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Figure 6. Temporal photographs of methylene blue neutralization caused by the dissolution and diffusion patterns of a central persulfate + ZVI

candle.

Sra et al. (2008) studied persulfate treatment of BTEX, tri-
methylbenzene (TMB), and naphthalene using different acti-
vation methods. They found BTEX responded well to nearly
all activation methods, including alkaline, hydrogen peroxide,
and chelated iron activation, as well as unactivated persulfate.
However, TMB and naphthalene degradation were more ex-
tensive with hydrogen peroxide and alkaline activation (Pe-
tri et al., 2011). Crimi and Taylor (2007) also investigated the
degradation of BTEX contaminants in porous media and noted
that different activation methods yielded different chromato-
graphs during sample analysis, potentially indicating that the
organic intermediates and byproducts formed, as well as the
reaction pathways may differ with activation methods. Using
14C-labeled benzene, we were able to verify that CO, was ma-
jor carbon-product produced from treatment with persulfate
and ZVI candles (Figure SM-10).

3.6. Tank experiments

To qualitatively visualize the radius of influence of the per-
sulfate and ZVI candles, we flooded a 2-D tank with methy-
lene blue and photographed temporal changes in color dis-
appearance. Within 3 d, roughly half of the dye in the tank
was no longer visible and by 7 d, ~85% of the tank had been
treated. As observed by Christenson (2011) with their slow-

release permanganate candles, the pattern of dye removal in
our experiment indicates density driven flow likely occurred
as the chemicals dissolved and diffused away from the central
candle. This is based on the observance that the bottom of the
tank was first affected and then the treatment zone vertically
increased in a triangular pattern as the chemicals stacked up at
the bottom of the tank (Figure 6). Christenson (2011) was able
to alter this diffusion pattern by adding pneumatic circulators
to the bottom of their candles to induce upward flow paths be-
low the candles and greatly accelerate the horizontal distri-
bution of permanganate away from the slow-release perman-
ganate candles. A similar approach could be used with the
persulfate + ZVI candle system. Christenson (2011) initially
developed slow-release permanganate candles to treat TCE
in low permeable aquifers. He showed that in finer textured
soils, density driven flow away from his permanganate can-
dles was not observed. When we repeated his experiment with
our persulfate + ZVI candles, we similarly observed an even
spreading of oxidant away from the candles with no signs of
density flow (Figure SM-11).

To quantify removal rates, we flooded the tanks with
1 mM benzoic acid and benzene in separate experiments. Us-
ing the spatial array of sampling ports, we sampled at 2 and
7 d and found that within 2 d, between 60% and 70% of the
benzoic acid had been removed at the bottom the tank and by
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Figure 7. Changes in spatial benzoic acid concentrations (A) and benzene (B) in 2-D tank when treated with persulfate and ZVI candles at T =2 d

and T=7d.

7 d, 290% of the benzoic acid had been removed from most of
the tank, except the top 2 cm (Figure 7a). Results using ben-
zene were similar where the majority of the sampling area had
>98% of the benzene removed by 7 d (Figure 7b).

4. Conclusions

Slow-release persulfate and zerovalent candles were devel-
oped and tested at the laboratory scale. Results show that the
activated persulfate was able to transform all the BTEX com-
pounds tested. Using *C-labled benzene, we confirmed that
mineralization of benzene occurred in the presence of the per-
sulfate + ZVI candle. These results support slow-release per-
sulfate + ZVI candles as a technology for treating BTEX-con-
taminated groundwater. For future use, a prototype of a
candle that could be used in the field was manufactured (in
Suppl. Matls. Sec. 1, SM-12). Estimated material costs (US$) for
this 5.1 cm dia by 91.4 cm length candle was $10.97.

Acknowledgments — Funding was provided in part by EPA Region 7,
Project ER-0635. Partial support was also provided by the University of
Nebraska School of Natural Resources and Water Sciences Laboratory.
This paper is a contribution of Agricultural Research Division Projects
NEB-38-071. We thank Mark Christenson for technical assistance and
Tyler Christianson, who participated in this research under the Univer-
sity of Nebraska’s undergraduate research program (UCARE).

Appendix A. Supplementary Data

Supplementary Data, including “Materials and Methods” and
12 figures, is presented following the References.

References

Achugasim, D., Osuji, L.C., Ojinnaka, C.M., 2011. Use of activated per-
sulfate in the removal of petroleum hydrocarbons from crude oil
polluted soils. Res. J. Chem. Sci. 1, 57-67.

Christenson, M.D., 2011. Using slow-release permanganate to remove
TCE from a low permeable aquifer at a former landfill. MS thesis.
University of Nebraska- Lincoln. Online: http://digitalcommons.
unl.edu/natresdiss/29/

Crimi, M.L., Taylor, J., 2007. Experimental evaluation of catalyzed hy-
drogen peroxide and sodium persulfate for destruction of BTEX
contaminants. Soil Sediment Contam. 16, 29-45.

Eberson, L., 1987. Electron Transfer Reactions in Organic Chemistry.
Springer- Verlag, Berlin.

House, D.A., 1962. Kinetics and mechanism of oxidations by per-
oxydisulfate. Chem Rev. 62, 185-203.

Huang, K.C., Couttenye, R.A., Hoag, G.E., 2002. Kinetics of heat-as-
sisted persulfate oxidation of methyl tert-butyl ether (MTBE). Che-
mosphere 49, 413-420.

Huang, K.C,, Zhao, Z., Hoag, G.E., Dahmani, A., Block, P.A., 2005.
Degradation of volatile organic compounds with thermally acti-
vated persulfate oxidation. Chemosphere 61, 551-560.



664

KAMBHU ET AL. IN CHEMOSPHERE 89 (2012)

ITRC Interstate Technology & Regulatory Council, 2005. Technical
and Regulatory Guidance for In Situ Chemical Oxidation of Con-
taminated Soil and Groundwater, 2nd ed. Interstate Technology &
Regulatory Council, Washington, DC.

Kang, N., Hua, 1., Rao, P.S., 2004. Production and characterization of
encapsulated potassium permanganate for sustained release as an
in situ oxidant. Ind. Eng. Chem. Res. 43, 5187-5193.

Killian, P.F., Bruell, C.J., Liang, C., Marley, M.C., 2007. Iron (II) acti-
vated persulfate oxidation of MGP contaminated soil. Soil Sedi-
ment Contam. 16, 523-537.

Krembs, F.J., Clayton, W.S., Marley, M.C., 2011. Evaluation of ISCO
field applications and performance, In: Siegrist, R.L., Crimi, M.,
Simpkin, T.J. (Eds.), In Situ Chemical Oxidation for Groundwater
Remediation. SERDP/ESTCP Environmental Remediation Tech-
nology, vol. 3, Springer, New York. pp. 319- 353.

Latimer, W.M., 1952. Oxidation Potentials, 2nd ed. Prentice-Hall, En-
glewood Cliffs, NJ.

Lee, B.S., Kim, J.H., Lee, K.C., Kim, Y.B., Lee, E.S., Woo, N.C., Lee,
M.K., 2009. Efficacy of controlled-release KMnO4 (CRP) for con-
trolling dissolved TCE plume in groundwater: a large flow-tank
study. Chemosphere 74, 745-750.

Lee, ES., Schwartz, F.W., 2007a. Characteristics and applications of
controlledrelease KMnO, for groundwater remediation. Chemo-
sphere 66, 2058-2066.

Lee, E.S., Schwartz, F.W., 2007b. Characteristics and optimization of
long-term controlled release system for groundwater remediation:
a generalized modeling approach. Chemosphere 69, 247-253.

Lemaire, J., Croze, V., Maier, J., Simonnot, M., 2011. Is it possible to re-
mediate a BTEX contaminated chalky aquifer by in situ chemical
oxidation? Chemosphere 84, 1181-1187.

Liang, C., Guo, Y.Y., 2010. Mass transfer and chemical oxidation of
naphthalene particles with zerovalent iron activated persulfate.
Environ. Sci. Technol. 44, 8203-8208.

Liang, C., Huang, C.F., Chen, Y.]., 2008. Potential for activated persul-
fate degradation of BTEX contamination. Water Res. 42, 4091-4100.

Liang, C., Lai, M.C., 2008. Trichloroethylene degradation by zero va-
lent iron activated persulfate oxidation. Environ. Eng. Sci. 25,
1071-1077.

Liang, S.H., Kao, C.M., Kuo, Y.C., Chen, K.F,, Yang, B.M., 2011. In situ
oxidation of petroleum-hydrocarbon contaminated groundwater
using passive ISCO system. Water Res. 45, 2496-2506.

Olson, R.V., 1965. Iron. In: Black, C.A. (Ed.), Methods of Soil Analy-
sis, Part II. Amer. Soc. Agronomy, Madison, Wisconsin, vol. 9. pp.
966-967.

Osgerby, L.T., 2006. ISCO technology overview: do you really under-
stand the chemistry? In: Calabrese, E.J., Kostecki, P.T., Dragun, J.
(Eds.), Contaminated Soils, Sediments and Water, Successes and
Challenges, vol. 10. Springer, New York, NY, USA, pp. 287-308.

Petri, B.G., Watts, R.J., Tsitonaki, A., Crimi, M., Thomson, N.R., Teel,
A.L.,, 2011. Fundamentals of ISCO using persulfate. In: Siegrist,
R.L., Crimi, M., Simpkin, T J. (Eds.), In Situ Chemical Oxidation for
Groundwater Remediation. SERDP/ESTCP Environmental Reme-
diation Technology, vol. 3, Springer, New York. pp. 147- 191.

Ross, C., Murdoch, L.C., Freedman, D.L., Siegrist, R.L., 2005. Charac-
teristics of potassium permanganate encapsulated in polymer. J.
Environ. Eng. 131, 1203- 1211.

Sra, K., Thomson, N.R., Barker, J.F., 2008. In situ chemical oxidation
of gasoline compounds using persulfate. Proceedings of the Pe-
troleum Hydrocarbons and Organic Chemicals in Ground Water
Conference, Houston, TX, November 3-5. p. 76.

Swearingen, J., Swearingen, L., 2008. Patent No. US 7, 431,849 B1, En-
capsulated Reactant and Process. United States of America.

USEPA, 2011. FY 2010 Annual Report On The Underground Storage
Tank Program. US Environmental Protection Agency; http://
www.epa.gov/oust/pubs/fy10_annual ust report 3-11.pdf




Developing slow-release persulfate candles to treat BTEX

contaminated groundwater

Ann Kambhu?, Steve Comfort®*, Chanat Chokejaroenrat?, and Chainarong

Sakulthaew®*®

& Department of Civil Engineering, University of Nebraska, Lincoln, NE 68583-0531, USA
P School of Natural Resources, University of Nebraska, Lincoln, NE 68583-0915, USA

¢ Department of Veterinary Technology, Kasetsart University, Bangkok, Thailand 10900

Supplementary Material
-17 pages —
Materials and methods

12 Figures

* Corresponding author Tel.: +1 402 472 1502; fax: +1 402 472 7904.

E-mail addresses: annkambhu@gmail.com (A. Kambhu), scomfortl @unl.edu (S.D.

Comfort), chanatunl@gmail.com (C.Chokejaroenrat), chainarong@huskers.unl.edu

(C. Sakulthaew).

l1|Page


mailto:annkambhu@gmail.com
mailto:scomfort1@unl.edu
mailto:chanatunl@gmail.com
mailto:chainarong@huskers.unl.edu

SM 1. Materials and methods
SM 1.1. Mixed candles

The methods used to create the mixed candles were similar to the persulfate
candles with additional components. Mixed candles were prepared in batches as
follows: A 150-mL beaker with 10 g of paraffin wax was placed in a water bath that was
held between 60 and 65 °C (the melting point of paraffin is 59°C). Once the wax was
melted, the beaker was removed from the water bath before adding the other
chemicals, which prevented the overheating of the ferrous sulfate (melting point of
FeS0O,7H,0 is 65°C). Then, 11.24 g sodium persulfate (Na,S,0s, Reagent grade
>98%, Sigma Aldrich, St. Louis, MO), 2.48 g citric acid (C¢HsO7-H,0O, ASC Reagent,
Sigma, St. Louis, MO) and 3.28 g ferrous sulfate (FeSO,4-7H,0, Analytical Reagent,
Mallinckrodt, Paris, KY) was added to the wax, stirred until well mixed, and poured into
the large diameter molds. Once the mixture was in the mold but not completely cool, the
candle was pushed out. Individual candles consisted of 1.4 g paraffin, 1.6 g sodium

persulfate, 0.36 g citric acid monohydrate and 0.47 g ferrous sulfate (FeSO4-7H,0).

SM 1.1 Chemical analysis

Benzoic acid was analyzed by high performance liquid chromatography (HPLC)
using a photo diode array detector (Shimadzu Scientific Instruments, Columbia, MD).
Samples (20 uL) were injected into an isocratic mobile phase of methanol (HPLC grade,
Gibbstown,NJ) and H,O (50:50), that was adjusted to a pH 2 with H3PO4. Using a flow
rate of 1 mL min™, samples were separated by a Hypersil gold column (250 x 4.6 mm)
coupled with a guard column (Thermo Scientific, MA). Peak areas were quantified at
254 nm.

Benzene, toluene, ethyl benzene, and isomers of xylene were quantified at 201

nm. The mobile phase was an isocratic mixture of acetonitrile and H,O (50:50) at a flow
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Figure SM-6

Photographs and a schematic of a 2D-tank: (A) front of the tank
showing central well for holding candle; (B) sampling ports at the
back of the tank; (C) persulfate and iron candles; (D) tank filled with
silica sand; (E) Sketch of the tank, location of sampling points and

the location of persulfate and iron candles.
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Figure SM-7
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Changes in benzoic acid concentrations (C, = 0.10 mM) when

treated with various Fe° sources (granular metal) and persulfate

solution (10mM).
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Photograph of zerovalent iron sources (27.9 mg) in 10 mM

Figure SM-8
persulfate and 0.1 mM benzoic acid at 1 d. Photograph illustrates

how the 50 D USMD iron was resistant to rusting.
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Figure SM-9
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Changes in benzoic acid concentration (C, = 0.10 mM) when
treated with a persulfate candle and different lengths of a ZVI
candle. All candles were sealed on the ends so that release
occurred along candle length. (A) Results using fresh candles (T =
0 h); (B) Results using aged ZVI candles (T = 48 h); (C) Iron

release from different length ZVI candles with time.
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with persulfate + ZVI candles.
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Figure SM-11

Photograph of persulfate + ZVI candles placed in 2D tank packed
with silty clay soil saturated with methylene blue (T = 97 d).
Contrast of photograph was enhanced to allow zone of influence to

be easily observed.
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Figure SM-12

Photograph of prototype field-scale persulfate+ZVI candle (91.4 cm

length, 5.1 cm diameter).
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