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CHAPTER I 

INTRODUCTION TO PENTACHLOROPHENOL REMEDIATION  

1.1 Brief History of Pentachlorophenol 

Pentachlorophenol (penta) was first created in 1841[1]. The manufacture of penta 

on a commercial scale did not occur until 1936, when its properties as a wood 

preservative became understood[1]. It is an effective herbicide and biocide[1]. Due to this 

effective nature against many pests, it was applied in the widespread fields of agriculture 

and manufacturing, including the control of snails to prevent spread of disease in Japan 

[2-4]. In the US alone it has had registered uses as an herbicide, an insecticide, a 

postharvest wash for fruit, a preservative for paint, and a fumigant [5]. Penta got its 

foothold as a wood preservative because it extends the lifetime of wood products up to 40 

years, even in adverse conditions[5]. 

Its long and widespread usage means that penta can be found in many 

environments, especially near manufacturing and usage site. However, its effective nature 

in killing pests also creates a hazard to humans and other mammals[6]. The acute LD-

50’s for small laboratory animals and domestic livestock  are between 27 and 300 mg/kg 

of body weight[6]. Mammals experience a variety of symptoms from a sufficient dose of 

penta, including increased respiration, cardiology distress, high blood pressure, and 

elevated body temperature[5]. Plants are also affected by penta, presenting issues to 

reproduction and growth[6]. The chemical formula of penta is C6Cl5OH.The industrial 



 

17 

m) below the surface. Between the wells installation and 2011, the site was air sparged. 

This original system was used until 2011, when they upgraded the air sparging blower 

system but left all the original wells in place [9, 14, 29]. This upgraded system was used 

to do enhanced biosparging with injections of nutrients, such as nitrogen, bio-available 

phosphate, potash and other micronutrients, during December of 2011[9]. 

 

Figure 2.1 Site map, reproduced for this document with permission. [14, 19]  

 

From 2011 to 2012, approximately 100 hybrid poplar and cottonwood trees were 

planted in the area to add phytoremediation. Some trees were lost due to native wildlife 

and were replaced in March of 2016. A fence near the border of the property has been 

added to discourage loss. From 2015 to 2016, ISCO was started by pumping hydrogen 
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peroxide down into the approximate location of the plume using the sparging set up. 

Figure 2.2 illustrates the location of the wells and where the penta plume was inferred to 

be in 2014 [11].   

Wells MW35 and MW13 were up the hill from the other wells. They were near 

the reported old lagoon site. The lagoon portion of the site was cleaned as a separate 

project and, at the time of this study, there were mature pine trees growing in the area. 

The ground water in the area flows down the hill, through the site, and into a nearby 

stream. 

The site has also undergone both phytoremediation with the cottonwood/poplar 

hybrids mentioned in the site description, as well as in-situ chemical oxidation with 

hydrogen peroxide.  The ISCO treatment carried out at the site utilized 55 gallon 

(approximately 208.2 L) barrel drums of 35% hydrogen peroxide being pumped into the 

air sparging system at the rate of one barrel every few weeks, weather permitting. This 

continued from November 2015 to April 2016. The hydrogen peroxide was injected 

through the air sparging system at monitoring well 43 in a 10:1 ratio until a 55 gallon 

barrel had been emptied (approximately 3 days).  

2.1.2 Groundwater Sampling Protocol 

From January through April of 2016, approximately every 2 weeks, 500 mL of 

groundwater was extracted from existing monitoring wells located throughout the 

affected area. Groundwater was sampled from wells by use of a hand-operated vacuum 

pump (Blackstone Laboratories), and ¼ inch polyethylene tubing. Tubing the length of 

each well remained in place throughout the sampling period (the depth of each 

monitoring well is between 4.72 m to 9.75 m deep) [9].  Amber glass wide-mouth bottles 
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(Fisher Scientific) were fitted to the pump assembly via an adapter hose containing a 

support spring, through which the ¼ in tubing from the well was passed, into the bottle 

mouth. Hose clamps were used to seal connection points. Vacuum pressure was applied 

with the hand pump, which raised groundwater through the tubing from inside the well, 

capturing enough water to fill the 500-mL amber jar. Once the jar was filled, the vacuum 

was released and the jar was taken off the pump assembly. The jar was then sealed, 

labeled, and placed into a cooler filled with ice to be transported back to the lab. The 

tubing and adaptor hose were rinsed with an equal amount of deionized water taken from 

the lab, before sampling continued. The pH and temperature of the samples were 

recorded before being stored in the refrigerator until extractions could be done.  Below 

are photos of the sampling and transport process (Figure 2.2 & Figure 2.3). 

 

Figure 2.2 Ground water sampling instrumentation.  

Tubing inside the well (left) was connected to the hand pump with attached jar (right).  
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Figure 2.3 Samples were chilled in a cooler until they could be transported to the lab.  

 

2.2 Laboratory Procedures 

2.2.1 Sample Handling  

Samples were transported to laboratory on the day of collection, on ice, and stored 

at 2° C until extraction. Temperature and pH were recorded after collection and before 

extraction.  Samples were allowed to settle any debris by settling overnight in a 

refrigerator. 

2.2.2 Sample Extraction  

The novel microextraction procedures used in this thesis were based on those set 

forth in Faraji et al.[30]. This microextraction method was selected for its ability to 

concentrate phenolic compounds during extraction from water samples, resulting in 

reduced extraction time and increased sensitivity from traditional liquid-liquid extraction 
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methods. Before each extraction, temperature and pH measurements were taken again. 

Out of each 500 mL of water samples taken, 50 mL total was utilized. Five replicates, 

each containing 10mL in a screwtop cylindrical vial, were completed at the same time for 

each well. Then 2.3 μL of 2000 µg/mL (in methanol) 2,4,6-tribromophenol (TBP) 

(Supelco) were added to each replicate as an internal standard.  Half a milliliter of 5% 

Potasium Carbonate (K2CO3) solution (Sigma-Aldrich, BioXtra ≥99.0%) and 40 µL of 

acetic anhydride were added along with a small magnetic stir bar, approximately 2mm in 

size, to derivatize the replicates. The five replicates were then placed on a stir plate 

together. Samples were allowed to stir at maximum speed for two minutes. After two 

minutes, each sample was transferred to a hot water bath (approximately 55° C), heated 

by a stirring hot plate. Once a vortex was created in the vial, 10 µL of 1-undecanol 

(C11H24O) was added to the surface at the bottom of the vortex as the extraction solvent.  

The vial was then recapped and stirred for 15 mins at a speed that could maintain all 5 

vortexes. After this time, vials were transferred to an ice bath until the 1-undecanol 

solidified (approximately 20 mins). The 1-undecanol was retrieved using a sterile metal 

spatula and placed into a 2 mL amber glass chromatography vial containing a 0.25 mL 

clear glass insert. To each extracted sample, 50 µL of methanol was added as a disperser 

solvent to the 1-undecanol for gas chromatography. The vials were sealed and 

refrigerated until they could be analyzed for phenolic compounds that had been extracted 

by the 1-undecanol.   
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Figure 2.4 Stepwise extraction flow chart. 

 

In addition to water samples, microextractions using the proposed method were 

performed with penta, 2,4,6-TBP, 1-undecanol, methanol, and EPA phenolic analytical 

standards. The EPA Standards mix contained 4-chloro-3-methylphenol, 2-chlorophenol, 

2,4-dichlorophenol, 2,4-dimethylphenol, 2,4-dinitrophenol, 2-methyl-4,6-dinitrophenol, 

2-nitrophenol, 4-nitrophenol, penta, phenol, and 2,4,6-trichlorophenol (Supelco). These 

standards were used for identification of peaks and to test the reliability of the 

microextraction method.  
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2.2.3 Gas Chromatography Protocol 

Gas chromatographic analysis of the extracted samples was based on the method 

described in Fattahi et al.[31]. For sample analysis, an Agilent 6890 Plus Gas 

Chromatograph with a G2397A Electron Capture Detector (GC ECD) was used to obtain 

the necessary sensitivity for phenolic metabolites. An Ultra 2 capillary column from 

Agilent Technologies (length 25 meters, internal diameter 0.2 mm, film 0.33 µm) was 

used. The front inlet was kept at 280 °C, and the detector was held at 300 °C. The 

temperature programming on the column was set to start at 100 °C and increase every 

two minutes (at a rate of 5 °C/min) to 210°C. Helium was the carrier gas (50 cm sec-1) 

and nitrogen (60 mL min-1) was used as the makeup gas.  

2.3 Statistical Analysis 

Identified penta peaks were analyzed with Chemstation Reports, utilizing peak 

retention time as the identifying factor of the chemicals. The reports were organized in 

Excel according to monitoring well number, sampling date, replicates, and peak retention 

time. Where peak areas were not reported, it was considered to be a zero value rather than 

missing data. The reported limit of detection for the ECD method was 0.010 µg L-1[31]. 

Statistical analysis was completed by the IBM SPSS program. Samples were analyzed 

with multiple statistical tests before Friedman’s ANOVA test was chosen, as the data best 

fit its assumptions.  

The data was not normally distributed which was a difficulty when matching up 

to other tests. Z tests for outliers in detected penta peaks showed that all the data was 

valid, and therefore all of the data was used for analysis. Appendix A details the results of 

tests for normality.  It was determined that Friedman’s ANOVA was acceptable as the 
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assumptions were met. Friedman’s ANOVA utilizes a ranking system for the data. After 

this data is ranked from 1 (lowest value) to n (highest value), the test statistic is 

calculated as Equation 1[32].  

 𝐹𝑟 = [
12

𝑁𝑘(𝑘+1)
∑ 𝑅𝑖

2𝑘
𝑖=1 ] − 3𝑁(𝑘 + 1) (Eq. 2.1) 

Ri = each groups rank sums 

N = total sample size 

k = number of conditions 

Repeated measures analysis was also attempted on the identified penta peak data, 

however when examined for sphericity, the data failed to meet this assumption, and 

therefore repeated measures analysis was eliminated as a statistical description. Repeated 

measures analyses may be especially susceptible to failures of the sphericity assumption, 

because the Type I error rate is increased to an unacceptable level.  
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CHAPTER III  

RESULTS 

3.1 Results 

3.1.1 Peak Identification 

Peaks of interest were the peaks of penta, 2,4,6-TBP and any other chlorinated 

peaks that may have been detected. During GC-ECD analysis, it was found that penta 

eluted at approximately 22.0 mins, 2,4,6-TBP eluted at approximately 21.8 mins, and 1-

undecanol eluted at 15.4 mins on the GC-ECD. These times were used to identify the 

peaks that were found in the extracted ground water samples. In extracted samples trace 

amounts of other chlorinated compounds were not detected utilizing the ECD across 

replicates or samples. Because this site has been under remediation treatment for so long, 

it is postulated that less chlorinated compounds may have been utilized by 

microorganisms as energy sources. Because of noise generated in the GC-ECD spectrum, 

it is possible that some trace peaks were not identified. Considering that only one well 

had detectable amounts of penta, it is also possible that any detectable amounts of 

chlorinated compounds generated during the breakdown of penta are at such low levels, 

they cannot be reliably detected with the method described here. However, extracted 

phenolic EPA standards generated consistent ECD spectra each time. This leads us to 

believe that the metabolites or breakdown products of penta are in trace and undetectable 
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amounts in the ground water samples. Of all the wells sampled, the only well with any 

penta peak detected was MW44.  

 

Figure 3.1 MW44 penta peaks separated by sample collection date.  

 

3.2 MW44 

The only well containing detectable amounts of penta was MW44. Samples 

collected during March 16th, 2016 did not report any penta contamination. This was 

included in the analysis as there were no outliers in the data. Friedman’s two-way 

analysis of variance by ranks found that the mean peak area of penta did significantly 

change over the sampling dates, χ2(7)=27.360, p=.000. 



 

32 

25. Chemizmu, K. and R. Fentona, Fenton reaction-controversy concerning the 
chemistry. Ecological chemistry and engineering, 2009. 16: p. 347-358. 

26. Barbusiński, K., K. Chemizmu, and R. Fentona, Fenton reaction - controversy 
concerning the chemistry. Ecological Chemistry and Engineering. S, 2009. Vol. 
16, nr 3: p. 347-358. 

27. Watts, R.J., et al., Treatment of Pentachlorophenol-Contaminated Soils Using 
Fenton's Reagent. Hazardous Waste and Hazardous Materials, 1990. 7(4): p. 335-
345. 

28. Oturan, M.A., et al., Production of hydroxyl radicals by electrochemically 
assisted Fenton's reagent: Application to the mineralization of an organic 
micropollutant, pentachlorophenol. Journal of Electroanalytical Chemistry, 2001. 
507(1–2): p. 96-102. 

29. Borazjani, H., D. Wiltcher, and S. Diehl, Bioremediation of polychlorinated 
biphenyl and Petroleum contaminated soil. Proceedings of Environmental 
Science and Technology, 2005. 2: p. 502-507. 

30. Authority, M.D., Weyerhaeuser to invest in Neshoba County Lumber Facility 
2014, Mississippi Development Authority: Mississippi.org. 

31. Fattahi, N., et al., Determination of chlorophenols in water samples using 
simultaneous dispersive liquid–liquid microextraction and derivatization followed 
by gas chromatography-electron-capture detection. Journal of Chromatography 
A, 2007. 1157(1): p. 23-29. 

32. Field, A., Discovering Statistics using IBM SPSS Statistics. 4th ed. 2013: SAGE 
Publications Ltd. 916. 

33. Faraji, H., M.S. Tehrani, and S.W. Husain, Pre-concentration of phenolic 
compounds in water samples by novel liquid–liquid microextraction and 
determination by gas chromatography–mass spectrometry. Journal of 
Chromatography A, 2009. 1216(49): p. 8569-8574. 



 

33 

 

STATISICAL OUTPUT  
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A.1 Tests of Normality for each sampled month. 

Table A.1 Tests of Normality for each sampled month. 

 
March 16th, 2016’s sampling gave no penta results and was omitted by the program 
because it gave the constant response of zero.   
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A.2 Full Results of the Friedman’s ANOVA 

 

Figure A.1 Pairwise comparisons in a graphical representation. 
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Table A.2 Pairwise comparison of all sample dates.  

 


