WHAT ISENVIRONMENTAL REMEDIATION?

Remediation refers to the restoration of a contaminated environmentd Site to a condition
that is not athreat to human hedlth or other lifeforms. In some cases, agreet ded of effort
is pent to clean up contaminated Sites. In other cases, Stes are so contaminated that they
can only be fenced off and isolated as much as possble from the rest of the environmen.

During the last few decades, sate and federal governmentsin the United States and other
nations have indituted environmenta regulations to protect the quality of surface weter,
ground water, soils, sediments, and other parts of the environment from various
contaminants, including divaent heavy meta's such as copper, lead, mercury, and zinc
(seeTitle40, U.S. Code of Federal Regulations [CFR] 141, 261.24, and 268.40). In
response to these regulatory requirements, numerous companies have developed products
and technologies for remediating ground water, surface weter, soils, air and sediments.
Technologies that are used to remediate Sites are dso frequently used to treat industrid
effluents before they are released into the environment. These waste trestment and
remediation technologies and products may include incineration, activated carbon
absorption, ion exchange, soil washing, chemicd precipitation, oxidation, encapsulation

of wastes into cement and other binders, eectrolytic trestment, "in Situ vitrification”
(melting soilsin place which leads to the incineration or encapsulation of the
contaminants), or biologica treatment with plants, fungi, and bacteria (thisis called
“bioremediation”). Below are some web Sites that provide examples of different
remediation and waste trestment technologies and products:

Carbon adsorption:

http://mww.cameronenvironmental .com/

In-gtu vitrification;

http://Mmww.geome t.com/geowebnf.htm

Electrolytic trestment:

http:/Mmww.engg.ksu.edu/HSRC/97abstracts/doc39.html

Biologicd Remediation or Bioremediation:

http:/AMmww.e-b-t.comV/




For more information, see:

http://inwehl.uwaterloo.cal447/vistt/technal list.ntm

CHEMICAL PRECIPITATION METHODS

Chemicd precipitation is one of the more popular and economical methods for removing
heavy metds from industrial waste waters and naturd waters. The products usudly
contain sulfur compounds that readily bond with mercury, lead, zinc, cadmium, copper,
and other heavy metd's to produce a precipitate that may be removed from the effluent
through settling or filtering. In nature, for example, contaminated ground water may be
pumped to the surface and treated or, in some cases, the products may be injected into the
subsurface for in-gtu remediation. The following web sSites provide examples of pump

and treat and in-Stu remediation technologies for ground water, involving chemica
precipitation and other remediation technologies:

Pump and treat systems:

http://Mmww.sverdrup.com/sveivil/Topicghazwaste/remcon6.htm

In-Stu remediation (includes treeting organic contaminants):

http://mww.srs.gov/genera/sci- tech/environmentd/Bioremed.html

INCREASING THE EFFICIENCY OF CHEMICAL PRECIPITATION TECHNIQUES
FOR HEAVY METALS

The efficient and economica use of any commercid chemica trestment/remediation
product requires basic information on the chemidiry of the product, the precipitation
reactions associated with the product, and the chemistry of the resulting precipitates.
Furthermore, if the precipitates ultimately resde in the subsurface, which would be the
caseinin Stu groundwater trestment gpplications, information on the chemistry and
gability of the precipitates would be essentid to ensure that the precipitates will not
deteriorate over time and release heavy metals back into the environment. A permanent
solution is needed.

OUR GOALS

We are currently evauating several commercid chemica trestment products and
synthesizing new compounds that may be effective in precipitating heavy metas from
water. The purpose of our research is to provide scientificadly vaid information on the
chemica properties and possible environmenta impacts of commercid and emerging



water treatment/remediation products. It is clear that the manufacturers have not dways
understood or provided adequate information on the complex and potentially undesirable
properties of their products. The studies we conduct provide this essentiad informetion to
the public without reveding any proprietary information. Additionaly, as seen with the
investigations of TMT-55 (see Henke et d., 1998 in the references below), new
applications may be discovered for the trestment products. These discoveries could
dlow the manufacturersto find dternative or additiona markets for any products. The
information from this study would aso dlow manufacturers, government regulators, and
product customers to determine;

1) if the precipitates that result from the use of a product are suitably inert to be
|eft in the subsurface as part of an in situ remediation program,;

2) whether waste water trestment facilities should modify ventilation or other
safety equipment to ded with HyS, CS;, or other noxious gases that could be
released by atrestment product;

3) whether the precipitates from either atreatment plant or a ground water
remediation Ste should undergo further trestment (such asincapsulation in
cement); or

4) if aproduct is too undesirable to be left on the market for water trestment and
if ternative gpplications should be consdered by the manufacturers.

THIO-RED®

Thio-Red® isawiddy used commercid product for removing heavy metas from
contaminated water (Photograph 1 of Thio-Red). The product, which is manufactured by
ETUS, Inc. of Sanford, Florida, isapH 12 agqueous solution of akai thiocarbonates
([Na,K]2CS3- nH20O, wheren 3 0) and sulfides (ETUS, Inc., 1994; Henke, 1998). More
information on the product islocated at ETUS, Inc.'sweb site:

http://mwww.etus nc.com/default.ntm

The product removes heavy metas through the precipitation of metal sulfides (HgS, CusS,
PbS, and ZnS; Henke, 1997; Henke, 1998) rather than metal thiocarbonates (HgCSs,
CuCS;, PbCS;, and ZnCS;) asclamed in ETUS, Inc. (1994). Specificdly, research by
Henke (1997, 1998) on Thio-Red®, as well as fundamenta studies by Ingram and Toms
(1957) and O'Donoghue and Kahan (1906) on similar sodium thiocarbonate solutions
indicate that heavy metds are precipitated through the following reection:

1) CS:% + Pb?" (® PbCS:)® PbS+CS,
Thiocarbonate anions (CS:?") react with the heavy metdl cations and may initially

produce unstable metal thiocarbonates (e.g, PbCSg) or may directly form metd sulfides
(e.g., PuS) and flammable and toxic carbon disulfide (CS;). In some cases, such as



reactions with Hg?*, there is no evidence that the thiocarbonates form at dl. Instead the
HgS and CS; immediately form (Johri et a., 1970).

Reaction 1 has environmenta implications, as well as, effects on the dosage formula for
Thio-Red®. That is, Snce the manufacturer may not have completely understood the
reaction chemigtry of Thio-Red®, the recommended dosages for Thio-Red® in the
manufacturer's literature may be incorrect. A correct dosage formulais necessary to
assure that a maximum amount of metds are precipitated at a minimum cogt to the
cusomer. We are currently evauating the dosage formulas for Thio-Red®. For more
information on the chemigtry of Thio-Red®, see:

Henke, K.R., 1998, "Chemistry of Heavy Metd Precipitates Resulting from Reections
with Thio-Red®," Water Environment Research, v. 70, n. 6, September-October, pp.
1178-1185.

TMT-55 AND TMT-15

TMT-55 or 2,4,6-trimercaptotriazine trisodium sat (NaC3N3Sz- 9H,0) is another
commercia product that is widely used to precipitate mercury, copper, silver, lead, and
other divaent and univadent heavy metas from waste effluents (Figure of TMT dructure
and photographs of TMT-55 and TMT-15). The product is distributed by Degussa
Corporation USA of Allendale and Ridgefield Park, New Jersey. TMT-55isdso
available as a 15 wt% agqueous solution, which is caled TMT-15. For more information,
see Degussa Corporation (1993) or Degussa Corporation's web site at:

http://mww.degussa- huls.convinternet/dh_us/'search/index.htm

The existence of 2,4,6-trimercaptotriazine compounds (TMT = [C3N3Ss]*>) has been
known since at least the 1880's (Claésson [Klason], 1884; Hofmann, 1885). In addition
to water treatment, numerous patents and gpplications have been developed for TMT
compounds, induding: slver plating (HsC3N3Sg; Imperia Chemica Indudtries, Ltd.,
1947), anion exchange resins (HzC3N3Sg; Dudley, 1949), dyes (NasC3N3Sz- 9H,0;
Tigler et d., 1968), and vulcanization of rubber (N&C3N3Sg: 9H,0O; Nakamuraand
Nagatomi, 1974). Despite their widespread use, very little is known about the chemistry
or crysdline structures of most TMT compounds, including their gability in air and

water, and their potentid impacts on human hedth and the environment.

Degussa Corporation (1993) clamsthat TMT-55 contains 55 wt% reactive materias and
45 wt% water. Hence, the name TMT-55. Chemicd anadyses and single crystal X-ray
diffraction (XRD) data, however, demonstrated that TM T-55 contains only 40 wt% water
(Henke et d., 1997). The lower water concentration means that the dosage formula for
the product could be lowered, which would result in less release of TMT-55 into the
environment and lower trestment cogs for Degussas customers.  We are currently
developing an updated dosage formulafor TMT-55.



Information in Degussa Corporation (1993) aso damsthat TMT-55 removes univaent
and divaent heavy metdls, such as slver and cadmium, from water as exemplified by the
following reactions

2) NaCsN3Ss- nH20 + H,O ® 3 Na' + (C3N3Ss)*
3) (C3N3Ss)* +3Ag" ® AgCaN3zSs
4)  2(C3N3Ss)* +3Cd* ® Cd3(C3N3Ss)2

However, the actud reactions could be much more complex and are consistent with other
wesk acids and their sdts. Inwater, TMT-55 readily dissolvesto produce four species.
(C3N3S3)*, (HC3N3S3)?, (H2C3N3sSs), and (HaCsN3Ss)° (Henke, 1997; Hirt et al., 1961).
The concentrations of the species are pH dependent. The anionic species react very

rapidly with most univaent and divaent heavy metd cations, as shown below:

If the pH of the water after the addition of TMT-55is12.5:
(C3N3S3)* isdominant and variations of Reactions 2-4 are expected:

5) NagCsN3Sz- 9H,0 + H,O ® 3 Na* + (C3N3Ss)*
6) (C3N3Ss)* + 3Ag" ® AgsCsN3Ss- nH,O ™
7) 2(C3N3Ss)* +3Cd** ® Cds(C3N3Ss)s

If the pH of the treated water is 8 to about 10:
(HC3N3Ss)? is most abundant and Reactions 8-9 should occur:

8) (HC3N3S:)* +2Ag" ® AgHC3N3Ss- nH,O ™
9) (HC3N3S3)? + Cd** ® CdHC3N3Ss- nH,O ™

If the pH of the treated water is 5-8:
(H2C3N3Sg)" isdominant and Reactions 10- 11 should be dominant:

10) (H2C3N3Ss) + Agh ® AgHC3N3Sg- nHO ™
11) 2(H2C3N3Ss) + Cd?* ® Cd(H2C3N3Sg)z- nH0

If the pH of the treated water is below 5:

The sparsely water-soluble acid (H3C3N3Ss)° is most abundant and substantial
meta removal is not expected.

Depending on pH, Reactions 5-11 show that alarge variety of heavy metd TMT
compounds could be produced. We have aready syntheszed numerous TMT
compounds (Table 1), including a number of different Slver and mercury compounds thet
have yet to be fully characterized. It isclear that experimenta conditions determine
which of severd products may result. Even compounds of the same metal, such as
Cdg(CgNgSg)z, Cd(HngNgSg)z- nH,0, and CdHCgNgSg- nH,0, would have unique
chemica properties, probably different leaching properties in the United States EPA's
Toxicity Characteristic Leaching Procedure (TCLP; 40 Code of Federal Regulations



[CFR] 261), and different potentials to decompose under natural conditions.  Important
leaching and chemicd information on dl of the different heavy metd TMT compounds
are currently not available. We are presently investigating the agueous leaching
properties of ZNTMT, PoTMT, and CATMT compounds in different pH solutions.

Table 1. Different TMT compounds synthesized or investigated by the Principa

Investigators and their taff.
Group Compounds References
(CsN3Ss)™
Bag(CgN:;Ss)z' 8H,0O Henke, 1997
Cd3(C3N3S3)2 Henke et d., 1998
K3C3N3S3- 3H,0 In preparation
NagCsN3Sz- 9H,O Henke et d., 1997
(HC3N3S3)*
CdHC3N3S3- nH,O Henke et al., 1998
Cs,HC3N3S3- H,O In preparation
(H2C3N3Ss)
Ba(H2C3N 383)2- 4.5H,0 Henke and Atwood, 1998
Ca(H2C3N383)2- 11H,0 Henke and AtWOOd, 1998
Cd(H>C3N3S3),- nH,O Henke et al., 1998
Mg(H2C3N3S3),- 6H,O In preparation
RbH,(C3N3S3)- H,O In preparation
SF(H2C3N383)2- 11H,0 Henke and AtVVOOd, 1998
Nal—|2(C3N383)- 3H,O Tiainen et d., 1998
(H3C3N3Ss)"
(H3C3N3S3)- acetone In preparation

OTHER PROPOSED INVESTIGATIONS AND RESEARCH TO DEVELOP MORE
EFFECT WATER TREATMENT PRODUCTS

Two other commercia products, Cascade (calcium polysulfides) and Octolig® are dso
scheduled to be studied.  Cascade is distributed by Best Sulfur Products, Inc. of Fresno,

Cdifornia, whereas Octolig is a product of Metre-Generd, Inc. of Westminger,

Colorado. Some studies have dready been performed on Cascade and are summarized in

thefollowing articles

Aratani, T., Y. Nakata, H. Matoba, S. Yasuhara, and T. Yano, 1978, "The Removal of
Heavy Metd, Phosphate, and COD Substances from Wastewater by the Lime Sulfurated




Solution (Cacium Polysulfide) Process,” Bull. of the Chem. Soc. Japan, v. 51, n. 9, pp.
2705-2709.

Yahikozawa, K., T. Aratani, R. Ito, T. Sudo, and T. Yano, 1978, "Kinetic Studies on the
Lime Sulfated Solution (Calcium Polysulfide) Process for Removd of Heavy Metas
from Wastewater,” ," Bull. of the Chem. Soc. Japan, v. 51, n. 2, pp. 613-617.

Someinformation on Octolig is available a the manufacturer's web ste:

http://mww.octolig.com/

Additionaly, two of our Ph.D. candidates are currently designing ligands that will more
effectively chelate heavy metdls. The ligands use nitrogen and sulfurs to lock the metals
into more stable tetrahedra arrangements.
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