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Summary

A study of mercury-adsorption kinetics showed that at all pH values (3, 5, 7 and 9), the
adsorption by thiol-SAMMS occurred very rapidly (~ 82 to 95% of total mercury adsorption
occured within the first 5 min). The adsorption equilibrium in all cases was attained within ~4 h.
At fixed solid:solution ratio, the mercury-loading density on thiol-SAMMS increased with
decreasing iodide concentrations. The highest mercury loading of ~270 mg/g of thiol-SAMMS
was observed at an iodide concentration of ~90 mmoL/L. Calculated free energy of adsorption
value showed that Hg** ion has high affinity for thiol-groups. This strong adsorption affinity is
typical of soft-cation/soft-base interaction. Very high distribution coefficient values (K, 1.29 x
10° mL/g to >2.64 x 10° mL/g) indicated that thiol-SAMMS adsorbs mercury from KI-K,SO,
solutions with very high specificity. Data from an adsorption experiment with model organic
ligands indicated that ammonia, cyanide, and EDTA had no noticeable effect on mercury _
adsorption by thiol-SAMMS. In the presence of a strongly complexing natural ligand (fulvate),
thiol-SAMMS removed ~92 to 99% of mercury in solution. Actinide adsorption experiments
showed that 1,2-HOPO-SAMMS had very high affinity for (K;: 1.9 x 10° to 4.43 x 10° mL/g) for
Am(III), a high affinity (K,: 3.3 x 10’ to 3.6 x 10° mL/g) for Np(V), and moderate affinities (K
160 to 840 mL/g) for Th(IV) and U(VI). Thiol-SAMMS also showed very high affinity (K;: >1.0
x 10* mL/g ) for Pu(VI) and high affinities K;: 4.0 x 10° to 6.2 x 10° mL/g) for Am(III) and
Pu(IV) (K, 1.7 x 10° mL/g). The 1,2-HOPO-SAMMS, and thiol-SAMMS were significantly '
more effective than resin-forms for adsorbing actinides. Results from an adsorption study
conducted with selected transition metal cations indicated that thiol-SAMMS has high affinities
for adsorbing soft cations such as Ag, Cd, Cu(Il), Cr(IIl), and Pb. These data confirmed the high
specificity of soft-base thiol groups for adsorbing soft acid cations. Due to its high specificity,
thiol-SAMMS can selectively adsorb and separate Ag, Cd, Cu(Il), Cr(Ill), Hg, and Pb form
solutions containing alkali and alkaline earth cations.
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1.0 Introduction

In 1992, scientists at Mobil Oil Research successfully synthesized ordered mesoporous
materials using surfactant micellar structures as templates (Beck 1992; Kresge 1992). These
materials have a very high surface area (>1000 m*/g), ordered pore structure (mostly hexagonal-
packed cylindrical pore channels), and extremely narrow pore-size distribution. The pore
diameter of these materials can be adjusted from 2 to 15 nanometers (nm). Mesoporous materials
have been studied intensely since 1992 because of their great potential for applications in
environmental and industrial processes. Numerous papers have been published on preparing
novel chemical compositions from mesoporous materials and on studying the fundamentals of
the reaction processes (Liu et al. 1996a and b). A wide range of mesoporous materials have been
prepared, including alumina, zirconia, titania, niobia, tantalum oxide, and manganese oxide.
Although the potential of mesoporous materials has been widely recognized, progress on the
practical use of these novel materials has been slow. Many applications, such as adsorption, ion
exchange, catalysis, and sensing, require the materials to have specific binding sites,
stereochemical configuration or charge density, and acidity. Most mesoporous materials do not
by themselves have appropriate surface properties; therefore, they need appropriate
functionalization.

Pacific Northwest National Laboratory (PNNL)® and other groups have developed a
class of hybrid mesoporous materials, based on organized monolayers of functional molecules
covalently bound to the mesoporous support (Liu et al. 1998; Feng et al. 1997a). The functional
molecules are attached to the mesoporous support similarly to the preparation of self-assembled
monolayers (SAMs) on flat substrates. This approach provides a unique opportunity to rationally
engineer the surface properties. We have demonstrated that the hybrid mesoporous materials
have exceptional selectivity and a capacity for adsorbing mercury (Hg) from contaminated waste
streams. Recently, materials for removing other heavy metals, transition metals, radionuclides,
etc, have also been demonstrated.

The purpose of this report is to summarize the results obtained in FY 98. The research
during this fiscal year was aimed at 1) optimizing the performance of mesoporous materials
under realistic operational conditions, 2) understanding the metal-loading kinetics and capacities,
and 3) expanding the work to other metals, actinides, and organic species.

(2) Pacific Northwest National Laboratory is operated for the U.S. Department of Energy by Battelle
under Contract DE-AC06-76RLO 1830.




2.0 Teéhnology Needs for the Mixed Waste Focus Area

The U.S. Department of Energy (DOE) mixed-waste focus area has declared the removal

and stabilization of Hg as the #1 and #4 priority need among 30 prioritized technology

-deficiencies (DOE 1996). Resource Conservation and Recovery Act (RCRA) metal and Hg
removal has also been identified as a high-priority for site-specific needs by many DOE sites
such as Albuquerque, Idaho Falls, Oak Ridge, Richland, Rocky Flats, and Savannah River (DOE
1991; DOE 1996).® The proposed work will address DOE/EM’s®™ needs and these deficiencies.
The development of self-assembled mercaptan on mesoporous support (SAMMS) technology
provides opportunities for “breakthroughs” for RCRA metal and Hg removal/stabilization with
significant cost and time reduction in the remediation process.

At the DOE Oak Ridge Site, an estimated 2.5-million pounds of Hg was lost to soil and
surface water, and 3000 cubic feet of Hg is contained in plant sumps. The headwaters of Upper
East Fork Poplar Creek (UEFPC), which are within the DOE Y-12 plant boundary, discharge 7-
million gallons of water per day to Lower East Fork Poplar Creek. The UEFPC is contaminated
with low levels of Hg. A Hg-reduction program at Oak Ridge Site has achieved point-source
reduction, and Hg treatment systems are placed such that the Hg surface-water concentration is
declining. However, these efforts have not been able to meet the National Poliution Discharge
Emission Standard (NPDES) permit that requires that treatment to 0.012 mg/L is needed at
UEFPC by April 27, 2000. Exceeding the anticipated limit triggers the requirement of
monitoring methyl Hg in edible portions of fish present in contaminated streams (UEFPC). If the
methyl-Hg concentration exceeds | mg/kg, the public must be protected from ingestion of fish.

Jim Klein of Westinghouse Savannah River Company has visited PNNL to discuss specific
applications at Savannah River for removing Hg from the tritiated pump oil at the Savannah
River Site. V

2.1 Alternative Technologies

The existing technologies for RCRA metal and Hg removal from diluted wastewater
include sulfur-impregnated carbon (Otani et al. 1988), microemulsion liquid membranes (Larson
and Wiencek 1994), ion exchange (Ghazy 1995), and colloid precipitate flotation (Ritter and
Bibler 1992). In the sulfur-impregnated carbon process, metal is adsorbed to the carbon, not
covalently bound to the matrix as with SAMMS. The adsorbed metal needs secondary
stabilization because the metal-laden carbon does not have the desired long-term chemical
durability due to the weak bonding between the metal and the active carbon. In addition, a large
portion of the pores in the active carbon is large enough for the entry of microbes to solubiize the
Hg-sulfur compounds. The RCRA metal loading is not as high as that of mesoporous-based
materials. The microemulsion liquid membrane technique uses an oleic acid microemulsion
liquid membrane containing sulfuric acid as the internal phase to reduce the wastewater Hg
concentration from 460 ppm to 0.84 ppm. However, it involves multiple steps of extraction,

(a) Klein, J. E., “R&D Needs for Mixed Waste Tritium Pump Oils (U),” Westinghouse Savannah
River Company Inter-Office Memorandum, SRT-HTS-94-0235, July 11, 1994.
(b) EM = Environmental restoration and waste management.
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stripping, de-emulsification, and recovery of Hg by electrolysis with use of large volumes of
organic solvents. The liquid membrane swelling has a negative impact on extraction efficiency.
The slow kinetics of the RCRA metal-ion exchanger reaction requires a long contacting time.
This process also generates large volumes of organic secondary wastes. The ion exchange
process uses Duolite™ GT-73 ion exchange organic resin to reduce the Hg level in wastewater
from 2 mg/L to below 10 pg/L, but the oxidation of the resin results in substantially reduced

- resin life and an inability to reduce the Hg level to below the permitted level. The Hg loading is

also limited. In addition, the Hg-laden organic resin does not have the ability to resist microbe
attack. Hg can be released into the environment if it is disposed of as a waste form. The reported

- removal of RCRA metal from water by colloid precipitate flotation reduces the Hg concentration

from 160 pg/L to about 1.6 pug/L. This process involves adding HCI to adjust the wastewater to
pH 1, adding Na,S and oleic acid solutions to the wastewater, and removing colloids from the
wastewater. In this process, the treated wastewater is potentially contaminated with the Na,S,
oleic acid, and HCI by the treatment process. The separated Hg needs further treatment to be
stabilized as a permanent waste form.

No existing technologies have been developed for removing Hg from pump oil. Some

preliminary laboratory study of a zinc powder/filtration process was carried out by the Pantex
Plant with certain success, but the work was discontinued due to losses of key personnel.
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3.0 Technology Description
3.1 The Scientific Principles

This project focuses on a novel technology, SAMMS, for RCRA metal (i.e., Pb, Hg, Cd,
Ag, etc.) removal/stabilization and Hg removal from organic solvents. The SAMMS materials
are based on self-assembly of functionalized monolayers on mesoporous oxide surfaces.

3.1.1 Self-Assembled Mercaptans on Oxide surfaces

The self-assembled mercaptan provides three important functions: 1) molecular
recognition for metals, 2) covalent bonding to the support materials, and 3) a high population
density of the functional groups on the substrate surfaces.

Molecular self-assembly is a unique phenomenon in which functional molecules
aggregate on an active surface, resulting in an organized assembly having both order and
orientation (Bunker et al. 1993; Whitesides 1996; Bishop and Nuzzo 1996). In this approach,
bifunctional molecules containing a hydrophilic head group and a hydrophobic tail group adsorb
onto a substrate or an interface as closely-packed monolayers. The driving forces for the self-
assembly are the intermolecular interactions (such as van der Waals forces) between the
functional molecules. The tail group and the head group can be chemically modified to contain
certain functional groups to promote covalent bonding between the functional organic molecules
and the substrate on one end, and the molecular bonding between the organic molecules and the
metals on the other. By populating the outer interface with alkylthiols (which are well known to
have a high affinity for various heavy metals, including Hg), an effective means for scavenging
heavy metals is made available. For functionalizing mercaptan-related compounds can be used,
which are effective antidotes for treating patients with Hg poisoning (Mitra 1986). A high
surface area of such functionalized support allows for high loading of RCRA metals.

3.1.2 Self-Assemblied Mercaptans on Mesoporous Supports

The unique mesoporous oxide supports provide a high surface area (>1000 m?/g), thereby
enhancing the metal-loading capacity. They also provide an extremely narrow pore size
distribution, which can be specifically tailored from 15 A to 400 A, thereby minimizing
biodegradation from microbes and bacteria. Because of their non biodegradability, used
mesoporous structures can be disposed of as stable waste forms.

The porous supporting materials used for this purpose (SiO,, ZrO,, TiO,) are synthesized
through a co-assembly process using oxide precursors and surfactant molecules. The materials
are synthesized by mixing surfactants and oxide precursors in a solvent and exposing the solution
to mild hydrothermal conditions. The surfactant molecules form ordered liquid crystalline
structures, such as hexagonally ordered rod-like micelles, and the oxide materials precipitate on
the micellar surfaces to replicate the organic templates formed by the rod-like micelles.
Subsequent calcination to 500°C removes the surfactant templates and leaves a high surface-area
oxide skeleton. The pore size of the mesoporous materials is then determined by the rod-like
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micelles, which are extremely uniform. Using surfactants of different chain length produces
mesoporous materials with different pore sizes.

3.2 Demonstrated Separation Performance
The most important separation performance of SAMMS can be summarized as

e High RCRA Metal Loading: The high surface area of the mesoporous oxides (>1000
m’/g) ensures a large capacity for metal loading (up to 0.7 g Hg per gram of SAMMS)

¢ High Selectivity: Self-assembled functional groups, such as mercaptans, provide a high
affinity and selectivity for RCRA metals, such as Hg, Ag, Pb, Cd, and Co, without
interference from other abundant cations (such as alkaline and alkaline earths) in
wastewater and in soils.

o High Flexibility: The binding of different forms of Hg, including metallic, inorganic,
organic, charged, and neutral compounds, removes the Hg from both aqueous wastes and
organic wastes, such as vacuum pump oils; this process can clean up wastewater as well
as gaseous wastes, sludge, sediment, and soil.

e Stable Waste Form: The Hg-loaded SAMMS not only pass Toxicity Characteristic Leach
Procedure (TCLP) tests, but also have good long-term durability as a waste form because
1) the covalent binding between Hg and SAMMS has good resistance in ion-exchange,
oxidation, and hydrolysis over a wide pH range and 2) the uniform and small pore size (2
to 40 nm) of the mesoporous silica prevents bacteria (at least 2000 nm in size) from
solubilizing the bound Hg (microbes are mainly responsible for solubilizing the Hg
compounds in the environment into the deadly methyl Hg). The SAMMS technology is
superior to many existing technologies because of the direct generation of a stable waste
form that does not require secondary treatment.

e The SAMMS materials can be also fabricated into various engineering forms such as
pellets, columns, or films. They have good mechanical strengths and are very durable and
stable in air and in aqueous solution.

Procedures for self-assembly of a variety of functional molecules on oxide surfaces have
been extensively investigated and developed at PNNL. Procedures for synthesizing mesoporous
silica, zirconia, alumina, and titania supports have been developed at PNNL and by other groups
as well. The procedure for making SAMMS is currently being optimized. Several types of
SAMMS materials have been recently synthesized. Surface characteristics of the mesoporous
support plays a significant role in anchoring the mercaptans on the surface. Boiling mesoporous
silica in water increases the number of silanols on the surface, thereby providing the foundation
for the self-assembly of the mercaptan.

Preliminary trials of the Hg-binding abilities of SAMMS were conducted in simulated
wastewater of Savannah River Laboratory (SRL) radioactive-waste holding Tank L and
simulated nonradioactive vacuum pump oil waste of the SRS tritium facilities. These waste
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solutions were mixed with SAMMS powders at volume ratios of waste to SAMMS ranging from
20 to 100 at room temperature for 2 hours. The remaining RCRA metals in solutions were
analyzed using cold-vapor atomic absorption for Hg and inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) for other metals. SAMMS reduced the Hg concentration from
6.35 ppm to 0.7 ppb (below the drinking water limit of 2 ppb) by just one treatment of
wastewater 38 times its volume. The distribution coefficient is as large as 340,000 at a pH range
from 3 to 9 and with the presence of large concentrations of other cations (e.g., 2220 ppm Na).
The RCRA metals, Pb, Ag, and Cr, were also reduced to below RCRA levels at pH 7 and 9.
SAMMS reduced the Hg level from 12.1 mg/L to 0.066 mg/L (the hazardous waste limit is 0.2
mg/L) by treating 20 times the waste-oil volume once. The RCRA-laden SAMMS can be
disposed of directly as solid wastes since they passed Toxicity Characteristic Leach Procedure
(TCLP) tests by showing up to 1000 times lower release of RCRA metals.

3.3 Generation of Secondary Wastes

No 'secondary wastes will be generated during the application of SAMMS for clean up
since no chemicals, washing solution, regeneration, and secondary treatment are involved. The
RCRA metal-laden SAMMS can be directly disposed of as nonhazardous solid wastes.

3.4 The Cost Estimates for Technology implementation

A preliminary cost estimate of applying the SAMMS materials for the removal of Hg from
waste water treated at the Non-Radiological Wastewater Treatment Plant INRWTP) at the Oak
Ridge National Laboratory was completed. A comprehensive model has been established and is
being tested. This model is capable of evaluating the effects of Hg concentration, the waste
volume, flow rate, column size, capital cost, frequency of regeneration or replacement, waste
disposal, etc., on the total operational cost for any particular waste stream. '

The assessment for Oak Ridge indicates that SAMMS offers a method for improved Hg
removal that may be significantly less expensive than other options. The cost estimate of
manufacturing SAMMS was $21.60/kg of SAMMS with a market price estimated to be
approximately $50/kg or 1400/ft’. This cost estimate may be compared to other separations
materials that range from $29/kg for zeolite beta to $100/kg for crystalline-silicotitanates (a
cesium ion exchange material) to thousands of dollars per kg for high-grade chromatography
materials produced in relatively low quantities. A comparison of the cost of the materials and
waste disposal reflects the high capacity and selectivity of the SAMMS. The cost per kg of Hg
removed was estimated to be $710 for the SAMMS, $6960 for GT-73 (a commercially available,
organic-based sorbent) and $261,000 for activated carbons. The high Hg loading on the SAMMS
results in a small volume of material, minimizing the cost of material procurement and waste
disposal.

3.5 Materials Characterization
The pore structure and chemical composition of the hybrid mesoporous materials can be

studied by transmission electron microscopy (TEM), low angle X-ray diffraction (XRD), and the
Brunauer-Emmett-Teller (BET) techniques. TEM studies suggest that the hexagonal structures
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remain the same after attaching the functional molecules and after absorbing metal ions. BET
shows that the monolayers inside the pore channels have reduced the pore diameter by about 8 A.
In addition, the structure of the functional monolayers and the chemical bonding can be studied
by solid-state nuclear magnetic resonance (NMR) and extended x-ray absorption fine structure
(EXAFS) techniques. Multinuclear solid state NMR measurements provide direct information on
the local environment of nuclear active elements (such as *C and *Si) through chemical shifts,
coupling between different nuclear spins, and electrical-field gradient. EXAFS probes the
distribution of neighboring atoms at a particular atomic position (Hg).

Based on the TEM, NMR, and EXAFS experiments, the molecular conformation of the
monolayers has been established. At low surface coverage, the carbon chains can adapt a wide
range of conformations, as indicated by a single broad “C NMR resonance formed from the two
carbon atoms next to the thiol group. Under this condition, the siloxane groups can adopt three
different conformations: 1) isolated groups that are not bound to any neighboring siloxanes, 2)
terminal groups that are only bound to one neighboring siloxane, and 3) cross-linked groups that
are bound to two neighboring siloxanes. Among the three groups, the terminal conformation (2)
is dominant. At higher population densities, all of the carbon chains are near one another, closely
packed, and have a vertical orientation with respect to the silica surface. The NMR resonance
peaks from all three carbon atoms in the backbone are well-resolved. NMR spectra for *Si show
the predominance of only cross-linked bonding conformation for the siloxanes rather than a
distribution of isolated, terminal, and cross-linked groups. When heavy metal (Hg) binds to the
thiol group, the peak position and shape of the terminal head group in >C spectra are also
affected. From the EXAFS data, Hg-S and Hg-O bond lengths are calculated as 2.4 + 0.01A and
2.14 + 0.014, respectively. The Hg atoms on the two adjacent thiol groups are linked by the
same oxygen atom with a Hg-Hg separation of 3.99 + 0.05 A, and the bond angle of Hg-O-Hg is
calculated as 137°. The functional molecules are estimated to be about 4 A apart, with each
molecule occupying 16 A2 on the surface. This number is consistent with the lateral dimension
of the TMMPS molecules.
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4.0 Mercury-Loading Capacity and Adsorption
Kinetics of Thiol-SAMMS

One of the technologies being tested involves mobilizing Hg from solid wastes using a
lixiviant consisting of an aqueous solution of KI/I, (Foust 1993). This patented process uses
solutions consisting of I, (0.001 to 0.5 M) as the oxidizing agent and the iodide ion (from 0.1 to
1.0 M) as a complexing ligand. Hg in contaminated solid wastes in the form of oxides, sulfides,
elements, solid-solution phases and as adsorbed phase is mobilized by the KI/I, lixiviant through
oxidation and complex formation reactions. After such mobilization, the dissolved, strongly
complexed Hg needs to be removed before the lixiviant is recycled.

The objective of this study is to demonstrate the effectiveness of the thiol-SAMMS for
removing Hg from spent potassium iodide/iodine (KI/1,) lixiviant. This study included an
investigation of aqueous speciation, kinetics, loading capacity, and the distribution coefficient for
Hg adsorption on SAMMS material. The parameters studied included varying ionic strengths and
iodide concentrations, pH conditions, and soluble Hg concentrations.

4.1 Aqueous Speciation of Mercury

The adsorption of Hg is influenced by the types and concentrations of aqueous species of
Hg and other competing cations that are present in the waste solutions. To help interpret the
adsorption data, the aqueous speciation of Hg in different matrix solutions was calculated using
an equilibrium code, GEOCHEM (Mattigod and Sposito 1979; Mattigod 1996; Mattigod and
Zachara 1997a). The association constants for aqueous complexes and the solubility product
constants of solid phases used in the computations are listed in Table 4.1.

Table 4.1. Stability Constants and Solubility Product Constants used in Speciation Calculations

Reaction log K Source

Aqueous Species

- Hg** + NO, = HgNO,* - 0.77 1
Hg*" + 2NO, = Hg(NO,),’ 1.00 1
‘Hg** + OH + NO, = HgOHNO,’ : 11.70 4
Hg*" + OH = HgOH* 10.60 1
Hg*" + 20H = Hg(OH),’ 21.80 1
Hg>" + 30H = Hg(OH)," 20.90 1
2Hg* + OH =Hg,OH** 10.70 1
3Hg* + 30H = Hg,(OH),* 35.60 1
Hg* + I =Hgl' 13.41 1
Hg®* + 2T = Hgl,’ 24.68 1
Hg® + 31 = Hgl," 28.41 1
Hg** + 41 =Hgl,> 30.30 1
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Reaction log K Source

Hg* + OH + I = HgOHI® 23.46 1
Hg* + SO,> = HgSO,° 2.50 1
Hg* + 250, = Hg(SO,),> 3.48 1
Hg® + HSO, = HgHSO," 1.10 5
Hg* + OH + SO,> = HgOHSO; 12.94 4
Ca* + NO, = CaNO," | | 0.50 3
Ca® +2NO; = Ca(NO,),° 0.60 1
Ca®* +I =Cal' 0.07 5
Ca® + OH = CaOH" 1.30 1 .
Ca®* + 20H" = Ca(OH),’ 0.00 7
Ca* + SO,> = CaSO0,° 2.30 3
Fe** + OH = FeOH" 4.70 2
Fe** + 20H = Fe(OH),’ 7.40 2
Fe** + 30H" = Fe(OH), 9.30 2
Fe** + 40H" = Fe(OH),> 8.90 2
| Fe** + SO,* = FeSO,° 2.20 1
| ~ Fe** +280,=Fe(SO,),” 0.76 1
Fe* + HSO, = FeHSO, 1.08 8
Fe** + NO, = FeNO," | 030 8
Fe** +#1 =Fel 3.67 5
F&* +2I'=Fel," 5.80 5
Fe** + OH + I = FeOHI’ 6.90 4
K* +NO, = KNO,° -0.19 3
K'+I =KI° -0.19 1
K* +S0,2=KSO;, 0.85 3
K* + OH = KOH’ -0.50 1
H* + SO,>=HSO, 1.99 1
H'+ OH =H,0 14.00 1
Reaction log K, Source
Solid Phases
Hg” + 20H = H,0 + HgO (s) 25.44 1
Hg* + SO,> = HgSO0, (s) 3.30 6 .
Ca® + 20H = Ca(OH), (5) 5.19 1
Ca* + SO,>+ 2H,0 = CaS0, °2H,0 (s) 462 2
Fe** + 20H" = Fe(OH), (s) 14.40 1

"Smith and Martell (1976). 2Martell and Smith (1982). *Smith and Martell
(1989). “Dyrssen et al. 1968, °Estimated Nieber and McBryde 1973. *Calculated
from AG data from Wagman et al. 1969. "Greenberg and Copeland (1960).
*Mattigod and Sposito 1977.
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The speciation calculations showed that about 92 to 99% of the total dissolved Hg in
equilibrating solutions existed as Hgl,> species (Table 4.2). The remaining fraction of the
dissolved Hg was predicted to be in the form of Hgl," species (1 to 8%). In these solutions, no
solid precipitation reactions were predicted to occur; thus Hg in these systems would occur only
in dissolved and adsorbed forms. Furthur, the Hg speciation indicates that adsorption reactions
would be controlled by the concentration (activity) of the dominant form namely, Hgl,* species.
The speciation of other dissolved constituents such as K, Ca, and Fe are also listed in Table 4.2.

Table 4.2. Computed Speciation of Soluble Constituents (%) in the Equilibrating Solutions
‘ Equilibrating Solution

Species S1 S2 S3 S4 S5
Hgl,> 98.9 982 977 971 923
Hgl, 1.1 1.2 2.3 2.9 7.7
K* 87.0 88.0 866 880 872
KI° 116 9.7 8.2 6.2 23
KSO, 14 23 52 58 105
Ca® 81.8 765 650 634 508
Cal’ 109 838 6.6 4.6 1.4
CaSO,° 73 147 284 320 478
Fel,’ 96.5 959 953 938 845
Fel 3.5 4.1 4.7 62 153

4.2 Kinetics Experiments

A set of experiments was designed to study the kinetics of adsorption of dissolved Hg from
a matrix solution of 100 mmol/L KI. The binding kinetics were assessed using batch adsorption
experiments at four different pH values, ranging from acidic to basic (3, 5, 7, and 9). The rates of
adsorption were monitored by measuring the Hg concentration in the solution phase at selected
periodic intervals. Because the rate of adsorption is affected by the initial concentration of
adsorbate, two sets of kinetic experiments at each pH value were conducted to examine this
phenomenon. The initial Hg concentrations in these experiments were set at ~0.5 and ~1.8
mmol/L, respectively. These concentrations were selected on the basis that this range of Hg
concentration may represent the higher range found in KI solution following extraction of actual
Hg-bearing wastes. A fixed solid:solution ratio of 1:800 was used in all experiments. The test
matrix for the adsorption kinetic studies consisted of eight experiments with seven periodic
measurements (5, 10, 30, 60, 120, 180, and 360 mins) of Hg concentration in each experiment.

The results of the binding kinetics experiments are listed in Table 4.3. The speciation
calculations indicated that all dissolved Hg existed as anionic iodide complexes (~92% as Hgl>

43




and ~8% as Hgl,"). The data show that at initial Hg concentrations of 0.5 mmol/L and at all pH
- values, ~95% of the final adsorption occurs within the first 5 min (Table 4.3, Figure 4.1). No

significant differences in the rate of adsorption (rate of decrease in solution concentration) were

observed at pH values of 5, 7, and 9; however, at pH 3, the rate appeared to be lower than that

. observed at higher pH values. In all cases, adsorption equilibrium seems to have been attained in
~4 h.

In experiments with higher initial concentrations of Hg (1.8 mmol/L), the rates of
adsorption at all pH values were slightly slower than that observed at lower initial Hg
concentrations (0.8 mmol/L). On average, ~82% final adsorption occurred within the first 5 min
(Table 4.3, Figure 4.1). No significant differences in the rate of adsorption (rate of decrease in
solution concentration) were observed at pH values of 3, 5, and 7; however, at pH 9, the rate
appeared to be slightly higher than observed at lower pH values. Also in this set of experiments,
adsorption equilibrium seems to have been attained in ~4 h. The rapid rates of Hg adsorption
onto SAMMS materials observed in these experiments are similar to the reaction rates observed
previously by Feng et al. (1997b) for adsorption on SAMMS in 0.1 M NaNO, solutions with
very low initial concentrations of Hg (0.5 and 10 mg/L). In an NaNO, medium, the speciation
calculations show that the dissolved Hg exists mainly in the form of neutral hydrolytic species
[Hg(OH),’ ]. Therefore, these tests show that the dissolved Hg is adsorbed with extreme rapidity
irrespective of the type and charge of Hg complex species [Hgl,> or Hg(OH),’] in waste solution.

Table 4.3. Kinetics Data for Hg Binding by thiol-SAMMS Material

Time Conc. Adsorbed Time Conce. Adsorbed
pH  (min)  (mgL) (mg/e) pH (min)  (mgl) (mg/g)
3 0 102.0 0.0 3 0 375.0 0.0
3 5 14.2 70.2 3 5 184.0 152.8
3 10 119 72.1 3 10 163.5 169.2
3 30 11.0 72.8 3 30 159.0 172.8
3 - 60 10.1 73.5 3 60 139.0 188.8
3 120 8.3 75.0 3 120 150.0 180.0
3 180 8.3 75.0 3 180 141.0 187.2
3 360 7.8 75.4 3 360 141.0 187.2
5 0 102.0 0.0 5 0 358.0 0.0
5 5 6.1 76.8 5 5 170.5 150.0
5 10 42 782 5 10 156.0- - 161.6
5 30 3.7 78.7 5 30 140.0 174.4
5 60 3.0 79.2 5 60 124.0 187.2
5 120 2.7 79.4 5 120 135.0 178.4
5 180 2.6 79.6 5 180 126.0 185.6
5 360 2.1 80.0 5 360 123.0 188.0
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7 0 101.0 0.0 7 0 358.0 0.0
7 5 7.0 752 7 5 170.5 150.0
7 10 5.2 76.7 7 10 153.5 163.6
7 30 4.5 77.2 7 30 145.0 170.4
7 60 3.5 78.0 7 60 134.0 179.2
7 120 3.5 78.0 7 120 134.0 179.2
7 180 2.95 78.5 7 180 130.0 182.4
7 360 2.6 78.7 7 360 127.0 184.8
9 0 99.5 - 0.0 9 0 382.0 0.0
9 5 59 74.9 9 5 160.0 177.6
9 10 4.5 76.0 9 10 147.0 188.0
9 30 3.7 76.7 9 30 144.0 190.4
9 60 2.8 77.4 9 60 150.0 185.6
9 120 2.6 77.5 9 120 _ 130.0 201.6
9 180 2.6 77.5 9 180 122.0 208.0
9 - 360 2.0 78.0 9 360 122.0 208.0
100 s n a n ]
B o o 3
8 o =
° Y
. 90 e
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Figure 4.1. Kinetics Data for Mercury Adsorption on Thiol-SAMMS as related to the Initial
Mercury Concentrations and pH Values
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4.3 Adsorption Density Measurements

The objective of these experiments was to measure the range of Hg loading on thiol-
SAMMS material that can be achieved from matrix solutions formulated as surrogates for
leachates from actual Hg-containing wastes. The compositions of surrogate solutions were
developed on the basis of the composition of actual leachates resulting from spent K1 lixiviant.
According to the actual leachate data, the dominant dissolved constituents in the actual Hg-
containing waste streams are K*, I, and I,, with minor amounts of Fe** and SO,*. Based on this
information, a series of surrogate solutions was prepared, containing varying concentrations of I,
K, Hg, and other minor constituents. These solutions were formulated to represent varying
compositions of leachates, washwaters, and combinations of these waste streams. The Hg
concentrations used in these experiments ranged from ~0.5 to 2.9 mmol/L.

Generally, the contaminant loading on an exchange material is affected by several factors,
such as the composition of the matrix solution (competing ions, ionic strength, and pH),
concentration of contaminant, solid:solution ratio, and contact time. In this set of experiments,
the effects of KI concentrations and solid:solution ratios were tested with a fixed contact time of
4 h. The compositions of the surrogate test solutions used in these experiments are listed in
Table 4.4. The loading experiments were conducted in duplicate (except two very high
solid:solution ratio experiments), with surrogate solutions and varying quantities of SAMMS
material to achieve ratios ranging from 1:200 to 1:4000. The surrogate solutions were contacted
with SAMMS material for 4 h to achieve equilibrium. Following equilibrium, the solutions were
separated from the SAMMS material using 0.2-um syringe filters. The Hg concentrations in the

“equilibrated solutions were determined by cold vapor atomic adsorption spectroscopy (CVAA)
and analyzed for residual Hg concentrations and pH.

- Table 4.4. Matrix Solutions Used in Hg-Loading Experiments

Constituent Solutions

(mmol/L) S1 S2 S3 S4 S5
Iodide 606 410 350 250 90
Sulfate 20 23 54 54 88
K. 635 440 450 350 265
Fe() 3 3 2 2 0.5
Ca : -- -- 0.1 0.1 0.2

Hg 2.34 2.89 '1.30 1.69 0.49

The data show that SAMMS loading can range from 26 to 270 mg/g, depending on the
composition of the matrix solution and the solid:solution ratio (Table 4.5). The results indicate
that at a fixed solid:solution ratio with sufficient Hg to saturate the adsorption sites, the loading
density increases with decreasing iodide concentrations. At both solid:solution ratios (1:200 and
1:800), ~40% reduction in iodide concentrations resulted in ~50% increase in Hg loading by
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SAMMS. Such increase in loading with decreasing iodide concentrations suggests that iodide
influences Hg adsorption through complex formation. A five-fold change in solid:solution ratio

(1:800 to 1:4000) at a fixed iodide and initial Hg concentration resulted in an ~50% increase in
Hg loading on SAMMS, indicating that increasing solid:solution ratios also increase Hg loading.
The highest Hg loading of 270 mg/g of SAMMS was observed when K concentration in the
matrix solution was 265 mmol/L at a solid:solution ratio of 1:4000.

_ These Hg-loading data may be compared to previous loading data (Feng et al., 1997b) on
SAMMS (solid:solution ratio 1:5000) obtained in matrix solutions consisting of 100 mmol/L
NaNO; with initial Hg concentrations ranging from 0.00024 to 670 mg/L. Loading densities of
83 to 635 mg/g observed in previous experiments indicate that NaNO, media do not influence Hg
loading on SAMMS to the same extent that the KI-K,SO, media do in these experiments. Data
obtained in previous and current studies under somewhat similar experimental conditions

- (solid:solution ratio and initial Hg concentration) show that in a KI-K,SO, medium, the loading
achieved is about one-half of the loading density attained in a NaNO, matrix solution (Table 4.6).
Calculated speciation indicates that in NaNO, media, dissolved Hg exists in the form of Hg**
(37%), Hg(OH),’ (30%), HgOH" (14%), HgOHNO,’ (10%), and HgNO," (9%). In comparison,
in a KI-K,SO, medium, dissolved Hg exists as Hgl,> (92%) and Hgl, (8%). These data
comparisons suggest that anionic Hg-I complexes are adsorbed to a lesser extent by SAMMS as
compared to the free and cationic and neutral complexes of Hg. These data clearly indicate that
Hg speciation in solution significantly influences the extent of adsorption on SAMMS material.

Table 4.5. Mercury-Loading Data on SAMMS Obtained in Surrogate Solutions Containing

Iodide Ions
Solid: Solution I Conc. Equil. Hg Conc. Hg Loading

Solution Replicate Ratio (mmoV/L) (mmol/1) (mg/g)
S1 1 1:200 606 1.695 - 26
S1 2 1:200 606 1.645 28
S2 1 1:80C , 410 2.393 78
S2 2 1:800 410 2.443 70
S3 1 1:200 350 0.273 41
S3 2 1:200 350 ' 0.276 41
S4 1 1:800 250 1.047 105
S4 2 1:800 250 0.997 113
S4 1 1:4000 250 1.496 165
S5 1 1:800 90 0.003 77

- S5 2 1:800 90 - 0.002 , 84
S5 1

1:4000 90 0.150 270




Table 4.6. Comparison of Hg-Loading Data Obtained in Nitrate and Iodide Matrix Solutions

Matrix Initial Hg Conc.  Solid:Selution Hg- Loading

Solution (mmol/L) . Ratio =~ (mg/g) of SAMMS Source
K1 ' 0.489 1:4000 270 This Study
NaNO, 0.563 1:5000 415 Feng et al.

1997b

4.4 Free Energy of Adsorption
The speciation calculations showed that Hgl,> species was the dominant form (92 to
99%) of the total dissolved Hg. Therefore, adsorption of dissolved Hg on SAMMS material can
occur through dissociation of Hgl,” in to free ionic Hg and subsequent adsorption on to thiol
~ groups as follows:
Hgl > =Hg™" +4I 4.1
SAMMS-R(SH), + Hg”* = SAMMS-RS,Hg + 2H" 4.2)
The overall reaction as the sum of reactions (1) and (2) can be represented as

SAMMS-R(SH), + Hgl,> = SAMMS-RS,Hg + 41" + 2H" (4.3)

The equilibrium constants as a function of activities of reactants and products in the
above reactions are expressed as

K, = (Hg")(D"( HgL") | (4.4)
K, = (-RS,Hg)(H)*/(-RSH)*(Hg") (4.5)
K, = (-RS,Hg)(H)*(I)*/(-RSH)*(Hel,*) (4.6)

The equilibrium constant K, can be evaluated using the computed activities of Hgl,” and |
free ionic I species, the measured pH, and calculated adsorbed phase activity of Hg (calculated as
~ equivalent to mole fraction adsorbed). Equation (4.6) can be solved graphically using a linearized
form as:

log K; = log(Ny,) - 2pH + 4log (I') - 2log(Ny,) + log (Hgl,") 4.7)
Rearranging equation (4.7) results in
Y =-4log (I') +log K, (4.8)

where Y = log(Ny,,) - 2pH - 2log(Ny) + log (HgL”).
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- A plot of Y as the dependent and log (I') as the independent variable would yield a slope
of -4 and an intercept equal to log K. Plotting adsorption data yielded a line with a slope of -3.8
and an intercept of -11.45 (Figure 4.2). Using the value of log K, (-11.45) and the value of log K,
(-30.3 from Table 4.1), the value log K, was calculated as

log K, =1logK, -log K, =-11.45 - (-30.3) = 18.85 4.9)
From this log K, value, the free energy of exchange for the reaction

SAMMS-R(SH), + Hg" = SAMMS-RS,Hg + 2H" (4.10)
was calculated to be -107.6 kJ/mol of Hg**. This value indicates a significantly higher affinity by
Hg** for the thiol groups as compared to other divalent metal affinity for silanol groups (an
average free energy of exchange value of about -60 kJ/mol). The higher afffinity of Hg** for thiol

groups can be explained on the basis of soft-cation/soft-base interaction in which the soft cation
can very easily displace protons.
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Figure 4.2. Mercury Adsorption on Thiol-SAMMS as a Function of Uncomplexed Iodide
Activity '
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4.5 Distribution Coefficient Measurements

The distribution coefficient is an empirical measure of an exchange substrate’s selectivity
or specificity for adsorbing a specific contaminant or a group of contaminants from matrix
solutions, such as waste streams. The distribution coefficient (sometimes referred to as the
partition coefficient at equilibrium) is defined as a ratio of the adsorption density to the final
contaminant concentration in solution at equilibrium. This measure of selectivity is defined as

Kd=Aeq /Ceq (411)
where K, is the distribution coefficient (mL/g), A,, is the equilibrium adsorption density (mg of
contaminant per gram of adsorbing substrate), and C,, is the contaminant concentration (mg/mL)

in contacting solution at equilibrium. The partition coefficient is defined as

K,=A/C | (4.12)

where K is the partition coefficient (mL/g), A is the adsorption density (mg of contaminant per
gram of adsorbing substrate) at any stage before equilibrium is attained, and C is the contaminant
concentration (mg/mL) in contacting solution at the same stage as the adsorption is calculated. At
equilibrium, the K, will be equal to K.

The K ;s were measured by equilibrating 25- and 100-mg quantities of SAMMS material
with 20 mL of contact solution (solid:solution ratios of 1:800 and 1:200, respectively). The
contact solutions were formulated with two different Hg concentrations (~0.3 and ~0.5 mmol/L).
The concentrations of major constituents in both solutions consisted of ~270 mmol of potassium,
~90 mmol/L of iodide, ~90 mmol/L of sulfate, and minor concentrations of Fe (II) and calcium.
The solution compositions used in these experiments are listed in Table 4.7. Following 4 h of
equilibration, the aliquots of equilibrated solutions were filtered through a 0.2-um filter, and Hg
concentrations were measured by CVAA.

Table 4.7. Experimental Conditions Used for Measuring the Distribution Coefficients

Constituent

mmo K1 K2
Todide 90 90
Sulfate - 88 88
K 265 265
Fe (I)) 0.5 0.5
Ca 0.2 0.2
Hg 0.33 0.49

The results show that SAMMS material has very high selectivity (very high K, values)
for Hg in iodide-containing surrogate solutions (Table 4.8). The speciation calculations indicated
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that in both solutions, Hgl,> species constituted about 92% of the total dissolved Hg, whereas
Hgl," species formed a minor fraction (8%). When solutions containing 0.33 mmol/L of total Hg
were contacted with SAMMS material, the equilibrium concentrations of Hg were below
detection (<5 x 10”° mg/L using CVAA). Consequently, the calculations show that SAMMS
material has extremely high specificity (K, >2.64 x 10° mL/g) for dissolved Hg (in Hgl,> and .
Hgl,” complex forms) in the tested surrogate solution. The second set of duplicate experiments
with solutions containing 0.49 mmol/L of Hg also showed that thiol-SAMMS material has very
high specificities (K, of 1.29 x 10° mL/g and 2.10 x 10° mL/g) for adsorbing anionic Hg-I
complex species . The data obtained from these experiments indicate that thiol-SAMMS
material, due to its very high selectivity (very high K, and very low equilibrium Hg
concentrations), can be used to remove soluble Hg from KI-K,SO, waste-stream solutions.

Table 4.8. Distribution Coefficients for Adsorption of Hg by SAMMS Material from Surrogate

Solutions
Initial Hg Final Hg - Solid:Solution
Replicate Conc. (mg/l.) Conc. (mg/l) Ratio (g:mL) K, (mL/g)
Ki1-1 66 <5 x10° 1:200 >2.64 x 10°
K1-2 66 <5x10° 1:200 >2.64 x 10°
K2-1 97.5 0.6 1:800 1.29 x 10°
K2-2 97.5 0.4 1:800 2.10x 10°
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5.0 Effects of Organic Ligands dn Mercury Adsorption by Thiol-
SAMMS

Ligands (organic and inorganic) that form strong complexes with dissolved Hg may
affect the Hg-adsorption characteristics of SAMMS material. Strongly complexing ligands may
be present in leachates from contaminated solid wastes and in liquid effluents. A previous study
showed that the Hg-binding capability of thiol-SAMMS was reduced when strongly complexing

-inorganic ligands were present in equilibrating solutions (Feng et al. 1997b). However, data are
lacking on the effects of organic ligands on Hg adsorption. The objective of this test is to
examine the effects of such complexation on adsorption by using strongly complexing model
ligands such as ammonia, EDTA (log K= 21.5 for Hg-EDTA complex), cyanide (log K = 18 for
HgCN' complex), and fulvate. Fulvate is a natural organic ligand that is commonly encountered
in natural aqueous systems such as surface and ground waters. A set of tests was conducted to

- evaluate adsorption characteristics of thiol-SAMMS material with solutions containing 1:1 Hg-

ligand complexes.

The experiments were conducted with solutions containing different concentrations of Hg
and 0.5 mmol/L of respective ligands. Adsorption effects at three different pH (3, 7, and 9)
values were evaluated. All experiments were conducted in duplicate at a fixed solution-solid ratio
of about 120, and an equilibration time of 4 h. At the end of equilibration, the contacting
solutions were filtered, and the filtrates were analyzed for Hg content using CVAA.

The adsorption data (Table 5.1) showed that compared to all other ligands, the naturally
occurring organic ligand, fulvate had the most noticeable effect on Hg adsorption. Apparently,
fulvate ligand by forming very strong complexes with Hg, affects Hg-adsorption affinity.
However, the data also showed that 92 to 99% of Hg in fulvate solutions was adsorbed by thiol-
SAMMS. These results suggested that thiol-SAMMS would adsorb significant amounts of Hg
even when strongly complexing fulvate-like ligands are present in waste solutions. The very high
affinity parameters (K, values) indicated that the Hg complexes of ammonia, cyanide, and EDTA
ligands had no noticeable effect on Hg binding by thiol-SAMMS. These data indicate that
organic ligands that are similar to the model ligands, such as ammonia, cyanide, and EDTA,
practically have no effect on Hg adsorption by thiol-SAMMS.
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Table 5.1. Organic Ligand Effects on Hg Adsorption by thiol-SAMMS

Vol.of Wtof InitialHg FinalHg Hg  Distribution Average
Solution SAMMS Conc. Conc. adsorbed Coefficient: K,

Ligand pH (ml) (mg (mgh) (mgll) (mgled K, (ml/g) (ml/g)
NH, 3 20 165 46.7 0.0071 5.66 8.0E+05

NH, 3 20 165 46.7 0.0074 5.66 7.7E+05  7.8E+05
NH, 7 20 165 1.3 0.0045 0.16 3.5E+04

NH, 7 20 165 1.3 0.0033 0.16 4.8E+04  4.1E+04
NH, 9 20 165 1.5 0.0068 0.18 2.7E+04 \
NH, 9 20 165 1.5 0.0027 0.18 6.8E+04  4.8E+04
CN 3 20 165 71.5 0.0150 8.66 5.8E+05

CN 3 20 165 71.5 0.0080 8.67 - 1.1E+06  8.3E+05
CN 7 20 165 45.6 0.0089 5.53 6.2E+05

CN 7 20 165 456  0.0032 5.53 1.7E+06  1.2E+06
CN 9 20 165 72.5 0.0034 8.79 2.6E+06

CN 9 20 165 725 0.0027 8.79 3.3E+06  2.9E+06
EDTA 3 20 165 74.0 0.0060 8.97 1.5E+06

EDTA 3 20 165 74.0 0.0070 8.97 1.3E+06  1.4E+06
EDTA 7 20 165 19.9 0.0045 241 5.4E+05

EDTA 7 20 165 19.9 0.0043 2.41 5.6E+05  5.5E+05
EDTA 9 20 165 79.9 0.0041 9.68 24E+06
"EDTA 9 20 165 79.9 0.0049 9.68 2.0E+06  2.2E+06
FUL '3 20 165 553 - 0.7000 6.62 9.5E+03 ‘
FUL 3 20 165 55.3 0.6200 6.63 1.1E+04  1.0E+04
FUL 7 20 165 59.0 5.6000 647  1.2E+03

FUL 7 20 165 59.0 4.2000 6.64 . 1.6E+03  1.4E+03
FUL 9 20 165 60.9 3.1000 7.01 2.3E+03

FUL 9

20 165 60.9 3.2000 6.99 2.2E+03  2.2E+03
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6.0 Actinide Adsorption Characteristics of Functionalized
SAMMS Material

Many DOE repositories contain various types of actinide-containing radioactive liquid
wastes. Some of these wastes could be treated as low-level radioactive wastes if the actinides
could be selectively removed. This would result in a substantial reduction of high-level
radioactive waste volume, thereby significantly reducing the handling and disposal costs.
Removal of actinides from high-level wastes is very challenging in that these wastes are usually
complex salt solutions, containing high concentrations of nonradioactive cations that can
compete with the actinides in binding to the sorbent materials. Previous studies have examined
two processes, namely solvent extraction and ion exchange, for separating actinide elements
from a highly complex solution matrix (Condamines and Musicas 1992; Maiti et al. 1992; Rozen
et al. 1992; Horwitz et al. 1993, 1995; Karlova et al. 1994; Mathur et al. 1994). Due to the
difficult nature of such separation processes, the sorbents used for this purpose must be
structurally stable and exhibit very high selectivities for actinide ions. The objective of this
investigation was to develop and demonstrate that SAMMS materials can be used in highly
selective fashion to remove actinides from a matrix of a high concentration of salt solutions.

As indicated previously, SAMMS material can be designed to achieve high selectivity
toward a specific class of cationic elements. As an example, actinide-specific SAMMS material
has been developed by assembling certain actinide-binding ligands on synthetic mesoporous
oxide substrates. (Harris et al. 1981; Riley et al. 1983; Scarrow et al. 1985a, b, 1988; Hou et al.
1994). In nature, it is known that siderophores use Lewis-base chelating groups, including
catechols (e.g., enterobactin) and hydroxamic acids (e.g., desferrioxamine B). These chelating
groups are often combined in polydentate ligands to fully bind the metal in a six-coordination
complex. Raymond and coworkers made actinide sequestering agents by incorporating these
chelating groups into multidentate ligands. They have also attached these ligands onto insoluble
polymers for use as solid/liquid extractants (Whisenhunt 1994). Indices of affinity, the
distribution coefficients, K, reported for thorium (IV) was as high as 70 mL/g for 1,2-HOPO
and 250 mL/g for 3,4-HOPO resins at pH 5.8.

Mesoporous silica was synthesized in cetyltrimethylammonium chloride/hydroxide,
silicate, and mesitylene solutions (Beck et al. 1992). The thiol-SAMMS was made by
incorporating propylmercaptan onto the mesoporous materials as previously reported (Feng et al.
1997a). The probable molecular structure of thiol-SAMMS is shown in Figure 6.1.

The HOPO-SAMMS was made by first incorporating a propylamine monolayer on the
mesoporous materials through silinization methods similar to that of thiol-SAMMS. Elemental
analysis of the amino-SAMMS found C, 15.73; H, 4.08; N, 5.45; Al, 1.61; Si, 11.00.
Dimethylformamide was dried over molecular sieves (4 A) and pyridine was dried over
potassium hydroxide. All other reagents were purchased from commercial sources and used as
received.

The 1,2-HOPO SAMMS was synthesized by dissolving 2.20 g (14.2 mmol) of
1,2-HOPO-6-carboxylic acid in 150 mL of dimethylformamide. A weighed quantity of (2.57 g)
of 1, 1’-carbonyldiimidazole was stirred into this solution under nitrogen for 2 hours followed by
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the addition of 2 g of amino-SAMMS. The mixture was stirred at room temperature for 4 days.
The solution was filtered, and the solid product was washed with methanol and dried in a
vacuum at 60°C overnight. This treatment resulted in about 2.43 g of an off-white powder.
Elemental analysis of this compound indicated the composition to be C, 17.90; H, 3.91; N, 6.26;
Si, 9.88; Al, 1.44. The probable molecular structure of 1,2-HOPO SAMMS is indicated in Figure
6.1.

The 3,4-HOPO SAMMS was synthesized by dissolving 5.87 g (27.1 mmol) of
3-benzyloxy-4-HOPO-N-methylearboxylic acid in 160 mL of pyridine. Weighed quantities
(2.45 g) of N-hydroxysuccinimide and (4.40 g) of 1,3-dicyclohexylcarbodiimide were added to
this solution, and the mixture was stirred overnight at room temperature. Next, about 4 g of
amino-SAMMS were added, and the solution was stirred at room temperature under nitrogen for
4 days. The solution was filtered, and the resulting compound was washed with boiling
tetrahydrofuran, distilled water, and methanol. The product was stirred for 2 days in 150 mL of a
mixture of 1: 1 glacial acetic acid/concentrated hydrobromic Acid. The treated material was
collected by filtration, washed with distilled water and methanol, and dried in vacuum at 60°C
overnight, resulting in about 5.29 g of an off-white powder. Elemental analysis indicated the
composition of this material to be C, 20.57; H, 4.75; N, 5.35; Al, 0.79; Si, 9.78. The probable
molecular structure of 3,4-HOPO SAMMS is indicated in Figure 6.1.

For adsorption experiments, Am(III), Th(IV), Pu(IV), Np(V), Pu(VI), and U(VI) were
selected as the models for tri-, tetra-, penta- and hexa-valent actinides, respectively. Background
electrolyte for all experiments consisted of 0.1 M NaNOQ, . The solutions were adjusted to
different pH values with final equilibrium pH values ranging from 0.88 to 6.8. The adsorption
tests were performed in batch mode using 20 mg of SAMMS powders in 5.0 mL of actinide-
spiked 0.1 M NaNO, solutions. The solution-SAMMS mixtures were equilibrated at room
temperature for 4 hours and filtered through 22-pm filters, and the filtrates were analyzed for
radionuclide activities. Liquid scintillation counting was used to measure *! Am, *’Np, and *°Pu,
and inductively coupled plasma-mass spectrometry (ICP-MS) was used to analyze ***U and
232Th. .-

The adsorption data (Table 6.1) showed that the 1,2-HOPO-SAMMS was very effective
in removing Am (III) from solution. Adsorption by 1,2-HOPO-SAMMS at a pH of 6.8 reduced
concentrations of >’'Am from 7.1 ug/L to 4 ng/L (activity reduced from 53,500 cpm/mL to 30
cpm/mL). The affinity parameter, K, was calculated to be in the range of 1.9 x 10° mL/g at pH
0.88 to 4.5 x 10° mL/g at pH 6.8. Thiol-SAMMS had a lower affinity (K, values 449 to 6190
mL/g) for Am (IIT) as compared to 1,2-HOPO. Among the SAMMS tested, the
3,4-HOPO-SAMMS showed the lowest affinity for binding Am(III). These data were confirmed
by a previous study of Am (III) adsorption onto 60 selected commercial and laboratory absorbers
in which the the highest K, value under acidic conditions was 9.4 mL/g (Marsh et al., 1993).
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Figure 6.1. Molecular Structures of 1,2-HOPO-SAMMS, 3,4-HOPO-SAMMS, and

thiol-SAMMS

The data showed that all the adsorbents tested (thiol-SAMMS, 1,2-HOPO-SAMMS, and
3,4-HOPO-SAMMS) have only moderate affinities (K, in the range of 160 mL/g at pH 0.88 and
841 mL/g at pH 3) for adsorbing Th(IV) from solution. By contrast, thiol-SAMMS exhibited
greater affinity (K, 1660 mL/g) for bonding another tetravalent actinide namely, Pu(IV).

Among the adsorbers tested, only 1,2-HOPO-SAMMS showed more specificity for
binding Np(V). The selectivity coefficients (K, values of 195, 425, 3260, and 3630 mL/g at pH
values of 0.88, 3.2, 5.6, and 6.30, respectively) indicated significantly enhanced affinity of
1,2-HOPO-SAMMS for binding Np(V) at higher pH values.

The data for adsorption of hexavalent actinides indicated that thiol-SAMMS had a very
high preference (K,, >10000 mL/g) for adsorbing Pu(VI). This selectivity value is at least an
order of magnitude higher than any previously reported data (highest K;, 2185 mL/g) for Pu(IV)
adsorption on 60 different commercial and laboratory absorbers (Marsh et al. 1993). By
comparison, the 1,2-HOPO-SAMMS showed only moderate binding affinities for another
hexavalent actinide namely, U(VI) with K values ranging from 180 mL/g at pH 0.88 to 620
mL/g at pH 3.0. Two other adsorbents, thiol-SAMMS and 3,4-HOPO-SAMMS, exhibited
significantly lower binding affinities (<75 mL/g) than 1,2-HOPO-SAMMS for U(VI) adsorption.

It is important to note that for Th (IV) adsorption, the 1,2-HOPO-SAMMS showed
higher affinity (K, 840 mL/g) than the HOPO resins (K, , 70 mL/g). Even the thiol-SAMMS
material showed higher affinity for Th(IV) as compared to the adsorption performance of thiol-
resins. However, the 3,4-HOPO-SAMMS material showed lower affinity (K4 114 mL/g) for Th
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(IV) adsorption than did the corresponding 3,4-HOPO resin form (K, , 260 mL/g). At this point,
it is still not clear why the 1,2-HOPO-SAMMS behaves so differently than the 3,4-HOPO-
SAMMS in its actinide adsorption affinities, while there are no significant differences in actinide
binding behavior between resin forms of 1,2,HOPO and 3,4-HOPO. The complex structures of
these functional groups in the resins and in the SAMMS substrates will have to be studied in
greater detail to provide an improved understanding about the observed differences in their
actinide-adsorption affinities.

Table 6.1. Actinide Absoption on Functionalized SAMMS

Vol SAMMS Final Initial Final  Initial K,

Element mlL g pH  cpmml  cpm/mL pg/l,  _ug/l (ml/g)
1,2-HOPO-SAMMS
Am() 35 0.02 0.88 -390 302000 0.051 39.8 194850
Am() 5 0.02 4.50 28 24200 0.004 3.2 199750
Am() 5 0.02 © 6.80 30 53500 © 0.004 7.1 443500
Np(V) 5 0.02 0.88 41300 73400 26993 48000 195
Np(V) 5 0.02 3.20 27200 73400 17778 48000 425
Np(V) 5 0.02 5.60 5140 72200 3359 47200 3260
Np(V) 5 0.02 6.30 4450 69000 2908 45100 3630
ThIV) 5 0.02 0.82 86300 141400 160
Th(IV) 5 0.02 3.40 30500 133100 841
U(VD 5 0.02 0.85 78500 135400 181
U(VD 5 0.02 3.00 39400 136800 618
Thiol-SAMMS

Am(I) 5 0.02 0.84 108000 302000 14.248 39.8 449
AmII) 5 0.02 3.10 17500 296000 2.309 39.1 3980
Am) 5 0.02 3.70 11300 291000 1.491 384 6190
Np(V) 5 0.02 0.84 67900 70500 44379 46100 9.69
Np(V) 5 0.02 3.10 67900 70400 44379 46000 9.13
ThAV) 5 0.02 0.87 86800 141400 157
Th@V) 5 0.02 3.00 53800 133100 368
UV 5 0.02 0.85 132600 135400 5.28
UV 5 0.02 3.00 105700 136800 73.6
Puv) 5 0.10 1.00 350 12000 1660
Pu(V) 5 0.10 3.00  backgd 8000 > 10000
3,4-HOPO-SAMMS
Am({) 5  0.02 0.84 292000 302000 38.522 39.8 8.56
Am(I) 5  0.02 2.60 288000 296000 37.995 39.1 6.94
Np(V) 5  0.02 0.75 69700 70500 45556 46100 2.99
Np(V) 5  0.02 . 2.50 69500 70400 45425 46000 3.16
Th@V) 5  0.02 0.84 109000 141400 74.3
ThIV) 5  0.02 2.60 91500 133100 114
UMvl). 5 002 0.86 130000 135400 10.4
UvVDhD 5 0.02 2.60 105400 136800 74.5




This preliminary study showed that by incorporating actinide-specific functional groups,
such as 1,2-hydroxypyridinone, into SAMMS substrates, an effective scavenger for actinides can
be produced. These SAMMS-based adsorbents are very effective in removing tri-, tetra-, penta-,
and hexa-valent actinides from salt solutions. The thiol-SAMMS, however, is only effective for
removing tri-, tetra- and hexa-valent actinide forms. In contrast, the 3,4-HOPO-SAMMS is not
very effective for separating actinides from a salt-solution matrix. Incorporating functional
groups such as catechol into a SAMMS substrate may result in even better actinide-removing
sorbents because previous studies by Raymond and his coworkers have shown that a catechol
resin is almost three times more effective in removing Th(IV) than the corresponding
1,2-HOPO- and 3,4-HOPO resins.




7.0 Transition Metal Adsorption Characteristics of Thiol- SAMMS

Mesoporous silica materials functionalized with thiol functional groups (thiol-SAMMS)
were designed to specifically adsorb Hg from various types of waste solutions. Previous studies
on different types of Hg-containing aqueous and non-aqueous solutions have established the
range of Hg-loading and affinity characteristics for thiol-SAMMS material (Feng et al. 1997b;
Mattigod et al. 1997b). These studies also showed that thiol-SAMMS can specifically adsorb Hg
from solutions that contain competing transition-metal cations. These previous experiments also
indicated that thiol-SAMMS may also adsorb other soft cations that belong to various transition-
metal series. Therefore, the objective of this investigation was to examine the affinity of thiol-
SAMMS material for adsorbing some common transition metals.

Adsorption Experiments were conducted using about 0.1 g thiol-SAMMSs material in
10 mL of 0.1 M NaNO; solution containing selected metals. After equilibration, the metal
concentrations were measured in the filtrate, and the affinity parameter was calculated. The
adsorption tests included selected transition metals, such as Ag, Cd, Co, Cr, Cu, Eu, and Zn. For.

- comparative purposes, two alkaline earth elements, Ca and Mg, and a toxic metal, Pb, were also
tested .

The results (Table 8.1) showed that thiol-SAMMS has very high affinities for adsorbing
soft cations such as Ag, Cd, Cu(Il), Cr(III), and Pb. These data confirm the high specificity of the
soft-base thiol groups for adsorbing soft acid cations. The data also showed that thiol-SAMMS

does not show any affinity for adsorbing alkaline-earth elements and very low affinity for Co(II)
and Zn. :

These results suggest that thiol-SAMMS, even in the presence of alkali and alkaline-earth
cations, can adsorb, in addition to Hg, other soft acid cations (Ag, Cd, Cu(Il), Cr(III), and Pb.
Additional studies are needed to elucide the relationship between the degree of cation softness
(such as Misono Softness Parameter) and the adsorption affinity (K, values) of thiol-SAMMS.

Table 7.1. Binding Affinity of Thiol-SAMMS for Selected Metal Species

Ini. Conc. Final Conc

Metal ug/L ugl K, (mL/g)
Ag(D) 90 10 8900
Ca(IT) 2070 2070 ° 0
Cd(IT) 4670 32 14467
Co(Il) 2810 2670 5
Cr(II) 2630 20 700
Eu(Il) 9010 1220 639
Cu(TD) 2240 <5 >44700
Pb(II) 3040 300 913
Mg(ID) 1580 1580 0
Zn(I) 2790 2410 16
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8.0 Conclusions
The following conclusions can made from the experiments conducted and described.
8.1 Mercury-Adsorption Kinetics and Loading Capécity of Thiol-SAMMS

e Aqueous-speciation calculations indicated that a major fraction (92 to 99%) of dissolved
Hg in KI-K,SO, waste solution exists in the form of Hgl,”; therefore, adsorption of Hg by
thiol-SAMMS would be controlled mainly by the concentration (activity) of this species.

e The kinetics data showed that at all pH values (3, 5, 7, and 9), Hg adsorption by thiol-
SAMMS occurred very rapidly (~ 82 to 95% of total Hg adsorption occured within the
first 5 min). In all cases, the adsorption equilibrium was attained within ~4 h.

o The loading-density measurements showed that at fixed solid:solution ratio, the loading
density increased with decreasing iodide concentrations. The highest Hg loading of
~270 mg/g of thiol- SAMMS was observed at ~90 mml/L iodide concentration.

o Free energy of adsorption data indicated that Hg** ion has high affinity for thiol-groups
attached to the mesoporous silica material. This strong adsorption affinity is typical of
soft-cation/soft-base interaction.

e Very high distribution-coefficient values (K, 1.2910° to >2.64 x 10%) confirm that thiol-
SAMMS adsorbs Hg from KI-K,SO, solutions with very high specificity.

8.2 Effects of Organic ligands on Hg Adsorption by Thiol-SAMMS

e Very-high-affinity parameters indicated that ligands, ammonia, cyanide, and EDTA had
no effect on Hg adsorption by thiol-SAMMS.

e In the presence of a strongly complexing ligand (fulvate) tInol-SAMMS removed ~92 to
99% of Hg in solution.

8.3 Actinide Adsorption Characteristics of Functionalized SAMMs Material

e 1,2-HOPO-SAMMS had a very high affinity (K,: 1.9 x 10° to 4.43 x 10° mL/g) for
Am(II), a high affinity (K;: 3.3 x 10° to 3.6 x 10°mL/g) for Np(V), and moderate
affinities (K;: 160 to 840 mL/g) for Th(IV) and U(VI).

o Thiol-SAMMS showed a very high affinity (K, >1.0 x 10* mL/g ) for Pu(VI) and high
affinities (K;: 4.0 x 10° to 6.2 x 10°> mL/g) for Am(III) and Pu(IV) (Kg: 1.7 x 10° mL/g).

o 1 2-HOPO—SAMMS and thiol-SAMMS were significantly more effective than resin
forms for adsorbing actinides.
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8.4 Transition Metal Adsorption Characteristics of Thiol-SAMMS
e Thiol-SAMMS showed high affinities for adsorbing soft cations, such as Ag, Cd, Cu(Il),
Cr(IIT), and Pb. These data confirmed the high specificity of soft-base thiol groups for
adsorbing soft-acid cations. '

» Due to its high specificity, thiol SAMMS can selectively adsorb and separate Ag, Cd,
Cu(Il), Cr(III), Hg, and Pb from solutions containing alkali and alkaline-earth cations.
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Appendix A: Awards, Presehtations, and Press Highlights

Awards

e PNNL Self Assembled Monolayers on Mesoporous Supports (SAMMS) technology received
the prestigious R&D 100 Award for 1998.

e SAMMS Technology was selected as a finalist in Technology Innovation category for the
Discover Magazine Award.

Publications

e Liu, J. et al. 1998. “Hybrid Mesoporous Materials with Functionalized Monolayers.” Adv.
Mater., 10:161-165. ‘

e Liul,etal 1998. “Hybrid Mesoporous Materials with Functionalized Monolayers.” Chem.
Eng. Tech., 21:96-100. '

Press Highlights

e Environmental Health Perspectives in 1998 featured SAMMS technology in a feature
article entitled “Quick fixes for Quick Silver,” 106:A74-A76.
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