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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 CO2 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 

Figure 6. Temporal photographs of methylene blue neutralization caused by the dissolution and diffusion patterns of a central persulfate + ZVI 
candle.
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7 d, ≥90% 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 14C-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.
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Supplementary Data, including “Materials and Methods” and 
12 figures, is presented  following the References.
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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 

FeSO47H2O is 65C). Then, 11.24 g sodium persulfate (Na2S2O8, Reagent grade 

98%, Sigma Aldrich, St. Louis, MO), 2.48 g citric acid (C6H8O7H2O, ASC Reagent, 

Sigma, St. Louis, MO) and 3.28 g ferrous sulfate (FeSO47H2O, 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7H2O).  

 

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 L) were injected into an isocratic mobile phase of methanol (HPLC grade, 

Gibbstown,NJ) and H2O (50:50), that was adjusted to a pH 2 with H3PO4. Using a flow 

rate of 1 mL min-1, samples were separated by a Hypersil gold column (250  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 H2O (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 Changes in benzoic acid concentrations (Co = 0.10 mM) when 

treated with various Feo sources (granular metal) and persulfate 

solution (10mM). 
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Figure SM-8  Photograph of zerovalent iron sources (27.9 mg) in 10 mM 

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 Changes in benzoic acid concentration (Co = 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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Figure SM-10 Changes in 14CO2 concentration during treatment of 14C-Benzene 

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). 

 


