has also been 

investigated using different XP03 groups. where X is an organic moiety (i.e., crown 

ethers32, and amines33). These compounds also have interesting separation, conductivity, 

sensor, intercalation, and catalytic properties.12 
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One of the active areas of research in both the Strauss and Dorhout laboratories at 

CSU involves the remediation of heavy metals (i.e., Cd2+, TI+, Zn2+, Ag+, Hg2
") from 

aqueous waste streams. 34-36 It is well known that several of the H2Zr(PO4)i phases are 

good ion-exchange materials that have remarkable thermal and radiolytic stability.l As 

mentioned above, there are numerous reports on the ion-exchange properties of the 

different phases of H2Zr(P04h with alkali and alkaline earth metal ions in aqueous 

solution.5-7,9.23 However, there are no reports of studies involving these materials and 

their ion-exchange capacities for aqueous heavy metal ions. This is not unexpected because 

one would conclude that extractions based on H2Zr(P04h compounds, with their hard 

Lewis basic (oxygen rich) interlayer galleries, would be more likely to undergo ion­

exchange with hard Lewis acids (alkali, alkaline earth cations) than with soft Lewis acids 

(heavy metal ions) on the basis of Hard Soft Acid Base principle (HSAB).37 It is likely 

that a zirconium phosphate-based material, containing interlayer galleries that have a soft 

Lewis basic character would be selective towards ion-exchange with aqueous heavy metal 

ions. The monothiophosphate (PO3S3J anion is a likely phosphate-based precursor to 

employ in the synthesis of such a material. 38,39 

The use of the monothiophosphate (PO3S3J anion has been reported as far back as 

1949. The anion is a good reducing agent and has been used for the quantification of I2 in 

acidic media by reducing iodine to iodide which is then detected colorimetrically with added 

starch. 39 The monothiophosphate ion has also been used as a qualitative test for the 

detection of Co(Il) ion in the presence of Ni(II) as it forms a deep blue complex with 

Co(m.40 It is primarily synthesized as its alkali metal salt by hydrolyzing PSCl3 in 

alkaline aqueous media.41 However. there are no reports of its use as a surrogate for 

P043- in the field of metal-phosphate solid-state chemistry. 

The synthesis of group IVB (Zr, Hf) monothiophosphates was initially investigated 

because the group IVB metal-phosphate chemistry is so well developed, as has been 

discussed above. The target compounds H2M(P03S)z (M = Zr, Ht) would not be redox­

recyclable but the goal of this study is to see if the group IVB metal-phosphate solid-state 
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chemistry can be mimicked using the monothiophosphate {P03S3-) anion. If it can, the 

metal-monothiophosphate chemistry can be extended to other transition-metals to make 

materials that are potentially redox-recyclable. 

Herein the synthesis and characterization of a new class of group IVB metal 

thiophosphate-based compounds, H2M(PO3S)i is reported. These new compounds adopt a 

layered structure very similar to that of the l3-H2Zr(P04h phase. In the l3-H2Zr(P04h 
phase, one of the O-atoms on each of the P04~ groups is pointed into the interlayer gallery. 

That O-atom is protonated and the proton can undergo ion-exchange. Extensive 

characterization indicates that the new H2M(PO3S)2 compounds adopt a similar layered 

structure with the P03S~ groups preferentially oriented so only the S atom of the tetrahedra 

point into the interlayer gallery and there is a proton residing on the S-atom. This structural 

nuance gives these materials a unique soft Lewis basic nature that results in interesting ion­

exchange selectivity and capacity properties when compared to those for H2M(P04)z•xH2O 

phases, details of which are discussed below. 

Experimental Section 

Distilled water was purified and deionized (to 18 MQ) with a Barnstead NANOPure 

purification system. Hydrochloric, and nitric acids and metal salts were reagent grade or 

better. Schlenk, glovebox, and high-vacuum techniques were employed for some 

experiments.42 

Trisodium monothiophoshate (Na3PO3S) starting material was synthesized from 

aqueous NaOH and PSCl3 according to a literature procedure.4 1 It should be noted that a 

slight excess of base was needed to get a good yield (-60 % ) of the salt as had been 

reported previously.43 The powder X-ray diffraction (XRD) pattern and Fr-IR spectrum of 

the as-prepared Na3PSO3 salt agreed very well with literature reports for this 

compound. 38,44 
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Syntheses of the H2M(PO3Sh compounds were performed following a 

modification of Clearfield's method.5 In a typical experiment. 2.40 g of ZrC4 (10.3 mmol; 

Aldrich), and 5.56 g of Na3PO3S (30.9 mmol) would be dissolved in separate 1 M HCI 

solutions. After the reactants were completely dissolved (typically less than 2 minutes), the 

two clear colorless solutions were mixed together. Mixing of these solutions resulted in the 

immediate formation of a white gelatinous precipitate. The precipitation was endothermic as 

the reaction vessel became cool to the touch. The white gel solution was stirred. at room 

temperature. for 24 hours. After 24 hours, the gel solution was centrifuged and the clear 

aqueous portion decanted. The gel was then mixed with approximately 200 ml of water and 

allowed to stir for 30 minutes. This process was repeated two more times for each 

compound. Finally, the gel was isolated and dried under vacuum at room temperature for 

24 hours. This synthetic procedure yielded white polycrystalline powders for both 

H2Zr(PO3Sh and H2Hf(PO3S)i. Neither compound was soluble in concentrated or dilute 

HCI. HNO3 or even aqua regia . However both were soluble in dilute HF(aq) solutions. 

Syntheses of a-H2M(PO4h (M = Hf, Zr) analogs for comparison analyses were 

performed according to literature methods.5-7 A known amount of the appropriate MC14 

salt was dissolved in a solution of 1 M HCI to give a clear colorless solution. An excess of 

H3PO4 was rapidly added to the clear colorless solution. Upon addition of the H3P04 there 

was an immediate formation of a white gelatinous precipitate. This mixture was then treated 

using the same procedure as described above for the H2M(PO3Sh syntheses. 

Known amounts of the H2M(PO3Sh compounds were dissolved in dilute solutions 

of aqueous HF ( 49% Mallinckrodt) for elemental analysis. The composition of the 

digestion solutions used was approximately 4 parts water and l part HF(aq) by volume. 

The digestions were performed in teflon beakers. The analyte concentrations of 'Zr, Hf, and 

P, in each solution, were determined by Inductively-Coupled-Plasma Atomic Emission 

Spectrometry (ICP-AES) using a Perkin-Elmer P400 ICP atomic-emission spectrometer 

equipped with a high-salt nebulizer (the emission lines monitored were 343.823 nm for 

zirconium, 277.336 nm for hafnium, and 213.618 nm for phosphorus). Calibration curves, 

177 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

curves, which were linear in concentration over the range 5.00 to 1.00 mM, were 

constructed using known concentrations of metal salts; matrix matching was used for all 

experiments. One standard was reanalyzed for every five samples during the course of data 

collection and the results averaged. 

Qualitative elemental analysis was performed using energy dispersive spectroscopy 

(EDS). EDS analysis was performed on a Philips 505 Scanning Electron Microscope 

(SEM) equipped with a Kevex detector and analysis software. Powder X-ray diffraction 

(XRD) measurements were recorded with a Philips diffractometer using Cu Ka radiation 

and the data analyzed using Jade (MDI) software. Powder patterns were compared with 

those on the PDF database. Samples for Ff-IR spectroscopy were pressed KBr discs of 

the compounds. Spectra were recorded at room temperature on a Nicolet SPC 

spectrometer. Ff-Raman spectra were collected on powdered crystalline solids contained 

in glass tubes on a Nicolet Magna-760 Spectrometer with a Raman module. 

Differential scanning calorimetry data was collected on powdered samples sealed in 

aluminum pans on a Rheometric Sciences DSC 1000 instrument. Thermogravimetric/mass 

spectroscopic (TG/MS) analyses were performed on a TA Instruments TGA 2050 

Thermogravimetric Analyzer interfaced with a Balzars Thermostar Mass Spectrometer. The 

thermal unit was ramped at 5° C/min from room temperature to 200° C under a constant 

flow of He carrier gas at a rate of 35 mllmin. Evolved gases were analyzed using 

scanning (1-300 amu) and multiple ion detection modes. 

The 31PMAS NMR spectra were obtained at room temperature on a Varian Unity-

400 spectrometer at a frequency of 161.8 MHz. A Varian MAS probe with a 7 mm rotor 

was used. The typical 1t/2 pulse width was 7 µs, and a 3 s recycle delay was used. The 

spinning rate was typically 6 kHz. Chemical shifts are reported relative to phosphoric acid 

(85% H~O4) . The number of scans varied from 128 to 256. 

Intercalation reactions between H2M(P03S}z compounds and trialkylamines were 

performed by treating known amounts of H2M(PO3S}z with an excess of either triethyl or 

triburylamine (Aldrich). The resulting heterogeneous mixtures were stirred for 24 h, in the 
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triethylamine case, and 48 h, with the tnoutylamine. These mixtures were then filtered and 

the products of the reactions were washed several times with ethanol before being dried at 

room temperature in air. All reactions yielded white polycrystalline powders as the 

products. 

Heavy-metal-extraction experiments were performed on precisely weighed samples 

of the solid extractant H2M(PO3S)i. A exact volume of 10.00 mM M(N~)11 in 0.1 M 

HNO3 or 0.001 M HNO3 (the guest solution) was added to each solid extractant sample to 

make the mole ratio ZrM+ = 1.0. The mixtures were vigorously stirred at 25°C for sixteen 

hours and filtered. The filtrates were collected, diluted to a constant volume, and analyzed 

for metal ions by ICP-AES. The ICP-AES emission lines monitored were 214.438 nm for 

cadmium, 213.856 nm for zinc, 194.227 nm for mercury, 220.353 nm for lead, 276.787 

nm for thallium, 219.958 nm for copper, 221.647 nm for nickel, 294.920 nm for 

manganese, 238.892 nm for cobalt, 589.592 nm for sodium, 279.806 nm for magnesium, 

and 317 .933 nm for calcium. Portions of the metal guest-host complexes were digested in 

dilute HF(aq) until all of the solids had dissolved. The resulting homogeneous solutions 

were also analyzed by ICP-AES. 

Mass balance experiments were performed using the same extraction experimental 

procedure described above, with the exception that the pH of all extraction solutions was 3. 

The pH of the extraction solutions, before and after the extraction experiments, was 

measured using an Orion 720A pH meter equipped with a glass pH electrode. The level of 

heavy metals remaining in the extraction solutions was determined by ICP-AES. 

Back-extraction experiments on heavy-metal-laden extractants were performed as 

follows. Samples of the loaded extractant were treated with an excess of 3 M HCl, while 

being stirred, for a period of four to eight hours. After the prescribed time, the mixture 

was filtered, the filtrate collected, and the solid extractant washed with copious amounts of 

distilled deionized water. The solid extractant was then dried under vacuum at room 

temperature overnight. The filtrate was analyzed by ICP-AES to determine the level of 

heavy metal washed off by the 3 M HCI. In addition, a known portion of the washed 
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extractant was dissolved in a small amount of HF(aq) and the resulting solution analyzed 

for constituent elements by ICP-AES. 

Results and Discussion 

Synthesis and Elemental Composition of H2M(PO:,S)i (M = Zr, Hf). 

The synthesis of a-H2M(P04h•H2O involves the relatively straightfotward addition H~4 

to a dilute HCl solution of a Zr 4+ or Hf'+ salt. 5 This synthesis results in the immediate 

precipitation of a white gel whose crystallinity improves with refluxing the solid in H:;PO4. 

The approach used to synthesize H2M(P03Sh (M = Zr, Hf) is similar to that used for 

H2Zr(PO4h and is summarized in (4.1). The products of the these reactions were dried at 

room temperature to give white polycrystalline solids. These syntheses were also 

lMHCl 

24hr. 
H2(Zr, Hf)(P03S)i (s) (4.1) 

(white gel) 

performed in 2 M and 3 M HCI with no difference in either the crystallinity or the 

physicochemical properties of the products. 

As stated in the introduction. the orientation of the sulfur atoms in the solids 

resulting from (4.1) is of particular interest. A cartoon of what the structure of 

H2Zr(PO3Sh may resemble is shown in Figure 4.3. This proposed representation is based 

on the following rationale. The monothiophosphate ion contains a phosphorus atom bound 

to three hard Lewis basic oxygens and one soft Lewis basic sulfur atom. When mixed with 

a hard Lewis acid like Zr4+ or lit+, it is likely that the oxygen atoms of the 

monothiophosphate preferentially coordinate to the group IVB metal ion in the layers of the 

compound, on the basis of HSAB theory. It is also likely that most of the charge on the 

PO3S3- anion lies on the oxygen atoms. This coordination scheme leaves the lone sulfur 
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Figure 4.3. Schematic representation of the interlayer arrangement of IlzZr(P03S)2• 
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atom to be directed away from the layers and into the interlayer space, similar to the 

pendant phosphate oxygen atom in the H2Zr(PO4h phases.45 

ICP-AES measurements of the digests of the compounds yielded the following 

results. For both the zirconium. and the hafnium-based compounds, the phosphorus:metal 

ratio was 2.0: 1.0. Therefore. two PO3S3- units are present per M4+ ion, in the 

stoichiometry of the compound. This implies that there must be positive ion(s) that charge 

balance with a sum total of 2. According to (4.1), there are only two possible cations 

present to balance that charge: Ir and Na+. Energy dispersive spectroscopic (EDS) 

analyses were used to identify the additional charge balancing ions. The EDS spectrum of 

H2Zr(PO3Sh is shown in Figure 4.4 and contains peaks corresponding to 0, P, Zr , and S. 

In addition, the EDS spectrum of H2Hf(PO3Sh is shown in Figure 4.5 and contains peaks 

identified as those of Hf, P, and S. Neither of the spectra show any peaks for sodium. 

Therefore, the charge balancing ion must be H+, which should be expected given the low 

pH (-1) of the synthesis solution. 

Powder X-ray Diffraction of M(HSPO3)? (M = Zr, Hf). Powder XRD 

patterns of H2Zr(PO3Sh and H2Hf(PO3S)z are shown in Figure 4.6. The XRD patterns of 

the two compounds consist of only a few broad, ill-defined diffraction peaks that are 

qualitatively like those of several reported H2Zr(PO4h•xH2O phases.5,7,8 The two XRD 

patterns for the H2M(PO3S)z are indistinguishable, but the XRD patterns for H2Zr(PO4)i 

and H2Hf(PO4)z are also nearly indistinguishable.46 The lowest angle line (possibly due to 

the 001 or 002 reflection) of H2Zr(PO3Sh occurs at -9.4 A a distance 1.8 A longer than 

that observed for a-H2Zr(PO4h•H2O. The J3 phase of H2Zr(P04h has an XRD pattern that 

has a lowest angle peak at -9.4 A.6 However, a comparison of the XRD pattern of the 

reported (3-phase of zirconium phosphate to the compound, H2Zr(P03S)2, does not suggest 

that they are identical compounds. 

Both the a; and J3 phases of H2Zr(P04)2 are layered compounds with pendant 

oxygen atoms in the interlayer region. The difference in their respective structures has to 

do with the orientation of the pendant oxygen atoms between adjacent layers. In the a; 
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Figure 4.4. Energy dispersive spectrum (EDS) of ~Zr(PO3S)2• Note the absences of 

any peaks for sodium. 
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Figure 4.5. Energy dispersive sprectrum (EDS) of HiHf(PO3S)2• Note that there are no 

peaks present for the element sodium. 
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Figure 4.6. Powder X-ray diffration patterns. This figure contains the PXRD patterns 

of a) HzZr(PO3S)z and b) Il.zHf(PO3S)'.!. The asterisks denote the diffraction lines from the 

internal standard. silicon. 
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phase, the pendant oxygen atoms are interdigitated and give rise to an interlayer distance of 

- 7.6 A. In the (3 phase, the pendant oxygen atoms in adjacent layers are directly opposite 

one another, like that shown in Figure 4.3. resulting in a larger interlayer spacing (-9.4 .A) 

than that seen in the a phase. Based on the observed interlayer distance of H2Zr(PO3S)i, it 

seems more likely that the structure of H2Zr(PO3Sh is similar to that of the ~ phase of 

H2Zr(PO4h. Similar observations and conclusions can also be made by comparing the 

XRD patters of H2Hf(PO3S)iand a-H2Hf(PO4h.46 Although the elemental analysis and 

XRD patterns of the monothiophosphate analogs suggest a structure and stoichiometry we 

call f3-H2Zr(PO3S)i, additional experiments were performed to confirm this hypothesis. 

It is well known that both the a. and y phases of zirconium hydrogen phosphate 

undergo intercalation reactions with a wide variety of molecular, ionic, and polymeric 

species.10.47.48 One such molecular intercalant family, that has been extensively 

investigated and characterized. are amines.49.50 It has been shown that the lamellar 

zirconium hydrogen phosphate phases undergo intercalation of a variety of amines and that 

the pendant fr ion is transferred to the amine creating an intercalated ammonium cation. 

To further demonstrate the similarity in structure and reactivity of the new H2M(P03Sh 

compounds to their phosphate analogs, intercalation reactions were performed with two 

types of trialkylamines (triethyl and tributyi amine). 

Figure 4. 7 shows the XRD patters of H2Zr(P03Sh and the products of the reaction 

with triethylamine and tributylamine respectively. The XRD pattern of H2Zr(PO3Sh 

(Figure 4.7a) displays a low angle peak (d = -9.4 .A) that likely corresponds to the 

interlayer distance of this compound (00[). The XRD patterns of the products of the 

intercalation reactions between H2Zr(PO3Sh and triethylamine (Figure 4. 7b) and 

tributylamine (Figure 4.7c) display shifted (001) low angle peaks that correspond to 

interlayer spacings of 12.9 A and 15.9 A, respectively. The XRD pattern of the 

tributylam.ine intercalate contains a small peak at -9.4 A. which is likely due to incomplete 

intercalation of H2Zr(PO3S)z. These new spacings correspond to an interlayer distance 

increase of -3.SA and-6.5 A for the triethylamine and tributylamine intercalates, 
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Figure 4. 7. XRD Patterns of H.iZr(PO3S)2 and its amine intercalated analogs. a) 

HzZr(PO3S)2 b) triethylamine-intercatlated HzZr(PO3S)2 c) tnoutylamine-intercalated 

HzZr(PO3S)2 
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respectively. These d-spacing shifts are consistent with the intercalation of the amine in 

each case and are comparable to the those observed for a-H2Zr(PO-lh•H2O and it's amine 

guest-host solids.5l,52 The powder XRD results of a similar set of intercalation 

experiments run with H2Hf(PO3Sh are shown in Figure 4.8 and yielded comparable results 

with the H2Zr(PO3S)i experiments. 

31P Magic Spinning Angle (MAS) NMR of H2Zr(PO3S)1. 
31P MAS 

NMR has been extensively used to characterize the many phases of zirconium hydrogen 

phosphate and their intel'Calation products.49.50.53 According to literature reports the 31P 

MAS NMR shifts of the Po/·, HPO/-, and H2P04- moieties occur at - -10, - -20, and -

-30 ppm, respectively, in their respective zirconium phosphate phases and they can be 

distinguished by 31P MAS NMR..20 Figure 4.9 shows the 3lp MAS NMR of the parent 

Na3PO3S salt. The spectrum consists of a single peak at 33.5 ppm. Figure 4.10 shows 

the 31P MAS NMR spectrum ofH2Zr(PO3S)z which contains a large resonance at 2.74 ppm 

and a very small peak at - -21 ppm. 

The large peak in Figure 4.10 likely corresponds to the resonance for 

monothiophosphate group that is oriented such that the S-atom is directed into the interlayer 

space. If the monothiophosphate groups were randomly oriented in the material there 

would be both P-OH and P-SH dangling moieties with there being three times as much of 

the former as the latter. This would give rise at least two major resonances in the 31P MAS 

NMR. The fact that there is only one major peak in the spectrum supports the contention 

that the monothiophosphate groups are preferentially oriented The small peak is likely due 

to the formation of some cx-H2Zr(PO4h•H2O, which is probably formed by the slow 

hydrolysis of the S atom on the monothiophosphate group during synthesis. For 

comparison studies the compound cx-H2Zr(PO4h•H2O was synthesized and characterized 

Its 3 lp MAS NMR is shown in Figure 4.11 and consists of a large single resonance at - -

21 ppm. Remember that the spectrum of H2Zr(PO3Sh in Figure 4.10 has a small 

resonance at this frequency. This observation speaks to the stability of P03S3- and 

H2Zr(PO3S)2 in acidic media, which wm be addressed later in this chapter. 
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Figure 4.8. The above figure contains XRD patterns for a) Hf(HPSO3) 2 and b) 

triethylamine intercalated Hf(HPSO3) 2• 
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Figure 4.9. 3 tp MAS NMR of N~PSO3• The asterisks denote the spinning side bands 

of the spectrum. 
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* * 

70 60 50 40 30 20 10 0 -10 -20 -30 -40 PPII 

Figure 4.10. 31P MAS NMR of ~Zr(PO3S)2• The above figure contains the 31P MAS 

NMR of lizZr(PO3S)2• Note the presence of a small peak at -21 ppm which is likely due 

to the formation of some a-lizZr(PO .J2• The asterisks denote the spinning side bands. 
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Figure 4.11. 31P MAS NMR of a-HzZr(POJ2• The asterisks denote the spinning side 

bands of the spectrum. 
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The 31P NMR results for H2Zr(P03Sh indicate the predominance of a single phase 

in the product (indeed. the a.-H2Zr(PO4h•H2O is less than a 5% impurity based on its 

absence in the XRD pattern). The absence of other prominent peaks in the NMR suggests 

that there is only one type of 31P environment in H2Zr(PO3S)i. This situation is analogous 

to that encountered when comparing the 31P NMR of a. and y phases of H2Zr(PO4)i. The y 

phase of H2Zr(PO4h contains both PO/--and H2P04- groups which give rise to two distinct 

resonances in its 31P MAS NMR spectrum.53 Since an analogous situation is not observed 

in the 31P MAS NMR spectrum of H2Zr(PO3S)z, as only one resonance is seen. Based on 

this result along with the powder XRD results presented earlier. one can conclude that the 

structure ofH2Zr(P03Sh is likely similar to that of '3-H2Zr(PO4h. 

Vibrational Spectroscopy of H2M(PO3Sh. Overlays of the Fr-IR and Fr­

Raman spectra for H2Zr(PO3Sh, and H2Hf(P03Sh are shown in Figures 4.12 and 4.13. 

respectively. The Raman and IR data for these and other compounds is summarized in 

Table 4.1. Vibrational spectroscopy has been previously used to characterize various 

zirconium phosphate phases and their intercalates.47,48.54 There are two particular regions 

of interest in the spectra shown in Figures 4.12 and 4.13. The first region at ~2500 cm-1 

corresponds to v(S-H) stretching frequencies.55 The vibrational spectra of H2Zr(PO3Sh 

and H2Hf(PO3Sh contain peaks at 2545 cm-1(IR) and 2558 cm-1(R). and 2544 cm-1(1R) 

and 2558 cm-1(R), respectively, which can be assigned to the v(S-H) stretches of the 

solids. The presence of an v(S-H) peak in the vibrational spectra of both H2Zr(PO3Sh and 

H2Hf(PO3Sh helps support the contention that the monothiophosphate groups are oriented 

with pendant S-atoms pointed into the interlayer gallery of the layered compound. as they 

would only bind protons or H3O~ ions in this orientation. This orientation. coupled with 

the H2M(PO3Sh stoichiometry, necessitates that the interlayer hydrogen ions reside on the 

S atom (exactly like the pendant oxygen atoms in a- or (3-llzZr(POJJ. 

The second region of interest is between 650-600 cm-1
. One would expect to 

observe v(P-S) stretches in this region.56 The spectra have strong peaks centered at 618 

cm-1(IR) and 650 cm-1(R) for HzZr(PO3S)2 and at 614 cm-1(1R) and 653 cm-1(R) for 
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Figure 4.12. Ff-IR and Ff-Raman spectra of the compound ~Zr(PO3S)2• 
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Figure 4.13. Ff-IR and Ff-Raman spectra of the compound l!iHf(PO3S)2. 
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Table 4.1. Summary of Vibrational Data for H2M(P03S)2 and H(2-nx)NxZr(P03S)i (M = Zr, Hf; N = Zn, Cd), All values are r..:ported 

in units of cm-1
• 

IR. Raman IR Raman IR Raman 

247 249 261 247 

425 437 440 457 355 458 -145 

618 650 614 653 625 452 597 668 

833 833 833 833 646 520 629 

1054 1063 1062 1080 1019 669 1012 1014 

1133 1051 1040 1033 1034 

2545 2558 2544 2558 1219 2555 1210 

3420 3420 3446 3467 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

H2Hf(PO3Sh. These peaks likely correspond to the v(P-S) stretch of the protonated 

monthiophosphate group in both compounds. These assignments are nearly identical in 

energy to the v(P-S) frequency observed in the IR spectrum of the free acid of diisopropyl 

monthiophosphate ((HS)PO(OPi):v reported at 621 cm-1.57 The peaks in the 1200-900 

cm-1 region of both spectra can be assigned to the symmetric phosphate stretch. The 

vtbrational data presented here suggest that pendant P-S groups exist in both compounds. 

The presence of these peaks help support my proposed structure of H2M(PO3S)i. Finally. 

the IR spectrum of H2Zr(PO3S)i does not contain the distinct peaks at 3515 and 3598 cm-1 

that are present in the IR spectrum of cc-H2Zr(P04)i•H2O. which have been attributed to the 

symmetric and asymmetric stretches of interlayer crystalline water, respectively. 54 

Therefore, it is likely that there is no interlayer water in these materials. a conclusion that is 

supported by thermal analyses. 

Heavy ~fetal Extractions Using H2Zr(PO3S)z. As stated in the introduction 

section of this report. interest in these materials is not limited to the synthesis and 

characterization of the monthiophosphate analog of zirconium and hafnium phosphate, but 

also their ion-exchange properties. One useful and well-investigated property of hydrogen 

zirconium phosphate phases is their ion-exchange properties. As discussed in the 

introduction. hydrogen zirconium phosphate phases have been investigated as ion­

exchange materials for more oxophilic, harder metal cations (i.e. alkali, and alkaline earth 

cations).5-7.9,23 There have been no published reports using hydrogen zirconium 

phosphate phases as selective ion-exchange materials for more chalcophilic, soft heavy 

metal cations (i.e .. Hg2+. Pb2+, Tl+. Zn2
+. and Cd2

~. Since it is likely that the 

H2M(PO3S)i solids contain pendant S-H groups in the interlayer space, whose protons can 

be used for ion-exchange. there might be a significant driving force for H2M(PO3Sh solids 

to preferentially remove heavy metal ions from solution. 

A series of batch extractions using H2Zr(P03S)2 were performed in attempts to 

extract a variety of different metal cations from aqueous solutions at pH 1 and 3. the results 
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of which are summarized in Tables 4.2 and 4.3. respectively. Comparison of the results in 

allow the observation of two general trends concerning metal ion extraction by 

H2Zr(PO3S)i. Firs4 comparing the loading values for the five metal ions that are common 

to both tables allows indicates that more metal ions are removed from solutions of pH = 3 

than at pH = 1. This is understandable if one considers the ion-exchange equilibrium 

shown in ( 4.2). According to ( 4.2). the higher pH the farther the equilibrium will 

H2_0 ~ 3S)i + ny a+ (aq) 

+ (x-y) Ma+(aq) (4.2) 

lie to the right. A second trend seen in the data presented in Tables 4.2 and 4.3 is the 

relative amounts of metal ions removed by H2Zr(PO3S)2. The compound has a higher 

capacity and preference for transition metal ions than for alkali (Na J and alkaline earth 

(Mg2+, and Ca2J metal ions. It also appears the softer transition metal ions (Cd2+, TI+, and 

Zn.2J are removed to a greater extent than the harder transition metals like Co2+, Mn2+, and 

Nf+. These trends are attributed to the unique soft Lewis basic character of this sulfur 

containing ion-exchange material. 

Nearly all of the metal-intercalated materials presented in Tables 4.2 and 4.3 are 

white polycrystalline powders. However, there is one notable exception. The Co1+(aq) 

intercalate of H2Zr(PO3Sh of is a purple powder. The formation of the purple color was 

nearly immediate upon the mixing of the Co1
+ (aq) solution with the white solid extractant. 

This property of H2Zr(PO3Sh may make it a useful material for the qualitative 

determination of the presence of Co1
+ (aq). 

According to (4.2), the removal of metal ions should depend on the pH of the 

extraction medium as has been previously discussed. To investigate this hypothesis to a 

greater extent a series of Zn2+(aq) extractions were performed with H2Zr(PO3Sh in 

solutions with different pHs_ Figure 4.14 is a plot of the loading value of x in H2_2xZnxZr 

(PO3S)2 as a function of the pH of the extraction medium. Qualitatively it is observed that 
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Table 4.2 : Extractions of Metal Ions from 0. J M Aqueous HNO3 Using the Ion-Exchange Material H2Zr(PO_1S)2• 

Mfl+(aq) initial Zr/.Mn+ fM"+(aq )]r, Hc2-nx)MxZr (PO3S)i ([M"+(aq)]i - [Mn+(aq)]r)/ b, c 

mole ratio mM recovered a [M0+(aq)]i 

Cd2+ 1.0 1.30 H0_26Cd0_13Zr(PO3S)2 0.87(1) 

Zn2+ 1.0 4,82 Ho.96Zno.s2Zr(PO3S)2 0,52(1) 

11+ 0,5 7.20 Hi .46 Tlo.s4Zr(PO3S )2 0,28(1) 

Ni2+ 1.0 9.78 Hl.96Nio.02Zr(PO3S)2 0.02(1) 

Mn2+ 1.0 9.20 H1.a4Mno.oaZr(PO3S)2 0,08(1) 

Co2+ 1.0 9.52 H1.92Co0_04Zr(PO3S)2 0.04(1) 

a The values of y were determined from the difference in initial and final aqueous concentrations of M0+, [M"+(aq)]j and [M"+(aq)]r, 

respectively, which were determined by ICP-AES. b Unless otherwise noted, the theoretical maximum value of ([Mn+(a<J)]j -

[Mfi+(aq)]r)/[Mn+(aq)Ji for each experiment was 1.00. c One estimated standard deviation in the least significant digit is shown in 

parentheses, 
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Table 4.:, :Extractions of Metal Ions from 0.001 M Aqueous HNO3 Using the Ion-Exchange Material H2Zr(PO3S)2 

M'1+(aq) initial Zr/Mn+ [M"+(aq )lr, H(2-nx)MxZr (PO3Sh ([M"+(aq)]i - [M"+(aq)]r)/ 

mole ratio mM recovered [M"+(aq)]j 

Cd2+ 1.0 1.45 Ho.2aCdo.s6Zr(PO3S )2 0.86(1) 

Zn2+ 1.0 2.50 H0.50Zn0.75Zr(PO3S )2 0.75(1) 

Hg2+ 1.0 6.30 a 0.37(1) 

Pb2+ 1.0 0.65 b 0.94 (l) 

Cu2+ 1.0 0.68 H0.14Cu0.93Zr(PO3S )2 0.93(1) 

8 Ni2+ 1.0 8.00 H 1.6()Ni0,20Zr(PO3S)2 0.20(1) 

Mn2+ 1.0 7.40 H1.48Mn0.26Zr(PO3S)2 0.26(1) 

Co2+ 1.0 6.86 H 1,38Co0_31Zr(PO3S)2 0,31(1) 

Na+ 0.5 9.55 H1.92Na0_08Zr(PO3S)2 0.04(1) 

Mg2+ 1.0 9.68 H 1,94Mg0_03Zr(PO3S )2 0.03(1) 

Ca2+ 1.0 9.10 H u 2Cd0,09Zr(PO3S )2 0.09(1) 



R
eproduced w

ith perm
ission of the copyright ow

ner.  F
urther reproduction prohibited w

ithout perm
ission.

Table 4. 3 continued 

a XRD of the recovered extractant contained evidence for the fonnation of HgS, probably the result of hydrolysis of HPO3S groups to 

form s2
- 11nion which precipitated as HgS (K511~ 10-50

). b XRD analysis of the recovered extractant showed evidence for the formation of 

PbS. 
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Figure 4.14. Plot of Zn2
+ Loading of Ri-zxZ~r(PO3S)2 Function of pH. This figure 

demonstrates the dependince of Zn2
+ uptake by Zr(HSPO3) 2 on the pH of the extraction 

medium. 
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at higher pH more zinc is removed than at lower pH. There is a clear dependence between 

the extent of zinc removal and pH and lends further support to the contention that 

Zr(HPSO3h removes metal ions through an equilibrium ion exchange process as depicted 

in (4.2). 

The rate of Zn2+(aq) intercalation into H2Zr(P03Sh was also monitored. To 

accomplish this goal a series of Zn2+(aq) extractions were performed at pH = 3 for 

prescribed timed intervals. The results of these experiments are shown in Figure 4.15 and 

they clearly indicate that the maximum zinc loading of H2~S)z is rapid and is complete 

in less than the shortest timed period analyzed (15 min). 

The intercalation ofZn2+(aq) into H2Zr(PO3S)2 was monitored using XRD. Figure 

4.16 is an overlay of the XRD patterns of a) H2Zr(PO3S)z, b) Ho.soZno.75Zr(PO3Sh, and c) 

H1.9sZno.01Zr(PO3S)z. The solid H1.98Zno.01Zr(P03Sh was the solid recovered after 

treatment of Ho.soZn0_75Zr(PO3Sh with an excess of 3 M HCl for 4 hours. Inspection of 

the low angle diffraction peaks of all three XRD patterns indicate that reversible 

intercalation has taken place. Intercalation of Zn2+(aq) into H2Zr(P03Sh resulted in an 

interlayer expansion from-9.4 A to ~10.8 A (c.f. Figure 4.16a and 4.16b). Treatment of 

Ho5 oZno.75Zr(PO3S)2 with an excess of protons drives the equilibrium in (4.2) back 

towards the left, removing the Zn!+ ions from the interlayer galleries. This results in the 

collapse of the low angle diffraction peak back to - 9.4 A in figure 4.16c. 

The reversible intercalation ofZn2+(aq) into H2Zr(P03S)2 was also monitored using 

vibrational spectroscopy. Figure 4.17 shows an overlay of the Fr-IR and Fr-Raman 

spectra of Ho.soZno.75Zr(P03Sh, and Table 4.1 contains a summary of the peaks observed. 

One of the first things to note in the IR spectrum of Ho.soZno.75Zr(P03Sh is the absence of 

the v(S-H) peak observed in the IR spectrum of H2Zr(PO3Sh at 2545 cm-1
. In addition, 

there is a decrease in the intensity of the v(S-H) peak in the Raman spectrum of 

Ho.soZno.75Zr(P03Sh, at 2555 cm-1 relative to the peak at 1040 cm-1 when compared to the 

same peaks in the Raman spectrum of H2Zr(P03Sh (Figure 4.12). These changes can be 

attributed to the fact that Zn2+(aq) ions are intercalated into the solid and have exchanged 
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Figure 4.15 Plot of zinc stoichiometry in l!z.ixZ11xZr(PO3S)2 vs. extraction time. The 

results indicate that zinc is completely intercalated into llzZr(PO3S)z in less than 15 

minutes. 
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Figure 4.16. Overlay of XRD patterns. The above figure contains the XRD powder 

patterns for a) ~Zr(P03S)2, b) Ho.so Zno_75Zr(P03S)2 andc) H1.98Zn0_01Zr(P03S)2 which is 

the product after Ho.so Zn0_75Zr(P03S)2 has been treated with excess 3 M HCI for a period 

of 4 hours. The asterisks indicate the diffraction peaks from the added internal standard, 

silicon. 
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Figure 4.17. Ff-IR and Ff-Raman spectra of the compound ffo.5oZn0_75Zr(PO3S)r 

206 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

with the protons present on the S-atoms of the PO3S3- groups. These observations 

strongly suggest that the method of ion removal is ion exchange. The Raman portion of 

Figure 4.17 indicates that there are still protons remaining in the zinc-laden-extractant. as is 

supported by the observed stoichiometry ofHo.soZno.75Zr(PO3S)i. A strong peak at -1620 

cm-1 is observed that can be assigned to the 5(H2O) mode of water.56 This observation 

suggests that water is present in the Zn2
+ intercalated soli~ possibly coordinated to the 

intercalated metal ion. Treatment of the compound Ho.soZno.75Zr(P03S)z with an excess of 

3 M HCI for a period of 4 hours resulted in a recovered solid with the stoichiometry 

H1.9sZno.01Zr(PO3S}i. The Ff-IR and Ff-Raman spectra of H1.98Zno.01Zr(P03S)i are 

identical to that ofH2Zr(PO3S)i that are shown in Figure 4.12. These results coupled with 

the XRD observations lead one to conclude that Zn2+(aq) ions can be reversibly intercalated 

into H2Zr(PO3Sh. 

Perturbations of the peaks assigned to the v(P-S) stretching frequency in the 

vibrational spectra ofHo.soZno.75Zr(PO3Sh are also observed. In the IR, the v(P-S) stretch 

peak observed for H2Zr(P03S)i split and shifted to 625 cm-1 and developed a prominent 

shoulder at 646 cm-1 upon intercalation of Zn2+(aq). In the Raman spectrum, the v(P-S) 

stretch shifted from 650 cm-1 to 669 cm-1 upon incorporation of Zn2+(aq) ions. One would 

expect the P-S vibration to be perturbed by the incorporation of Zn2
+ into the interlayer 

space of the material, as it is very likely that there are significant interactions between the 

zinc ions and the pendant sulfur atoms. 

The integrity of H2Zr(PO3S)i during multiple cycles of Zn2+(aq) intercalation and 

deintercalation is of paramount interest since any useful ion-exchange material must be 

robust to several cycles of ion-exchange and regeneration. Three complete cycles of 

extraction of Zn2+(aq) with H2Zr(PO3S)i followed by backextraction/regeneration of 

H2Zr(PO3Sh with 3 M HCl were performed. The results of these experiments are 

summarized in Table 4.4. These results indicate that Zn2+(aq) ions could be intercalated 

into H2Zr(P03Sh and then essentially all of those ions could be removed through at least 

three complete cycles of extraction and backextraction without any loss of ion-exchange 
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2Ir(aq) 2W(aq) 

Table 4.4. Summary of recyclability experiments for the removal of Zn2+(aq.) from 

0.001 M HN03 using Ilz2r(P03S)2• 

Cycle# 

1 

2 

3 

X 

0.70 

0.78 

0.74 

208 

y 

0.01 

0.01 

0.02 
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capacity of the material. The slight difference in the Zn stoichiometry of H2_ 

2"CZnxZr(PO3S)z for the three cycles is likely not due to anything other than experimental 

error. A similar cyclic experiment was performed. using H2Hf(P03S)z as the extractant 

and Cd2+(aq) as the target ion. the results of which are shown in Table 4.5. These results 

indicate that H2Hf(PO3Sh can also be used as an effective. selective, and recyclable 

extractant for the heavy metal ion Cci2+(aq). 

Experiments were also performed to determine if the treatment of solutions 

containing Zn2+(aq) ions with H2Zr(PO3S)z would lower the zinc concentrations down to 

acceptable limits. 58 Two solutions containing 65 ppm Zn2+(aq) (pH= 3) were treated with 

two and four equivalents of H2Zr(PO3Sh for a period of two hours, respectively. The zinc 

analyses for both extractions indicated that the zinc concentrations bad been reduced to -9 

ppm. This is encouraging as the concentration of zinc in the solutions was reduced by 

-87% with just one contact with H2Zr(PO3S)z. However, the levels of zinc in both 

extractions is still above the accepted level of 5 ppm. 58 It has not yet been determined if 

successive contacts with H2Zr(P03S)z could lower the zinc levels to acceptable limits. 

The material H2Zr(PO3Sh has been demonstrated to be an effective and recyclable 

extractant for Zn2+ (aq). As mentioned above, the cyclic extraction of Cd2+(aq) by 

H2Zr(PO3S h was also investigated and it was shown that the host extractant was also 

effective and recyclable for the removal of Cd2+(aq). For the initial extraction, comparative 

ICP-AES analysis of both the extraction filtrate and digestate of the heavy-metal-laden 

extractant resulted in a calculated stoichiometry of Ho.2Cdo_gZr(PO3S)z. The EDS spectrum 

of that compound is shown in Figure 4.18 and indicates the presence of cadmium along 

with that of zirconium. phosphorus, and oxygen. Deintercalation of Cd2+ from 

Ho.2Cdo_gZr(PO3Sh was accomplished with a 3M HCl solution that was contacted with the 

solid for a period of 8 hours. After such treatment the elemental analysis of the solid 

yielded a stoichiometry of H1.8Cdo.1Zr(PO3S)z. The EDS spectrum of the washed 

compound is shown in Figure 4.19 and indicates only a trace peak for cadmium. 
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2W(aq) 2W(aq) 

Table 4.5. Summary of recyclability experiments for the removal of Cd2.(aq) from 0.1 

M HNO3 using Hf(HPSO3) 2 . 

Cycle# 

l 

2 

3 

X 

0.66 

0.77 

0.91 

210 

y 

0.05 

0.06 

0.08 
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Figure 4.18: Energy dispersive spectrum (EDS) oflfo.2Cclo.#CPO3S)2• 

211 

5 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

I 
n 

(Zr, P) 

t 
e 
n 
s s 
. 
1 

t 
y 

Cd 

1 2 3 4 s 

Energy (ke V) 

Figure 4.19. Energy dispersive spectrum (EDS) of H1_80Ccfo_1Zr(PO3S)2 (which is 

Ifo_2C<lo_gZr(PO3S)2 washed with 3 M HCl. 
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Analogous vibrational spectroscopic results were observed for Cd2+(aq) extraction as were 

obtained for Zn2+(aq) extraction by ~Zr(PO3S)1. 

Attempts to extract Cd2+ or 2n2+ ions from aqueous solution using a­

Hi2r(PO J 2 • lizO revealed that this material has little to no affinity for removing those ions 

from solution, at pH = L The results of those control extractions, along with other 

extractions performed at pH = 3 are summarized in Table 4.6. Significantly smaller 

amounts of zinc and cadmium are extracted by a-lizZr(POJ2•lizO than are extracted by 

lizZr(PO3S)2• The pH dependence of the uptake of Zn2+(aq) ions by H2Zr(P03S)z was 

also studied. the results of which are plotted in Figure 4.20. It is interesting to note that the 

uptake of those ions by a-H2Zr{PO4h•H2O, like their take up by H2Zr(PO3S)z. was a 

function of the pH of the extraction solution. Nonetheless, the capacity of H2Zr(P03Sh to 

take up both cadmium and zinc is significantly greater than that for a- H2Zr(PO4h•H2O, at 

pH = 3 (see Table 4.3). These observations can be attributed to the soft Lewis basic 

character of H2Zr(PO3Sh. 

The intercalated compound. Ho.2Cdo.~O3S)2 was also characterized by 31P MAS 

NMR. Figure 4.21. There are two distinct resonances in the spectrum. The first 

resonance, at 2.23 ppm, is narrow and sharp relative to the other resonance. The chemical 

shift of this resonance is very close to that for H2Zr(P03Sh (2.74 ppm), which leads one to 

believe that the resonance corresponds to HPO3S
2
- groups that have not undergone 

exchange with cadmium ions. The second resonance is centered at - 16 ppm and likely 

arises from the monothiophosphate groups that interact with the intercalated cadmium ions. 

To confirm. that Cd2+(aq) ions were being removed by H2Zr(P03Sh through the 

process shown in ( 4.3), a mass balance study on the extraction process was performed. 
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Table 4,6. Extractions of metal ions using the ion-exchange material H2Zr(P04)2, 

M2+(aq) initial ZrfM2+ pH [M2+(aq )Jr, H2.2xMxZr(P04) 2 ([M2+(a<J)1i - [M2+(aq)]f)/ 

mole ratio mM recovered [M2+(aq))i 

Zn2+ 1.0 l 9,80 Ht .96Zno.02Zr(PO ,.)2 0.02(1) 

Zn2+ 1.0 2 8,80 H 1.76Zn0,12Zr(PO 4)2 0.12(1) 
N ..... Zn2+ 1.0 3 6.90 H 1 _,ioZn0,30Zr(PO 4) 2 0,30(1) ~ 

Zn2+ 1.0 4 6,60 Ht ,32Zno,34Zr(PO 4)2 0.34(1) 

Cd2+ 1.0 l 9.90 H 1,98Cd0_01Zr(PO 4)2 0,01(1) 

Cd2+ 1.0 3 7.60 Ht .s2Cdo,24Zr(PO ,.)2 0.24(1) 
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Figure 4.20. The pH dependence of zinc uptake by ffiZr(PO J2• 
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Figure 4.21. 31P MAS NMR of fio_2Ccla_9Zr(PO3S)2• The above spectrum is that for 

H0_1C<lo_g2r(PO3S)2 and shows the shifted resonance at -16 ppm and the resonance at -2 

ppm which likely corresponds to liz2r{PO3S)2. 
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H2-2yC~(P03S)i + 2x IF (aq) 

+ (x-y) Cd2+(aq) (4.3) 

The amount of Cd2+ (aq) ions removed from a 10.00 mM Cd2+ (aq)/0.001 M 

HN~ solution treated with a portion of H2Zr(P03S)2 (extractant:metal ion ratio = 1.0) was 

determined using ICP-AES. The initial pH of the extraction solution used was -3. The 

number of W (aq) ions lost by the host and gained by the extraction solution from the ion 

exchange process was detected as a decrease in pH. There was a dramatic drop in pH of 

the extraction solution from an initial value (before extraction) of 3.012 to a final value (after 

extraction) of 1.780. The observed pH change was consistent with the loss of 1.562 

mmoles of W (aq) to the extraction solution from the host. Due to the charge on cadmium, 

only on half as many Cd2+ (aq) ions could be removed from solution as W (aq) ions 

gained. According to ICP-AES results, 0.780 mmoles of Cd2+ (aq) were removed from 

solution, which is exactly one half of the number of equivalents of W (aq) ions gained. 

These results strongly suggest that the mechanism of ion removal is simple ion exchange. 

Similar results were obtained in mass balance experiments with Zn2+ (aq) and 

H2Zr(P03S}i. 

The compound Ho.2Ccfo#(PO3Sh is a white polycrystalline powder, however when 

it was stored for 2 wee.ks it gradually turned to a light yellow powder. With additional time, 

the light yellow powder turned darker and eventually to a brick orange color. XRD 

experiments confirmed that this color change was due to the formation of CdS in the solid 

state. There certainly is precedent for this type of reaction occurring according to our 

studies with other heavy metal cations and Zr(HSPO3) 2. For example, extraction 

experiments using H2Zr(PO3S)i to remove Hg2+(aq). Ag+(aq). and Pb2+(aq) resulted in the 

gradual formation of a gray/black precipitate on the time order of the extraction (-2-3 
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hours) and the corresponding metal sulfides were observed in the XRD.59,60 These 

conclusions are supported by the XRD evidence presented in Figure 4.22 and support the 

hypothesis that H2Zr(P03S)z can undergo hydrolysis to form sulfide anion that precipitates 

as the metal sulfide. 

Thermal Analyses of H2Zr(PO~h- Thermal analyses were performed on the 

new monothiophosphate compounds. Differential scanning calorimetry (DSC) scans for 

both H2Zr(PO3S)z and H2Hf(PO3S)2 are shown in Figure 4.23. Both compounds undergo 

an irreversible endothermic event at approximately 130 °C (more precisely H2Zr(P03S)z at 

127 °C and H2Hf(PO3S)2 at 131 °C). This event has not been rigorously assigned to any 

specific transformation as both the Fr-IR and powder XRD of the heat-treated DSC 

samples show no change from the pristine materials. Therefore, both compounds appeared 

thermally stable when heated up to 350 °C. 

Several known H2Zr(PO,h•xH2O phases have been reported to contain various 

numbers of interlayer crystalline water molecules and these phases display interesting 

thermal behavior.6 To investigate if there is any interlayer crystalline water in M(HSP03)z 

solids thermogravimetric/mass spectroscopic analyses (TG-MS) of the compound 

H2Zr(PO3Sh were performed and the results are shown in Figure 4.24. The TGA analysis 

showed two events the first event, from room temperature to -100 °C corresponded to a 

0.85% weight loss. The second event, from 120 °C to 200 °C, corresponds to a weight 

loss of 1.00%. The mass spectroscopic analyses indicated that fragments from water 

evolution were detected in the first thermal event (probably because the compound was 

slightly wet from atmospheric moisture). The fragments detected in the second thermal 

event corresponded to evolution of a small amount of H2S and SO2. With the thermal 

results presented here do not indicate the presence of any significant interlayer crystalline 

water was present in H2Zr(P03S)2. The TG-MS results for H2Hf(P03S)i were identical to 

those reported for H2Zr(P03S)2. 
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Figure 4.22 XRD patterns of the products of the reactions between llzZr(P03S)2 and a) 

Hg2+(aq) and b) Pb2.(aq). The asterisks denote the diffraction peaks from crystalline HgS 

and PbS respectively. 
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Figur-e 4.23. Differential scanning calorimetry (DSC) scans of a) ~Zr(PO3S)2 and b) 

l4Hf(P03S )2 • 
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Figure 4.24: Thermogravimetric analysis of ~Zr{PO3S)2• Note that there is only a 

small weight percentage change with heating. 
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Conclusions 

The results presented in this chapter summarize the structural. thermal. and ion 

exchange intercalation characteristics of two new layered compounds. H2M(PO3Sh (M = 
Hf, Zr). These materials were shown to have many structural and intercalation 

characteristics in common with the well-known H2M(P04h (M = Hf. Zr) solids. In the 

absence of a definitive single crystal X-ray structure a host of complementary techniques 

were used to characterize the solid compounds H2M(P03S)i (M = Hf, Zr). 1be 

compounds' lamellar nature based on the intercalation reactions that they underwent with 

both molecular (amines) and cationic (various metal ions) guests. These results along with 

powder XRD results suggest that the H2M(P03Sh-based compounds have a layered 

structure similar to that of (3-H2Zr(PO4h. Both vibrational (IR and Raman) and solid-state 

NMR spectroscopic characterization have allowed speculation that the S-atom of the 

monothiophosphate moiety is pointed into the interlayer space and is protonated. These 

new compounds can be added to a small but growing list of inorganic ion exchange 

materials that are chalcogenide-based. 

The most significant results reported in this chapter involve the ion exchange 

behavior of the H2M(P03S)2 (M = Hf. Zr) materials. These materials had higher capacities 

and selectivities for softer metal ions than the complementary H2Zr(PO4h material and low 

capacities for alkali and alkaline earth metal cations. These observations can be attributed to 

the soft Lewis basic nature of the new materials. It was also shown that these materials 

could be regenerated and reused for the extraction of either Zn2+(aq) or Cd2+(aq) through at 

least three cycles of extraction and backextraction without any loss in capacity. In addition 

the materials H2M(P03Sh (M = Hf, Zr) extraction behavior was shown to be dependent on 

the pH of the extraction medium. The process of heavy-metal-ion intercalation into these 

materials could be monitored using both powder XRD and vibrational spectroscopic 

methods. The intercalation of zinc into H,.Zr(P03S)2 was shown to progress to completion 

in less than 15 minutes. Mass balance experiments have indicated that the H2M(P03S)2 (M 

= F...f, Zr) solids remove metal ions from solution through a reversible ion-exchange 
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process. Two equivalents of H2Zr(PO3S)2 were shown to remediate a 65 ppm solution of 

Zn2+(aq) to a level of-9ppm after just one contact. This level of zinc is very close to the 

accepted level for zinc in drinking water. It remains to be seen if the H2M(P03S)z 

compounds have unique and or interesting properties in the fields of catalysis, ion 

conduction. or other separation applications. 

As mentioned in the introduction. the synthesized compounds H2M(P03S)i (M = 

Zr. Hf) are not be redox-recyclable. The extraction and backextraction of metal ions by 

these materials is governed by well-known ion-exchange processes. However, the goal of 

this study was to determine if the well known group IVB metal phosphate solid-state 

chemistry could be mimicked using the monothiophosphate (P()JS3-) anion. It is clear that 

it can be and therefore, this chemistry can be extended to other transition-metals to make 

solids that are potentially redox-recyclable. 
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Appendix A 

Problems and a Solution. for Hg ICP-AES Analyses of Hg Extraction 

Filtrates 
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Problems with Hg ICP-AES analyses. Many of the studies reported in 

Chapter 2 of this dissertation relied heavily on the use of inductively coupled plasma­

atomic-emission spectroscopy (ICP-AES). ICP-AES is generally regarded as one of the 

best analytical techniques for the sensitive and interference-free detection of a wide variety 

of different metal ions in both organic and aqueous matrices. l The technique relies on a 

high energy plasma to excite analyte species that are introduced as an aerosol that is 

produced by a nebulizer. It was used in the research reported in this dissertation to 

quantify the amount of metal removed from solution by various extractants. It was also 

used for the elemental characterization of many different materials by analyzing the 

composition of their aqueous digests. Therefore, the use of ICP-AES was integral to this 

study. 

Historically the most sensitive and widely used technique for the quantification of 

mercury in solution is cold-vapor atomic-absorption spectroscopy (CV AAS).2-4 This 

technique is very sensitive and is capable of determining mercury level at the part per 

trillion concentration level. However, since the mercury levels used in extractions in this 

study are much higher than that and the fact that the Chemistry Department at Colorado 

State University does not posses this type of instrumentation ICP-AES analyses were used 

in lieu of CV AAS for most Hg extraction studies reported in this dissertation. 

Unfortunately, there were problems encountered with the ICP-AES analyses of the 

filtrates from mercury extractions using LixM0S2. For example, Figure A.l shows the 

ICP-AES Hg intensity as a function of replicate number for one analysis of an extraction 

filtrate. The Hg signal intensity increases by -20 % from the initial reading to the fifth 

reading and then begins to become more constant after that. The time between each 

replicate analysis was 20 seconds. This type of data gave very poor coefficients of 
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Figure Al. Plot of observed Hg ICP-AES intensity vs. the replicate number for one 

mercury extraction filtrate where the extractant used was Lil.3MoS2• The Hg emission line 

monitored was 194.227 nm. 
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variation (CV)(~ 8-12) for each sample analyzed. This is extremely poor precision as the 

instruments' manufacture recommend a CV of no greater than 3 for good analyses. In 

addition, when the readings become more stable, at higher replicate numbers, their 

corresponding concentrations are unrealistic for the experimental conditions. Often the 

final mercury concentration from these analyses were significantly higher than the starting 

concentration, which is unreasonable and erroneous. 

After samples such as the one in Figure A.l were analyzed the time taken for the 

blank (deionized distilled water) intensity to decrease to background was 

uncharacteristically long. A plot illustrating this pronounced memory effect is shown in 

Figure A.2. One can see this pronounced memory effect in this figure. Note that it takes > 

40 minutes for the blank intensity to fall back down to an acceptable limit. Typically in 

ICP-AES the blank drops to background levels after 2-4 minutes of rinsing. Both the poor 

precision and memory effect displayed in the Hg ICP-AES results presented here are 

typical of ICP performance when a small amount of elemental mercury is present in the 

system. 

Previous studies have demonstrated that the memory effect can be due to trace 

amounts of elemental mercury in the aqueous samples.5-7 A possible explanation of the 

memory effect is that mercury vapor builds up slowly in the spray chamber due to the large 

pressure drop during high-pressure nebulization and the high vapor pressure of mercury 

metal. The origin of the dissolved mercury metal in the extraction filtrates is unclear but 

could be due to some reduction of the mercuric ions to mercury by the Li1.JM0S2 

extractant. That extractant was shown to reduce Au3+(aq) to Au metal in Chapter 3 of this 

dissertation. Nonetheless, the ICP-AES observations are consistent with such a problem. 

Solution to Hg ICP-AES problems. Several methods have been investigated 

to solve this memory problem with Hg ICP analyses. For example, the addition of a small 
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Figure A.2. Plot of the intensity of the blank (deionized distilled) vs. rinse time after the 

analysis of a untreated Hg extraction sample. Note that it takes longer than 40 minutes of 

rinsing to get the blank back to acceptable levels. The Hg emission line monitored was at 

194.227 nm 
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amount of gold to mercury solutions to create an amalgam has been demonstrated to reduce 

the memory effect. 5 Another solution to this problem is to oxidize all of the mercury 

species in the sample to Hg2+. This has been performed with microwave-assisted 

digestion of Hg samples.6 This could also be accomplished by adding a strong chemical 

oxidant to the samples. Mercury extraction filtrates from this study were treated with a 

known amount of the strong oxidant Ce4+, in an attempt to minimize the memory effect. 

Figure A.3 is a plot of the Hg ICP-AES intensity versus replicate number for the 

same mercury extraction filtrate shown in Figure A.l. The only difference is that the 

sample shown in Figure A.3 was pre-treated with a known amount of Ce4+. One can see 

that the intensity readings are much more stable than those shown in Figure A.l. This 

stability is reflected in a CV value of 1.5, indicating much improved precision of this 

analysis. In addition, the blank memory effects appear to be negligible as the intensity 

returned to its background level much more quickly ( - 2-4 min.) than in the previous 

analysis. Both of these observations suggest that the memory effect is effectively 

eliminated by the addition of Ce4+ to the sample. 

Duplicate analyses, and samples spiked with known amounts of mercury solution 

were performed and the results indicated that the performance was reproducible and that the 

added Ce4+ did not interfere with the mercury analyses. In addition, the Hg extraction 

filtrate results were used to calculate the amount of mercury present in some recovered 

mercury-laden solids. This calculated value agreed very well with the mercury 

stoichiometry value determined by analyses of the aqua regia di gestate of the corresponding 

solids. 

In summary, the results presented in this appendix indicate that the Hg memory 

effect observed in the ICP-AES analyses of extraction filtrates can be successfully 

overcome using the Ce4+ treatment snmmari'T.ed here and in the experimental section of 

Chapter 2. This treatment does not appear to interfere with the quantification of Hg in the 
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samples. However, the time between Ce4+ treatment and analysis should be minimized (no 

longer than 24 hours if possible) because after time an as yet unidentified yellow precipitate 

forms in the treated solutions. 
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Figure A.3. P~ot of the obsrved Hg ICP-AES intensity vs. the replicate number for the 

same mercury extract shown in Figure xx except this time the sample was pretreated with 

Ce4+. The Hg emission line monitore was at 194.227 nm. 
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Appendix B 

Calculation of the Radius of the Octahedral and Tetrahedral Holes 

Between the Layers of 2H-M0S2 
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s 

s s 

• The above triangle represents 3 packing spheres, S of radius = 1, in one close 

packed plane. 

• The metal ion in the octahed.."1ll hole sits above the point P. • - .:• 

• The radius of an octahedral hole in a close-packed array with spheres or radius 

= l is 0.414.l 

• What is the perpendicular distance from either triangular plane to the center of 

the octahedral hole? We will can that distance MP. 

• The metal-sphere distance isl+ 0.414= 1.414. 

• Since MPS is a right triangle MP= ((l.414)2-(1.154)2)112 =0.817. 
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• Therefore the interlayer spacing is 2 X MP = 1.634. 

• As the layers separate along the direction MP, the trangle MPS remains a right 

triangle, and PS remains equal to 1.154. So, if we know the interlayer 

spacing, we can calculate the MS, radius of octahedral hole, using Pythagorean 

theorem. If the interlayer spacing is defined ad 2x, then: MS = ((1.154)2 + 

(x)2)112. 

• According to the crystal structure of M~ the radius of the S atoms(the close 

packed spheres) is 1.58 , and the interlayer spacing, 2x, is 2.96 A. Therefore x 

= 1.48 A and the distance PS is: cos30° = 1.58/PS, or 1.824 A. That being 

the case MS = ((1.824)2 + (1.48)2)112 = 2.35 A. We must subtract the radius of 

the S atom (l.58A.)2 from this value to obtain the radius of the octahedral holes 

present between the A and B layers of 2H-MoS2. 

• Radius of Oh hole in between MoS2 layers = 2.35 - 1.58 = 0. 77 A. 

• The radius of the ~ hole predicted if the entire structure was closest packed is = 

0.65 A(from geometric considerations rOb = 0.414ranion; rs2- = 1.58 A) Therefore 

the size of an ~ hole in MoS2 

• Since the radius of an Oti in MoS2 is 18% larger than that predicted by closest 

packed geometric considerations (rTd = 0.225raniOll = 0.36; r12_ = 1.58 A) the 

radius of the Td holes in between the layers should also 18% larger than that 

predicted. Therefore the radius of the Td holes in MoS2 are 0.42 A 
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AppendixC 

Procedure for Calcualtion of Amount of Compound to Use in XAFS Sample 
Preparation 

241 



Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.

The elements analyzed by XAFS were done in the transmission mode so the 

following calculations were performed to determine the amount of compound to 

use in each sample. Using equation (1): 

(1) 

Where: 

µIp= total absorption cross-section for the element ofintere~ cm2/g 

p = density of the element in the matrix, g/cm3 

t = thickness of the sample, cm 

Expressing equation (1) in absorbance terms and rearranging it the expression in 

equation (2) is obtained. 

A= ln(Iofl1} = µ/p X p X t (2) 

Note that the units for equation (2) completely cancel out to give the unitless 

absorbance value. 

For optimum transmission data the change in the absorbance at the edge jump 

should be == 1. 

Therefore a Abs = A(µ/p) x p x t = 1 where A(µ/p) = (µIp )e2 - (µIp )e1 . 

Where (µIp )e2,ei = cross-sections at energies above and below the edge. 
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We avoid worrying about q and t above by looking at the unit cancellation and 

expressing them in terms of mass (m) in grams per unit area (A) in cm2
. Equation 

(2) can now be expressed as: 

~(µIp) x m x 1/A = 1 where the units cancel ( (cm2/g) x (g) x l/(cm2
) = l 

We can get Ll (µIp )ci.ci from tables of absorption cross sections (see attached 

tables), we know the value of A and we want to calculate m, the mass of sample in 

grams we want to use. 

We know the value of A because we used a sample holder with a rectangular slot 

cut out of the middle of it (see diagram below). The dimensions of the rectangular 

slot are 5 x 20 mm and the thickmess is ~0.5mm. The area A will then be 5 x 

20mm = 1 0Omm2 = 1 cm2
. The sample holder is made of aluminum. 

Diagram ofXAFS Sample Holder: 

5mm 
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Sample Calculation of Mass of Compound for XAFS Analvsis: 

Compound: Hg05TaS2 (F. W. =344 g/mol) 

For Hg, we take the L3-edge: 

A(µ/p) = (µ/p)e2 -(µ/P)e1 = 181- 74 = 107 cm2/g 
., 

A= 1 cm-

A(µ/p) - m - 1/A= 1 

orm=(l/A(µ/p))A= (l/ 107 cm.2/g)(l cni2) =0.0093 g 

Therefore one would load~ 10 mg of Hgo_5 TaS2 into the sample holder to obtain 

an absorbance edge jump of~ 1. 
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AppendixD 

Basic EXAFS Data Treatment and Curve-Fitting 
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The extended X-ray absorption fine structure (EXAFS) analyses and data work up 

reported in this dissertation was performed by Dr. Patrick G. Allen at Livermore National 

Laboratory. The experimental details of the analyses and curve-fitting are given in the 

Experimental section of Chapter 3. This appendix is intended to simply show the overall 

generic data manipulation and EXAFS equations. 

The initial XAS spectrum is recorded and appears as described in Figure 3.1. 

After raw data collection pre-edge and post-edge background corrections are applied to 

the data that result in spectrum like that shown at the top of Figure D.l. This data still 

has x-axis units of energy in eV. This energy data is then converted to k. the 

photoelectron wavevector (units A-t) using the relation shown in the middle of Figure 

D.l. This convention is often referred to as the conversion tok-space. To enhance the 

data at higher values of k the data is weighted by the factor /2. 

The k3-weighted data at the bottom of Figure D.l can be modeled using the 

EXAFS equation shown in Figure D .2. The equation has two parts, a phase and 

amplitude portion. Each of these portions depend on factors such as coordination 

number, interatomic distance. and the disorder of neighboring ligands. The nature of 

each term in the EXAFS equation are assigned on the bottom of Figure D.2. Curve 

fitting is then performed by changing the values of variables in the EXAFS equation until 

a suitable match to the experimental data is observed. The weighted data is then 

transformed back to real space using Fourier Transform tect·-jques to give a radial_ 

distribution of distances from the absorbing atom to shells of neighboring atoms. 
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1. Transform E to k, the photoelectron wavenumber 

k = 21t / Ae = {O.262(E-E0) J 112; k [A-i], E [eVJ 

"-e is the de Broglie wavelength. 

E0 is threshold energy, typically 

-15 e V above calibration energy 

2. k:3-weight EXAFS to reveal high-k region 
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Figure D.1. Schematic of conversion of background subtracted data to k-space (adapted 

from ref. 1). 
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Figure D.2. Summary of the EXAFS curve-fitting function (adapted from ref. l). 
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