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(57) ABSTRACT 

We have now discovered a novel process for the removal or 
extraction of metal species from a variety of Solid, liquid or 
gas phase materials. Metal species may be removed by 
contacting the material Suspected of containing one or more 
metals with a thiolated fatty acid or ester thereof for a period 
of time and under conditions effective far the sequestration 
of the metal species by the thiolated fatty acid or ester 
thereof. The thiolated fatty acid or ester thereof comprising 
sequestered metal species may then be separated and recov 
ered from the treated material. Moreover, following the 
treatment of aqueous liquids or mixtures, or Suspensions or 
dispersions of Solids in aqueous liquids, the resultant thio 
lated fatty acid or ester thereof comprising the sequestered 
metal species is insoluble in water and forms a separate layer 
from the aqueous liquid phase, which layer may be readily 
removed. 
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dissolved or dispersed in an aqueous liquid), the resultant 
thiolated fatty acid or their esters having the metal species 
sequestered therein will form an organic layer or partition 
separate from the aqueous liquid. This organic layer con 
taining the sequestered metal species may be readily 
removed from the aqueous layer using simple techniques 
Such as by skimming or decantation, without the need for 
further treatments or processing. Using the process 
described herein, over 90% by weight of the metal species 
content, preferably 99% or more, can be removed from the 
material being treated. 
As used herein, a “thiolated fatty acid or ester thereof is 

defined as a fatty acid or ester thereof (including glycerol 
esters or alkyl esters) which contains one or more sulfhydryl 
(—SH or thiol), thioether (—SR) or polysulfide [(—S),—R, 
where n>1 functional groups. In the case of glycerol esters 
(i.e., a thiolated glyceride), the thiolated glyceride will 
include at least one fatty acid which contains one or more of 
the sulfhydryl (—SH or thiol), thioether (—SR) or polysul 
fide ( S), R, where n>1 functional groups. Without 
being limited thereto, R is selected from (1) aliphatic hydro 
carbons which may be a straight or branched chain, Substi 
tuted (including O, S, N or P-containing moieties, or intra 
or inter-molecular linkages to the same or other fatty acids 
or their esters) or unsubstituted, and Saturated or unsatu 
rated, (2) carbon rings which may be substituted (as above) 
or unsubstituted, and Saturated or unsaturated, and (3) and 
heterocyclic rings which may be substituted (as above) or 
unsubstituted, and Saturated or unsaturated. In a preferred 
embodiment, R is selected from (1) aliphatic C1 to C22 
hydrocarbons which may be a straight or branched chain, 
substituted or unsubstituted, and saturated or unsaturated, 
(2) C5 to C18 carbon rings which may be substituted or 
unsubstituted, and saturated or unsaturated, and (3) C4 to C6 
heterocyclic rings which may be substituted or unsubsti 
tuted, and Saturated or unsaturated. 

The process may be used for the removal of metal species 
contaminants from a variety of liquid, gaseous or Solid 
materials, including those from aquatic and terrestrial sys 
tems. Moreover, as described herein, liquid materials may 
include Solutions, emulsions, dispersions or biological flu 
ids. Without being limited thereto, examples of such appli 
cations include the removal of toxic metals from contami 
nated drinking water and other fresh water systems (such as 
lakes, ponds, estuaries, rivers and streams), from effluent or 
waste discharge streams of agricultural, municipal (sewage), 
industrial or mining sites, from flue gases discharged from 
commercial or industrial sites, and from contaminated Soil 
from agricultural, residential, industrial and mining sites. 
Alternatively, the process can be used to remove and recover 
potentially valuable metals from other materials. Examples 
of such applications include but are not limited to the 
recovery of metals from recycled materials and mining 
applications. Further still, it is envisioned that the process 
may be used for the differential removal or separation of two 
or more metals from each other. As illustrated in the 
examples, we have discovered that not only do different 
thiolated glycerides exhibit different levels of efficacy in 
their ability to sequester a particular metal species, but 
specific thiolated glycerides differ in the ability to sequester 
different metal species. By selection of the appropriate 
thiolated fatty acid or ester, materials containing two or more 
different metals may be treated to selectively remove more 
of one of the metals than the other. 
The thiolated fatty acids and their esters are effective for 

the sequestration of many different metal species from any 
of the above-mentioned materials. Without wishing to being 
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4 
bound by theory, the mechanism of sequestration of the 
metals may be by binding, coordination, adsorption, absorp 
tion or a combination thereof. Without being limited thereto, 
the process is effective for sequestering and removing metal 
species which include B [including B(0) and B(III), Be 
including Be (O) and Be(II), Ba including Ba(O) and 
Ba(II)], Mn [including Mn(0), Mn(II), Mn(III), Mn(IV), 
Mn(VI) and Mn(VII)], Sb [including Sb(0), Sb(III), Sb(IV) 
and Sb(V)]. Se [including Se(0), Se(II), Se(IV) and Se(VI)), 
Sr [including Sr(O), Sr(II)], Tl [including Tl(0), Tl(I) and 
Tl(III)), V [including V(0), V(II), V(III), V(IV) and V(V)], 
Cu [including Cu(0), Cu(I) and Cu(II), Pb [including Pb(O), 
Pb(II) and Pb(IV), Zn [including Zn(0) and Zn(II)], Cd 
[including Cd(0) and Cd(II)], Ni [including Ni(0) and 
Ni(II)], Cr[including Cr(0), Cr(III), Cr(IV) and Cr(VI)), Hg 
[including Hg(0), Hg(I) and Hg(III)], Fe [including Fe(0), 
Fe(II) and Fe(III)], Al [including Al(0) and Al(III), Co 
[including Co(0) and Co(II), Bi [including Bi(0), Bi(III) 
and Bi(V)), Sin [including Sn(0), Sn(II) and Sn(IV)], Ca 
[including Ca(0) and Ca(II)], Mg [including Mg(0) and 
Mg(III)], Ag [including Ag(0) and Ag(I)], AS [including 
As(0), As(III), As(III) and As(IV)], Mo [including Mo(0), 
Mo(II), Mo(III), Mo(IV), Mo(V) and Mo(VI)]. Au [includ 
ing Au(0), Au(I) and Au(III), Rh [including Rh(0), Rh(II) 
and Rh(III)]. Ir [including Ir(0), Ir(I), Ir(II), Ir(III), Ir(IV) 
and Ir(VI)), Os [including Os(0), Os(III), Os(III), Os(IV), 
Os(VI) and Os(VIII)), Re [including Re(0), Re(IV), Re(VI) 
and Re(VII), Pd [including Pd(0), Pd(II), Pd(III) and 
Pd(IV)], Pt [including Pt(0), Pt(II) and Pt(IV)], Ru [includ 
ing Ru(0), Ru(II), Ru(III), Ru(IV), Ru(V), Ru(VI) and 
Ru(VIII)], and combinations thereof. However, the process 
is particularly preferred for the removal of Cu(II), Al(III), 
Pb(II), Cd(II), Bi(III), and Bi(V), and most preferably 
Hg(III), Ag(I). 

In accordance with applicants’ process, the material Sus 
pected of containing or being contaminated with the metals 
is contacted with the thiolated fatty acid or ester thereof 
(which is in a liquid phase) for a period of time and under 
conditions effective for the metal species in the material to 
be sequestered by the thiolated fatty acid or its ester. The 
specific contact time will vary with the material being 
treated and particularly its phase (solid, liquid or gas), the 
type of contactor used as discussed below, and the metal 
species concentration in the treated material and the desired 
final concentration therein (i.e., complete vs. partial 
removal), and may be readily determined empirically by the 
skilled user. The contact time will typically be sufficient to 
remove between 5 to 100% (by weight), preferably between 
50 to 99%, and most preferably between 70 to 99%, of the 
targeted metal species present in the material. After this 
contact, the resultant thiolated fatty acid or their esters 
having the metals sequestered therein may be separated from 
the treated material. The remaining treated material, having 
its metal content significantly reduced or eliminated, may be 
Subsequently recovered. The process may be conducted as a 
batch, semi-batch or continuous system. In an optional 
embodiment, the recovered treated materials, and particu 
larly those processed in batch or semi-batch systems, may be 
contacted one or more times with fresh thiolated fatty acid 
or ester to further decrease the metal species concentration 
therein to the desired level. 

Treatment of liquid materials, and particularly aqueous 
liquids, may be conducted in a variety of conventional 
liquid/liquid contactor devices. A number of liquid/liquid 
contact devices have been described for other liquid/liquid 
extractions and are Suitable for use herein, and include 
mixed tanks (or mixer-settlers), spray columns, fixed beds 
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(including packed beds or grid or mesh beds), moving beds 
or fluid beds, plate (or tray) columns, mechanically assisted 
gravity devices and centrifugal extractors, with mixed tanks 
and plate columns being preferred, and mixed tanks being 
particularly preferred. When using mixed-tanks, the contact 
of the material with the thiolated fatty acid or its ester can 
be enhanced, and thus the rate and amount of metal seques 
tration increased, by increased agitation, and is preferred. 
Without being limited thereto, examples of liquid/liquid 
contactors which are suitable for use herein are described by 
Henley and Saeder (Equilibrium-Stage Separation Opera 
tions in Chemical Engineering, John Wiley and Sons, New 
York, 1981, see pp. 47-85, the contents of which are 
incorporated by reference herein). Upon completion of the 
contacting, the resultant thiolated fatty acid or ester thereof 
comprising the sequestered metal species is separated from 
the treated material. In the preferred embodiment using 
mixed-tanks for treating aqueous liquids, upon completion 
of the contacting, agitation is ceased, and the resultant 
thiolated fatty acid or ester thereof comprising the seques 
tered metal species is allowed to form a separate (parti 
tioned) organic layer from the aqueous liquid phase. This 
separate organic layer may be separated or removed from the 
treated aqueous layer and optionally recovered, for example 
by conventional techniques such as decantation, skimming, 
draining of the aqueous layer, etc. 

Gaseous materials including flue gases may be contacted 
with the thiolated fatty acid or its ester in a variety of 
conventional vapor/liquid contact devices, many of which 
are similar to the above-mentioned liquid/liquid contactors. 
Suitable vapor/liquid contactors include scrubbers, 
mechanical-draft evaporative-cooling devices, bubblers, 
spray columns, fixed beds (including packed beds or grid or 
mesh beds), moving beds or fluid beds, and plate (or tray) 
columns. Without being limited thereto, examples of vapor/ 
liquid contactors which are Suitable for use herein are also 
described by Henley and Saeder (ibid, see pp. 47–76). The 
thiolated fatty acid or its ester may also be absorbed on a 
Solid Substance (ideally porous) for contact with the gaseous 
material. After contacting, the resultant thiolated fatty acid 
or ester thereof comprising the sequestered metal species is 
separated from the gas. The treated gaseous material 
stripped of metal species may be released to the atmosphere 
or recovered and optionally further treated. By way of 
example, this embodiment of the process is preferably used 
for the removal of volatile covalent metal compounds such 
as dimethyl mercury or elemental mercury, Hg(0), from 
gaseous materials. 

Contact of solid materials with the thiolated fatty acid or 
its ester may also be conducted in a variety of conventional 
Solid/liquid contact devices, including packed beds or mov 
ing beds (with gravity or anti-gravity flow of the thiolated 
fatty acid or its ester through the bed of solid material to be 
treated) or mixed tanks, with mixed tanks being preferred. 
As with liquid/liquid contact, increased agitation is pre 
ferred. After contacting, the resultant thiolated fatty acid or 
ester thereof comprising the sequestered metal species is 
separated from the solid. Separation may be effected, for 
example, by settling, centrifugation or filtration. The treated 
Solid material Stripped of metal species may be recovered 
and optionally further treated. With any solid material, the 
material may be optionally physically ground prior to the 
contacting in order to increase the Surface area of the 
material and the exposure of metals therein to the thiolated 
fatty acids or esters thereof. Moreover, it is also envisioned 
that soils may be optionally chemically digested to release 
any metals therein for contact with the thiolated fatty acids 
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6 
or their esters. A number of techniques for soil digestion 
have been previously described for measurement of soil 
nutrients and other chemicals, and are suitable for use 
herein. Without being limited thereto, the soil digestion with 
1 Mammonium acetate or Mehlich 3 reagent (glacial acetic 
acid with ammonium nitrate, ammonium fluoride, nitric acid 
and EDTA) as described by Warncke and Brown (Potassium 
and Other Basic Cations. In: Recommended Chemical Soil 
Test Procedures for the North Central Region. North Central 
Regional research Publication No. 221. Missouri Agricul 
tural Experiment Station SB 1001. Rev. January 1998. pp. 
31-33) or Mehlich (1984. Comm. Soil Sci. Plant Anal. 
15:1409-1416) or using the original technique described by 
Mehlich (1953, Determination of P. Ca, Mg, K, Na and NH4 
by North Carolina Soil Testing Laboratories. Raleigh, Uni 
versity of North Carolina) is preferred. In alternative 
embodiment, it is also envisioned that the solid material to 
be treated may be dissolved or dispersed in a liquid material 
or solvent, Such as water or other aqueous solvent or carrier, 
and contacted with the thiolated fatty acid or its ester using 
the liquid/liquid contactors as described above. 

After the thiolated fatty acid or ester thereof comprising 
the sequestered metal species have been separated from the 
treated material, it may be disposed of in an environmentally 
appropriate manner. However, in a preferred embodiment, 
the thiolated fatty acid or ester thereof comprising the 
sequestered metal species is recovered and treated to remove 
the sequestered metals and optionally regenerate the thio 
lated fatty acid or ester. In one preferred embodiment, ionic 
or other higher than Zero oxidation state covalent forms of 
the metals are reduced, producing the metal in a solid phase. 
A variety of techniques are known in the art for metal ion 
reduction and are suitable for use herein, including electro 
lytic, chemical or photochemical reduction. Without being 
limited thereto, suitable reduction techniques are described, 
for example, by Wu et al. (2011. Recovery of metallic 
copper by integrated chemical reduction and high gradient 
magnetic separation. Environ. Technol. 32:817-824) and 
Parinayok et al. (2011. Interaction of Au(III) and Pt(IV) 
complex ions with Fe(II) ions as a scavenging and a reduc 
ing agent: A basic study on the recovery of Au and Pt by a 
chemical method. Journal of Colloid and Interface Science. 
364:272-275), the contents of each of which are incorpo 
rated by reference herein). The resultant metal solids may be 
recovered by filtration, centrifugation, magnetic separation, 
settling or decantation, and the resultant thiolated fatty acid 
or ester retained and optionally recycled. In an alternative 
embodiment, an additional reagent may be added to the 
thiolated fatty acid or ester thereof comprising the seques 
tered metal species which would cause the formation of an 
insoluble metal complex and precipitation. This solid pre 
cipitate could be removed as above. Examples of precipi 
tating agents include but are not limited to halogen ions. For 
example, a Solution containing Cl ions could be added to a 
Ag" saturated thiolated fatty acid or ester thereof. The 
resultant solid AgCl may be recovered, as well as the 
regenerated thiolated fatty acid or ester thereof. In accor 
dance with yet another alternative embodiment, it is envi 
Sioned that a solution containing another ion binding com 
pound, such as EDTA, having a greater binding affinity (or 
binding constant) for the metal species than the thiolated 
fatty acid or its ester may be contacted with the thiolated 
fatty acid or ester thereof comprising the sequestered metal 
species which would result in the transfer of the metal 
species into that Solution. In another alternative embodi 
ment, metal species can be separated from the thiolated fatty 
acid or ester thereof by oxidation, such as with hydrogen 
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peroxide, bleach, oZone or other oxidizing agent which 
could oxidize the soft Sulfur to a hard sulfoxide or hard 
Sulfone ligand, and thereby release the soft metal to an 
aqueous phase, and/or oxidize the metal to a higher oxida 
tion state. 
As noted above, a number of techniques for producing the 

thiolated fatty acids or esters thereof have been previously 
described and are suitable for use herein. Moreover, these 
compounds may be produced by reaction of free fatty acids 
or their esters (including alkyl esters and glycerides). In 
accordance with a preferred embodiment, the thiolated fatty 
acids or esters thereof are produced by the photolytic 
free-radical addition of aliphatic-thiols to unsaturated Veg 
etable oils as described by Bantchev et al. (2009, ibid, the 
contents of which are incorporated by reference herein). It is 
envisioned that this process may also be used with free 
unsaturated fatty acids or other esters thereof, including fatty 
acid alkyl esters. Briefly, an unsaturated fatty acid or ester 
thereof (including glycerides having one or more sites of 
unsaturation) is reacted with anthiol (such as butanethiol) at 
a molar ratio of approximately 6 mol of alkanethiol per mol 
of double bonds in the fatty acid, ester or glyceride, with 
application of UV irradiation (?v=325 nm). An optional 
photoinitiator Such as 2.2-dimethoxy-2-phenylacetophe 
none, may be added. The reaction produces a thioether 
modified fatty acid or ester with the thioether moieties 
introduced at the sites of unsaturation such as shown in FIG. 
2. The thioether modified fatty acid or ester can be recovered 
by methanol washing or distillation. In an optional embodi 
ment, for reactions using a glyceride starting material Such 
as an unsaturated vegetable oil, the reaction product (a 
thioether modified vegetable oil) may be transesterified into 
a thioether-modified fatty acid alkyl ester by reaction with an 
alkyl alcohol (such as methanol or ethanol) in KOH with 
heat at 100° C., also as described by Bantchev et al. (2009, 
ibid). In another optional embodiment, the fatty acid chains 
of the glyceride may be covalently bonded to other chains in 
the same or different glycerides (or transesterified to alkyd 
type resins as well), using thermal methods such as 
described by Erhan and Bagby (1994. J. Amer. Oil Chem. 
Soc. 71:1223), or through the addition of strong acids as 
described by Liu and Erhan (2010. J. Polym. Enviro. 
18:243), the contents of each of which are incorporated by 
reference herein. 
As noted above, the thiolated fatty acids or esters thereof 

may also be produced by a number of other techniques 
which have been previously described. Suitable techniques 
which may be used include, but are not limited to, those 
described by Erhan et al. (U.S. Pat. No. 7.279.448) for the 
production of poly(hydroxylthioether) vegetable oil deriva 
tives: Refyik (U.S. Pat. No. 7,989,655) for the production of 
thiol esters, hydroxyl thiol esters and cross-linked thiol 
esters; Erikson et al. (U.S. Pat. No. 4,134,845), Kammann 
and Phillips (1985. J. Am. Oil Chem. Soc. 62:917-923), 
Rossrucker and Fessenbecker (Sulfur carriers. In: Lubricant 
Additives: Chemistry and Applications. Rudnick. Ed. CRC 
Press. Boca Raton, Fla. 2003. pp. 259-292), McDonald 
(Zinc dithiophosphates. In: Lubricant Additives: Chemistry 
and Applications. Rudnick. Ed. CRC Press. Boca Raton, Fla. 
2003. pp. 29-44) and Walling and Helmreich (1959. J. Am. 
Chem. Soc. 81:1144-1148), all describing the production of 
sulfurized vegetable oils by the reaction between elemental 
sulfur and vegetable oils; and Kircher (1964. J. Am. Oil 
Chem. Soc. 41:351-354), Schwab et al. (1968. J. Am. Oil 
Chem. Soc. 45:461-464), Gadd et al. (1996. Eur, patent 
0713867), Schwab and Gast (1970. J. Am. Oil Chem. Soc. 
47:371-373) all describing the addition of HS or 
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8 
alkanethiols to fatty acids or their esters. The contents of 
each of the above-mentioned patents and publications are 
incorporated by reference herein. 
The thiolated fatty acids or esters thereof are preferably 

produced from a variety of unsaturated fatty acids (olefins), 
including vegetable oils, animal fats, algal oils or marine oils 
(including fish and krill oils), or alkyl esters of vegetable 
oils, animal fats, algal oils or marine oils. The starting 
unsaturated fatty acid is not critical, and any A to A 
unsaturated fatty acid (i.e. having a double bond between A 
to A' inclusive) containing from 4 to 30 carbon atoms or 
longer may be used. Thus, starting fatty acids include fatty 
acids of the formula R—COOR' wherein R' is a straight 
or branched chain olefin, and R' is H. branched or straight 
chain alkyl or alkenyl groups, aromatic containing groups, 
or glycerides (including mono-, di- or triglycerides). Pre 
ferred starting fatty acids include, but are not limited to free 
and esterified. A to A'unsaturated or polyunsaturated fatty 
acids containing from 4 to 22 carbon atoms, more particu 
larly free and esterified A to A' unsaturated or polyunsatu 
rated fatty acids containing from 8 to 22 carbon atoms, and 
most particularly free and esterified A to A' unsaturated or 
polyunsaturated fatty acids containing from 8 to 22 carbon 
atoms. Examples of particularly preferred unsaturated fatty 
acids which may be used herein include free and esterified 
palmitoleic acid (16:1. A), oleic acid (18:1. A), linoleic 
acid (18:2, A"), erucic acid (22:1, A"), and linolenic acid 
(18:3, A'''), 5-eicosenoic acid (20:1, A), 5-docosenoioc 
acid (22:1, A), 5,13-docosadienoic acid (22:2, A"), pet 
roselinic acid (16:1. A), and trans isomers of any of the 
above such as elaidic acid (18:1, A). It is also understood 
that the starting fatty acids (and the resultant thiolated fatty 
acids or esters) may include fatty acids wherein R is 
Substituted and/or includes a cyclic carbon moiety such as 
the cyclopropenyl moiety or the like from Sterculis foetida 
(Java Olive oil), and may also include dimer acids. 

Unsaturated fatty acids are naturally occurring in a variety 
of plant oils or animal fats and may be conveniently obtained 
for use therefrom. Without being limited thereto, oils which 
may be used as sources include Soybean, cottonseed, corn, 
olive, peanut, palm, Sesame, Sunflower, canola, castor, saf 
flower, linseed, grapeseed, oiticia, tung, rice, crambe, Ver 
nonia (ironweed), tobacco seed, algae, animal fat, high 
erucic rape, Sterculis foetida (Java olive oil), and high oleic 
canola oils, with soybean oil, canola oil and corn oil being 
particularly preferred. 
As starting materials to prepare the epoxides, the unsatu 

rated fatty acids may be provided in substantially pure form 
or, in the alternative, they may be provided as a mixture or 
in impure form. Moreover, although the unsaturated fatty 
acids may be free acids, the thiolated fatty acids or esters 
thereof may be prepared from fatty acids which are esterified 
with aliphatic alcohols such as methanol, ethanol, isopro 
panol, or branched chain alcohols such as 2-ethylhexanol or 
Guerbet alcohols, or with glycerol as mono-, di- or triglyc 
erides. However, because fatty acids occur predominantly as 
triglycerides in triglyceride oils, the above-mentioned natu 
rally occurring oils are preferably used directly in the 
reaction, thereby foregoing the need for any preliminary 
fatty acid synthesis and isolation of the oil. 

In a preferred embodiment wherein the fatty acids are 
present as triglycerides, the oils principally contemplated 
herein include what are normally referred to as the triglyc 
eride drying oils. The vegetable triglyceride drying oils 
include plant oils and plant source-like synthetic and semi 
synthetic triglycerides that can be transformed into hard, 
resinous materials see Encyclopedia of Polymer Science 
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and Technology, H. F. Monket al., eds., John Wiley & Sons, 
(1966), pp. 216-234. The expression “drying oils” is 
generic to both true drying oils, which dry (harden) at 
normal atmospheric conditions, and semidrying oils, which 
must be baked at elevated temperatures in order to harden. 
Unless otherwise indicated, “drying oil” will be used herein 
in its broadest sense to refer to both types of drying oil. The 
unsaturated fatty acids (e.g., linoleic or linolenic) residues of 
a drying or semidrying oil comprise double bonds that are 
readily available for entering into an oxidative reaction, or 
other reactions involved in the drying process. These oils 
may also include oleic fatty acid residues. Common sources 
of drying oils include cottonseed oil, castor oil, canola oil, 
linseed oil, oiticica oil, safflower oil, soybean oil, sunflower 
oil, corn oil, and tung oil. 
The generic chemical structure of triglyceride oils for use 

in the invention is represented by the formula, below: 

wherein R', Ra'and Rare independently selected from C3 
to C29 aliphatic fatty acid residues, that may be completely 
saturated or have sites of unsaturation and/or hydroxylation, 
provided that R, R and R' collectively have at least 1 but 
preferably more sites of unsaturation. As noted above, the 
aliphatic fatty acid residues R. R. and R may also be 
Substituted and/or include a cyclic carbon moiety Such as the 
cyclopropenyl moiety or the like from Sterculis foetida (Java 
Olive oil), and may also include dimer acids. In most of the 
common triglyceride oils listed above, the triglyceride esters 
are composed of C18 and C16 fatty acids, and accordingly 
R", R.," and R' are C17 or C15. 
The practitioner skilled in the art will of course recognize 

that for thiolated fatty acids or esters thereofrequiring a high 
degree of purity or uniformity, the oils may first be hydro 
lyzed to obtain free fatty acids for use as starting materials 
in the reaction to produce the thiolated fatty acids. Hydro 
lysis of the oils to the fatty acids may be achieved using 
conventional splitting techniques or alkali splitting of fats. 
Suitable alkali splitting techniques include, for example, 
treatment with sodium methoxide, or Sodium or potassium 
hydroxide see “A.O.C.S. Tentative Method Ca 6b-53”, in: 
Official and Tentative Methods of the American Oil Chem 
ist's Society, third edition, AOCS, Chicago, Ill., (1973). 
Other conventional techniques including splitting with 
steam under pressure are also effective. 

Using the preferred fatty acid and fatty acid ester starting 
materials described above, the thiolated fatty acid or ester 
thereof will comprise a C4 to C30 fatty acid comprising one 
or more of the —SH or —SR moieties, wherein R is defined 
above. Thiolated glycerides will be of the formula: 

wherein R, R2, and R are independently selected from (a) 
—OH, (b) a C4 to C30 aliphatic fatty acid moiety, and (c) 
a C4 to C30 aliphatic fatty acid moiety comprising one or 
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10 
more —SH, —SR or ( S), R moieties linked thereto, 
with the proviso that at least one of R. R. and R comprise 
a C4 to C30 aliphatic fatty acid moiety comprising one or 
more of the SH, SR or —(S), R moieties (wherein R 
is described above). In accordance with this formula, the C4 
to C30 aliphatic fatty acid moieties of (b) and (c) may be 
independently represented by the formula R. C(O)O— 
wherein R is a straight or branched chain hydrocarbon 
which may be saturated or unsaturated, and Substituted or 
non-substituted. R may also include a cyclic carbon moiety 
such as the cyclopropenyl moiety or the like from Sterculis 
foetida (Java Olive oil), or a cyclic Sulfur-containing moiety, 
Such as a tetrahydrothiophene and/or thiane ring and may 
also include polymerized glycerides as well as dimer acids 
(intra- or inter-molecular), wherein the term “dimer acid” 
encompasses two fatty acids joined by a sulfide bond —S , 
(—S—), , or—SRS - where R is an organic bi-radical. 
The following example is intended only to further illus 

trate the invention and is not intended to limit the scope of 
the invention which is defined by the claims. 

EXAMPLE 1. 

Materials 

Corn and canola oils used in this study were obtained 
from a local retailer. Thioether functionalized (TF) corn and 
canola oils were produced by reacting them with excess 
butanethiol using a UV light according to Bantchev et al. 
(2009. ibid). Purification was done by distillation instead of 
the chromatography also employed by Bantchev et al. (2009. 
ibid). Elemental analyses show sulfur content of 9.7% for 
TF-corn oil and 10% for TF-canola oil. Silver nitrate was 
obtained from Sigma Aldrich (St. Louis, Mo.). Analytical 
standards were obtained from Spex Certiprep (Metuchen, 
N.J.). The water used for the samples was purified by reverse 
osmosis. 
Silver Extraction Procedures 

Extractions were run by two different methods. In the 
experiments for capacity determination, samples of 1 mL of 
~600 ppm silver nitrate solution were added to samples of 
TF-VO ranging in mass from 0.004 g to 0.104 g. A micro 
stir-bar was added and the foil wrapped reaction vials were 
placed in a Pierce Reacti-therm (Rockford, Ill.) 9-place 
stirring block and allowed to stir for 11 days to ensure 
equilibration between the Ag" solution and the TF-VO. 
Aliquots of the aqueous layer were taken and analyzed on a 
Perkin-Elmer Optima 7000 DV inductively coupled plasma 
spectroscope (Waltham, Mass.) at 328,068 nm. 

In the rate of extraction experiments, 3 mL of stock 
solution was added to 0.3 g of oil. These samples were 
vortexed for 1 min and then foil wrapped. Aliquots were 
taken at appropriate time periods with a pipette and analyzed 
as above. 

RESULTS AND DISCUSSION 

Synthesized Products 

Through the reaction process outlined in FIG. 2, it is 
evident that the composition of acyl chains of the starting 
material determines the oil's potential for conversion to the 
ligand modified system. The saturated fatty chains have no 
active reaction site while the mono-unsaturated (oleic), 
di-unsaturated (linoleic), and tri-unsaturated (linolenic) have 
one, two, and three sites. The characterization in Bantchev 
et al. (2009. ibid) demonstrated that, under the reaction 
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TABLE 2 

Oil Amount of ion removed from aqueous Solution (% 

tested Ag Al AS B Ba Be Cd Co Cr Cu Fe Mn Mo Ni Pb Sb Se Sr TI V Zn 

TF- 98 3 10 S 6 6 6 S S 6 S S S 8 15 5 7 6 5 
canola 
TF- 99 8 13 O 8 9 8 7 8 8 8 7 7 8 9 9 8 13 7 8 
COil 

TF- 74 8 10 7 8 9 7 7 7 8 8 7 7 6 7 15 8 6 7 9 
corn 2 

EXAMPLE 3 

A 2 mL aliquot of silver stock Solution and 2 mL of 
mercury stock solution were combined in a Scintillation vial. 
TF-oil (0.2013 g), as made in example 1, was added to the 
vial. The mixture was vortexed for 1 min. A 100 uL portion 
was taken and subsequently diluted volumetrically to 10 
mL. A sample was taken every 10 minutes for approximately 
3 hours. The samples were then tested on the ICP at 328,068 
nm for silver and 253.652 nm for mercury. The results are 
shown in FIG. 4. The results demonstrate the preferential 
sequestration of Hg by TF-oil relative to Ag, and thus the 
separation of Hg from Ag. Specifically, Hg is removed much 
faster and more completely than Ag when treated with 
TF-oil. 

It is understood that the foregoing detailed description is 
given merely by way of illustration and that modifications 
and variations may be made therein without departing from 
the spirit and scope of the invention. 

We claim: 
1. A process for the treatment of materials to remove 

metal species therefrom, said process comprising: contact 
ing a material Suspected of containing one or more metal 
species with a thiolated fatty acid or ester thereof for a 
period of time and under conditions effective for sequester 
ing metal species by binding said metal species to Sulfur in 
said thiolated fatty acid or ester thereof, and separating said 
thiolated fatty acid or ester thereof comprising sequestered 
metal species from said material wherein said sequestered 
metal species are bound to sulfur in said thiolated fatty acid 
Or ester. 

2. The process of claim 1 wherein said material comprises 
an aqueous liquid phase. 

3. The process of claim 2 wherein said separating com 
prises allowing said thiolated fatty acid or ester thereof 
comprising sequestered metal species to form a separate 
layer from said aqueous liquid phase and removing said 
separate layer. 

4. The process of claim 3 wherein said thiolated fatly acid 
or ester thereof are insoluble in water. 

5. The process of claim 1 wherein said material comprises 
a solid phase material and said contacting comprises mixing 
said material and said thiolated fatty acid or ester thereof. 

6. The process of claim 5 wherein said material comprises 
soil. 

7. The process of claim 6 wherein said soil has been 
treated prior to said contacting to release said metal species 
in the soil. 

8. The process of claim 1 wherein said material comprises 
a gas phase material. 

9. The process of claim 8 wherein said material comprises 
a flue gas. 
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10. The process of claim 1 further comprising recovering 
said thiolated fatty acid or ester thereof comprising seques 
tered metal species separated from said material. 

11. The process of claim 10 further comprising converting 
said sequestered metal species in the recovered thiolated 
fatty acid or ester thereof to a solid phase, and separating 
said solid phase from said thiolated fatty acid or ester. 

12. The process of claim 11 wherein said converting 
comprises reduction or oxidation. 

13. The process of claim 1 wherein said metal species are 
selected from the group consisting of B. Be, Ba, Mn, Sb, Se, 
Sr, Tl, V, Cu, Pb, Zn, Cd, Ni, Cr, Hg, Fe, Al, Co, Bi, Sn, Ca, 
Mg, Ag, As, Mo, Au, Rh, Ir, Os, Re, Pd, Pt, Ru and 
combinations thereof. 

14. The process of claim 13 wherein said metal species are 
selected from the group consisting of Cu, Al, Pb, Cd, Bi, Bi 
Hg, Ag and combinations thereof. 

15. The process of claim 14 wherein said metal species are 
Selected from the group consisting of Hg, Ag and combina 
tions thereof. 

16. The process of claim 1 wherein said thiolated fatty 
acid or ester thereof comprise one or more —SH, SR or 
(—S), R moieties wherein n is an integer greater than 1 
and R is selected from the group consisting of (1) an 
aliphatic hydrocarbon which may be a straight or branched 
chain, Substituted or unsubstituted, and Saturated or unsatu 
rated, (2) a carbon ring which may be substituted or unsub 
stituted, and Saturated or unsaturated, and (3) and a hetero 
cyclic ring which may be substituted Or unsubstituted, and 
saturated or unsaturated. 

17. The process of claim 16 wherein said thiolated fatty 
acid or ester thereof comprises a C4 to C30 fatty acid 
comprising one or more of said —SR, —SR or ( S), R 
moieties. 

18. The process of claim 1 wherein said thiolated fatty 
acid or ester thereof comprises a thiolated glyceride of the 
formula: 

wherein R, R2, and R are independently selected from 
(a) —OH, (b) a C4 to C30 aliphatic fatty acid moiety, 
and (c) a C4 to C30 aliphatic fatty acid moiety com 
prising one or more —SH, —SR or (—S),—R moieties 
linked thereto wherein n is an integer greater than 1 and 
R is selected from the group consisting of (1) an 
aliphatic hydrocarbon which may be a straight or 
branched chain, substituted or unsubstituted, and satu 
rated or unsaturated, (2) a carbon ring which may be 
Substituted or unsubstituted, and Saturated or unsatu 
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rated, and (3) and a heterocyclic ring which may be 
Substituted or unsubstituted, and saturated or unsatu 
rated; with the proviso that at least one of said R. R. 
and Rs comprise said C4 to C30 aliphatic fatty acid 
moiety comprising one or more of said -SH, -SR or 
(—S),—R moieties. 

19. The process of claim 18 wherein said aliphatic fatty 
acid moiety of (b) and (c) are of the formula R. C(O)O , 
wherein R is a C3 to C29 straight or branched chain 
hydrocarbon which may be saturated or unsaturated, and 
Substituted or unsubstituted. 

20. The process of claim 18 wherein at least two of said 
R, R2, and Rs comprise said C4 to C30 aliphatic fatty acid 
moiety comprising one or more of said -SH, -SR or 
(—S),—R moieties. 

21. The process of claim 20 wherein all of said R. R. and 
R comprise said C4 to C30 aliphatic fatty acid moiety 
comprising one or more of said —SH, -SR or ( S), R 
moieties. 

22. The process of claim 1, wherein between 70 to 99% 
of said metal species are sequestered by said thiolated fatty 
acid or ester thereof. 

23. The process of claim 1, wherein over 95% of said 
metal species are sequestered by said thiolated fatty acid or 
ester thereof. 

24. The process of claim 1, wherein 99% or more of said 
metal species are sequestered by said thiolated fatty acid or 
ester thereof. 

25. A process for the treatment of materials to remove 
metal species therefrom, said process comprising: contact 
ing a material suspected of containing one or more metal 
species with a thiolated fatty acid or ester thereof for a 
period of time and under conditions effective for sequester 
ing metal species by binding said metal species to sulfur in 
said thiolated fatty acid or ester thereof, separating said 
thiolated fatty acid or ester thereof comprising sequestered 
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metal species from said material wherein said sequestered 
metal species are bound to sulfur in said thiolated fatty acid 
or ester, and removing said thiolated fatty acid or ester 
thereof comprising sequestered metal species from said 
material thereby removing said metal species from said 
material and the environment. 

26. The process of claim 25, wherein between 70 to 99% 
of said metal species are sequestered by said thiolated fatty 
acid or ester thereof. 

27. The process of claim 25, wherein over 95% of said 
metal species are sequestered by said thiolated fatty acid or 
ester thereof. 

28. The process of claim 25, wherein 99% or more of said 
metal species are sequestered by said thiolated fatty acid or 
ester thereof. 

29. A process for the treatment of materials to remove 
metal species therefrom, said process comprising: contact 
ing a material suspected of containing one or more metal 
species with a thiolated fatty acid or ester thereof for a 
period of time and under conditions effective for sequester 
ing metal species by said thiolated fatty acid or ester thereof, 
and separating said thiolated fatty acid or ester thereof 
comprising sequestered metal species from said material; 
wherein said material comprises a gas phase material. 

30. The process of claim 29 wherein said material com 
prises a flue gas. 

31. The process of claim 29 further comprising recovering 
said thiolated fatty acid or ester thereof comprising seques 
tered metal species separated from said material. 

32. The process of claim 29 further comprising converting 
said sequestered metal species in the recovered thiolated 
fatty acid or ester thereof to a solid phase, and separating 
said solid phase from said thiolated fatty acid or ester. 

33. The process of claim 29 wherein said converting 
comprises reduction or oxidation. 


