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ABSTRACT
The compound 3,5,6-trichloro-2-pyridinol (TCPy), a metabolite of the broad-spectrum
organophosphorous insecticide chlorpyrifos, is both more persistent and more water soluble than
its parent compound. This difference, which allows TCPy to more readily leach into surface water
and groundwater, has led to widespread contamination of TCPy in soils and aquatic environments.
In this study, the degradation of TCPy by sulfate radicals was evaluated using zero valent ironactivated persulfate systems and heat activated persulfate system in aqueous media. Response
surface methodology coupled with Box-Behnken design was applied in these studies to evaluate
the effects of the independent variables on the mineralization of TCPy by both systems. In each
system, the interactions, coefficients, and residuals of these variables were statically evaluated by
Analysis of variance. Results indicate that both systems can effectively oxidized TCPy in water.
While ZV/PS exhibited a high mineralization rate of TCPy up to 81.1%, TCPy was completely
mineralized in heat activated PS system. The reaction kinetics of the degradation process were
examined as functions of experimental parameters in each system and the result revealed that the
oxidation of TCPy in both systems followed a pseudo-first-order model under all conditions tested.
Radical scavenging tests indicated that sulfate radicals are the predominated species in zero valent
iron activated persulfate system, whereas hydroxyl radicals are the predominated species in heat
activated persulfate system. The presence of chloride, sulfate and phosphate anions showed
negligible effects on TCPy oxidation by heat activated PS system. The degradation pathways of
TCPy were proposed based on the products identified by GC-MS. Calculated ΔG values using
density functional theory agreed with the proposed experimental pathway.
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CHAPTER ONE: GENERAL INTRODUCTION
Organophosphate Insecticides
Organophosphates (OPs) are a class of insecticides which were first synthesized in 1937 1.
Organophosphate compounds have become widely used in agriculture, homes, gardens, and
veterinary practices. Although OPs have played an important role in the protection of food and
feed crops, their excessive use and persistence have caused many environmental concerns2.
Because of possible effects of some OPs on human health and the environment, their production has
been discontinued in the United States, such as parathion 2. Additionally, residential use of

chlorpyrifos was banned in the United States in the year 2000 3.
The basic chemical structure of OP is presented in Figure 1. Most OP compounds are esters,
amides, or thiol derivatives of the phosphoric, phosphonic, phosphoramidic, phosphorothioic, or
phosphonothioic acids. The R1 and R2 are usually the aryl or alkyl group which can be directly
bonded to the phosphorous atom (phosphinates), attached to the phosphorous atom via oxygen
(phosphates), or linked to phosphorous via sulphur (phosphothioates). In phosphoramidates, either
R1 or R2 is attached with un-, mono- or di-substituted amino groups. In phosphonates or thion
phosphonates, phosphorus is bonded directly with R1 while it is connected to R2 through an oxygen
or sulfur atom. The X group can be of many different types, such as aliphatic, aromatic, or
heterocyclic groups.

1

Figure 1: General formula of organophosphate pesticides.
The environmental behavior of OPs is controlled by their physical and chemical properties.
The majority of OPs have a high octanol–water partition coefficient (kow), moderate water
solubility, and low vapor pressures. At high temperature, phosphorothioates are oxidized to a toxic
agent phosphate which is more volatile than its parent compounds. Under ultraviolet radiation,
many organophosphate insecticides have been shown to be oxidized to byproducts that have more
toxicity than their parent compounds. The hydrolysis of OPs is accelerated in basic pH 4. Today,
more than 200 different organophosphate insecticides are regularly manufactured. Among them,
the common used OP compounds are triaziphos, chlorpyrifos, and fenitrothion
Chlorpyrifos
Chlorpyrifos (O,O-diethyl-O-3,5,6-trichloro-2-pyridyl phosphorothionate; CP) is a broadspectrum insecticide which has been used for agriculture worldwide since 1965, though residential
use was banned in the United States in the year 2002. Although CP has played an important role
in the protection of food and feed crops, its excessive use and persistence have caused many
environmental concerns, including CP contamination of soil and aquatic environments and
measurable CP levels on products for human consumption.
2

The World Health Organization (WHO) has identified CP as moderately hazardous to
humans. For instance, many studies have shown adverse effects on fetal development as a result
of the exposure of expectant mothers to CP. Additionally, carcinogenicity studies of CP exposure
suggested development of lung cancer and prostate cancer as the result of exposure to CP 5-6.
According to the United States Environmental Protection Agency (USEPA), there is a
significant association between CP exposure and neurodevelopmental outcomes. For instance,
studies on infants and children who were exposed to organophosphates during gestation have
shown mental development delay, attention disorder and intelligence decrements in infants, early
childhood and school age children, respectively 7.
Additionally, many studies have shown specific adverse effects (e.g. mental delay,
psychomotor delay, attention disorder attention deficit hyperactivity disorder, and pervasive

developmental disorders) were developed as the result of children’s exposure to CP 7.
CP has been released into the environment through agricultural application, improper
disposal, and industrial runoff 8. Once in the environment, the phosphoester bond of CP is
hydrolyzed to 3,5,6-trichloro-2-pyridinol (TCPy), which is the primary by product of CP (Figure
2). Also, photodegradation and microbial degradation of CP both demonstrate the formation of
TCPy.

3

Figure 2: Chlorpyrifos and its hydrolysis product, 3,5,6-Trichloro-2-pyridinol (TCPy)
3,5,6-Trichloro-2-pyridinol (TCPy)
3,5,6-Trichloro-2-pyridinol (TCPy) is the main degradation byproduct of the widely used
insecticide, chlorpyrifos. TCPy has been detected in many places where CP was applied. For
instance, TCPy has been identified in such diverse sources as spinach, cauliflower, and potato
crops; golf course leachate; and human urine. As one would expect, TCPy has been confirmed to
be present in wastewater streams from both chlorpyrifos and methyl-chlorpyrifos manufacturing
plants 9.
TCPy is more water soluble than its parent compound, and it is persistent compound
according to the USEPA 10, which significantly increases its ability to leach into surface water and
groundwater, causing widespread contamination in soils and aquatic environments 11-12.
Treatment Methods for Chlorpyrifos
Several treatment technologies have been used to degrade chlorpyrifos. For instance, a
photocatalytic technology successfully achieved complete mineralization of chlorpyrifos using a
UV/TiO2/H2O2 process 13. Also, a CoFe2O4@TiO2/rGO nanocomposite was used to treat CP, and
4

was able to effectively degrade CP 14. In addition to photocatalysis, CP was effectively degraded
by using an ultrasonic method, and up to 82% of CP was degraded after two hours treatment

15

.

Furthermore, electrochemical oxidation using a boron-doped diamond anode successfully
degraded CP 16.
In situ chemical oxidation (ISCO) is becoming an effective technology for the remediation
of contaminated soil and ground water. Among the different ISCO oxidants, persulfate has been
intensively used due to its advantages such as its chemical stability at ambient temperature and its

high aqueous solubility with a strong redox potential (Eq. 1.1)
𝑆2 𝑂82− + 2𝑒 − → 2𝑆𝑂42−

E0 = 2.01 V

(1.1)

However, for remediation applications, the activation of PS to generate highly reactive
oxidants called sulfate radicals (SO4•-, SR) with strong redox potential (E0 = 2.5 - 3.1 V) is
particularly significant.
Many activation methods have been developed to activate PS such as heat, UV, basic
conditions, and transition metal ions 17.
𝑆2 𝑂82− + ℎ𝑒𝑎𝑡/𝑢𝑣 → 2𝑆𝑂4•−

(1.2)

𝑆2 𝑂82− + 𝑀𝑒 𝑛+ → 𝑆𝑂42− + 𝑆𝑂4•− + 𝑀𝑒 (𝑛+1)+1

(1.3)

Iron [as iron (II), Fe2+] is becoming favored over other common transition metals used in
persulfate activation because it is nontoxic, cost effective and environmental friendly 18 (Eq 1.4).
However, rapid scavenging of SO4•− occurred with excessive Fe2+, which in turn reduces the
efficiency of Fe2+/ PS on contaminant degradation (Eq 1.5).
𝑆2 𝑂82− + 𝐹𝑒 2+ → 𝑆𝑂42− + 𝑆𝑂4•− + 𝐹𝑒 3+

(1.4)

𝐹𝑒 2+ + 𝑆𝑂4•− → 𝐹𝑒 3+ + 𝑆𝑂42−

(1.5)

5

Recently, zero valent iron (ZVI) has been developed as an alternative activator of PS to
overcome such a disadvantage. ZVI not only acts as a smooth releasing method of Fe2+, but is also
able to generate sulfate radicals directly (Eqs 1.6 and 1.7).
𝐹𝑒 0 + 2𝐻2 0 → 𝐹𝑒 2+ + 2𝑂𝐻 − + 𝐻2

(1.6)

𝐹𝑒 0 + 2𝑆2 𝑂82− → 2𝑆𝑂42− + 2𝑆𝑂4•− + 𝐹𝑒 2+

(1.7)

Thermally-activated PS has been applied to many environmental pollutants 17. The applied
temperature (30 °C – 99 °C) plays an important role in the oxidation efficiency of the pollutants.
Higher temperature provides more activation energy to rupture the peroxide bond of PS molecules
and generate more SRs as described in Eq 1.2, as well as hydroxyl radicals in an indirect way (Eqs.
1.8 and 1.9)
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. The high temperature also thermodynamically promotes the chemical reactions

between reactive species and contaminants
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.Therefore, high temperature leads to dramatically

enhanced degradation of the selected contaminant in water.
𝑆𝑂4•− + 𝐻2 𝑂 → 𝑂𝐻 • + 𝑆𝑂42− + 𝐻 +

(1.8)

𝑆𝑂4•− + 𝑂𝐻 − → 𝑂𝐻 • + 𝑆𝑂42−

(1.9)

SR based AOPs ( SR-AOPs) have been shown to be effective in mineralizing a variety of
organic contaminants (OCs) in water and wastewater effluents such as herbicides, industrial
chemicals, and pharmaceuticals

17

. Therefore, ZVI and thermal activation are employed in this

study to activate PS in order to degrade the TCPy.

6

Research Objectives
Chlorpyrifos (CP) is a broad-spectrum organophosphorous insecticide which has been
widely used in agriculture since 1965. Although CP has played an important role in the protection
of food and feed crops, its excessive use and persistence have caused many environmental
concerns, including CP contamination of soil and aquatic environments and measurable CP levels
on products for human consumption

20

. This issue is of such concern that the EPA delivered a

proposal on October 30, 2015 recommending that chlorpyrifos use be completely ceased. In 2017,
EPA declined to revoke chlorpyrifos tolerances. However, as of 9th August 2018, the 9th Circuit
Court of Appeals has given the EPA 60 days to revoke all food tolerances and cancel all
registrations for the widely used insecticide CP. The primary product of its microbial and
photodegradation, 3,5,6-trichloro-2-pyridinol (TCPy), has been listed as a persistent and mobile
pollutant by the USEPA10. TCPy is more water soluble than its parent compound, which
significantly increases its ability to leach into groundwater and surface water, causing widespread
contamination in soils and the aquatic environment. Therefore, it is critical that a method be
developed to degrade TCPy to compounds that are more readily biodegradable and less toxic to
humans and the environment.
SR-AOPs are a very promising and attractive advanced oxidation technology to decompose
organic contaminates of concern. There are many activation methods of persulfate; however,
activating PS by heat and iron for ISCO applications is currently used

17

. Therefore, the overall

objective of this research is to evaluate the oxidation efficiency of TCPy by means of SR based
AOPs at the laboratory scale.

7

In chapter two, the degradation of TCPy by sulfate radicals was evaluated using zerovalent iron-activated persulfate (ZVI/PS) in aqueous media. Response surface methodology and
Box-Behnken design were applied in this study to assess the effects of the experimental
parameters (concentration of ZVI, concentration of PS, and pH) on the mineralization of TCPy
by ZVI/PS system. The interactions, coefficients, and residuals of these parameters were
statically evaluated by analysis of variance (ANOVA). The reaction kinetics of the degradation
process were examined as functions of ZVI concentration, PS concentration, and pH.
The desirability function was performed to specify the optimum conditions for the system
which were further validated by performing duplicate experiments. The kinetics of the optimized
condition were studied.
Comparison studies of persulfate activation by heat or catalysis concluded that thermallyactivated PS exhibited higher oxidation efficiency 17. Therefore, assessing the role of thermallyactivated PS for the oxidation of TCPy in aqueous systems is the primary objective in chapter
three. This objective includes studying the effect of operational parameters, such as initial PS
dose, solution pH, and temperature on the degradation kinetics of TCPy. Optimization of the
experimental factors was carried out by means of Response Surface Methodology based on BoxBehnken design with TCPy mineralization after 30 minutes chosen as the response. The
predominant oxidizing species responsible for TCPy oxidation in this condition were identified by
radical quenching experiments. Also, the optimized condition was further studied to evaluate the
performance of the proposed method in the presence of scavenger ions.
In an oxidation reaction using persulfate where PS concentration is kept almost constant
during the reaction, a steady-state sulfate free-radical concentration would occur which results in
8

difficult quantification of the radicals. However, if persulfate is present in a high amount compared
to TCPy, more SR are produced in the system. Therefore, by fixing the concentrations of PS and
TCPy, the kinetics of these parameters can be studied, thus determining the reaction kinetics order.
Therefore, in chapter four, a detailed study of the reaction kinetic orders in a thermally-activated
PS system is performed. This study involved performing further kinetics experiments where one
of the reactants was kept at a constant concentration while varying the concentration of the other
one. The half-lives method was employed to explore the kinetic orders.
In chapter five, the transformation intermediates and by-products of TCPy oxidation by
ZVI and heat-activated PS were identified by GC-MS. The favorable reaction sites of SR with
TCPy were investigated by density functional theory. The degradation pathways of TCPy in both
systems were proposed based on the identified products and the calculated ΔG values using DFT
were compared with the proposed experimental pathway.

9

CHAPTER TWO: OXIDATION OF 3,5,6-TRICHLORO-2-PYRIDINOL BY
ZERO VALENT IRON(ZVI) ACTIVATED PERSULFATE
Introduction
Chlorpyrifos (O,O-diethyl-O-3,5,6-trichloro-2-pyridyl phosphorothionate; CP) is a broadspectrum insecticide which has been used for agriculture worldwide since 1965, though residential
use was banned in the United States in the year 2000 3. Although CP has played an important role
in the protection of food and feed crops, its excessive use and persistence have caused many
environmental concerns, including CP contamination of soil and aquatic environments and
measurable CP levels on products for human consumption
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. CP has been released into the

environment through agricultural application, improper disposal, and industrial runoff 8. Once in
the environment, the phosphoester bond of CP is hydrolyzed to 3,5,6-trichloro-2-pyridinol (TCPy),
which is the primary by product of CP. Also, photodegradation and microbial degradation of CP
both demonstrate the formation of TCPy. TCPy is more persistent and more water soluble than its
parent compound, according to the United States Environmental Protection Agency (USEPA) 10
which significantly increases its ability to leach into surface water and groundwater, causing
widespread contamination in soils and aquatic environments 11-12. TCPy has been detected in many
places where CP was applied. For instance, TCPy has been identified in such diverse sources as
spinach, cauliflower, and potato crops; golf course leachate; and human urine. As one would
expect, TCPy has been confirmed to be present in wastewater streams from both chlorpyrifos and
methyl-chlorpyrifos manufacturing plants 9.
In the past two decades, advanced oxidation processes (AOPs) have been proven to be
effective for the degradation of a wide range of persistent organic contaminants. In accordance
10

with their varied natures, AOPs oxidize the original contaminants of concern to form various
byproducts and eventually to carbon dioxide and water.
Persulfate (PS) has been explored as a suitable oxidizing agent for AOPs that can be
activated to generate highly reactive sulfate radicals (SO4•−, SR), which bear a strong redox
potential (E0 = 2.5-3.1 V, depending on pH). SR based AOPs have been shown to be effective in
mineralizing a variety of organic contaminants in water and wastewater effluents such as
herbicides, industrial chemicals, and pharmaceuticals

17

. Many activation methods have been

developed to activate PS such as heat, UV, basic conditions, and transition metal ions17.
𝑆2 𝑂82− + ℎ𝑒𝑎𝑡/𝑢𝑣 → 2𝑆𝑂4•−

(2.1)

𝑆2 𝑂82− + 𝑀𝑒 𝑛+ → 𝑆𝑂42− + 𝑆𝑂4•− + 𝑀𝑒 (𝑛+1)+1

(2.2)

Iron [as iron (II), Fe2+] is becoming favored over other common transition metals used in
persulfate activation because it is nontoxic, cost effective and environmental friendly 18 (Eq 2.3).
However, rapid scavenging of SO4•− occurred with excessive Fe2+, which in turn reduces the
efficiency of Fe2+/ PS on contaminant degradation (Eq 2.4).
𝑆2 𝑂82− + 𝐹𝑒 2+ → 𝑆𝑂42− + 𝑆𝑂4•− + 𝐹𝑒 3+

(2.3)

𝐹𝑒 2+ + 𝑆𝑂4•− → 𝐹𝑒 3+ + 𝑆𝑂42−

(2.4)

Recently, zero valent iron (ZVI) has been developed as an alternative activator of PS to
overcome such a disadvantage. ZVI not only acts as a smooth releasing method of Fe2+, but is also
able to generate sulfate radicals directly (Eqs 2.5 and 2.6).
𝐹𝑒 0 + 2𝐻2 0 → 𝐹𝑒 2+ + 2𝑂𝐻 − + 𝐻2

(2.5)

𝐹𝑒 0 + 2𝑆2 𝑂82− → 2𝑆𝑂42− + 2𝑆𝑂4•− + 𝐹𝑒 2+

(2.6)

11

This chapter evaluated the removal efficiency of TCPy by means of SR based AOPs via
laboratory-scale. The primary objective of this study was to investigate ZVI-activated persulfate
(ZVI/ PS) for the oxidation of TCPy in aqueous system, determined by HPLC/MS. This objective
included studying the effect of operational parameters, such as initial PS dose, initial ZVI dosage,
and solution pH on the degradation kinetic of TCPy. The process was optimized by using the BoxBehnken experimental design (BBD) and response surface modeling (RSM) of TCPy degradation
by ZVI/PS.
Experimental
Chemicals
Neat TCPy, ammonium acetate (C2H7NO2, ≥ 98%), sodium hydrogen carbonate (NaHCO3,
99.5-100.5%), ferrous sulfate (FeSO4 .7H2O), 1,10-phenanthroline (C12H8N2, ≥ 99%),
hydroxylamine

hydrochloride

(NH2OH.HCl,

98.0%),

N-tert-Butyldimethylsilyl-N

methyltrifluoroacetamide (MTBSTFA (with 1% t-BDMCS)) were purchased from Sigma Aldrich
(USA). Sodium persulfate (Na2S2O8, ≥ 98.0%), potassium iodide (KI, ≥ 99%), HPLC grade
solvent; acetonitrile (CH3CN, >99.9%), formic acid (HCOOH, ≥99.5 %), tert-butyl alcohol (TBA)
(C4H10O, > 99%) and chloroform (CHCl3, 99.8%) were purchased from Fisher Scientific. Iron
particles were purchased from provectus environmental products.
Experimental Procedure
These experiments were conducted in 20 mL amber glass vials. A predetermined mass of
ZVI particles was added to each of the vials, followed by the addition of TCPy stock solution to a
final concentration of 10 mg/ L (50 μM) and varying concentrations of PS (2.5 – 25 mM). Then,
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the vials were placed on a Thermo Scientific MaxO 4000 orbital shaker table operated at 200 rpm
at room temperature for an appropriate amount of time. At designated time points, samples were
removed from the shaker table and quenched in ice bath.
To evaluate the effects of the initial concentration of ZVI on TCPy degradation, additional
batch experiments were performed with different ZVI concentrations (0.25, 0.5, 1.0 and 2.5 g/L)
under the same experimental conditions as described above, but with predetermined concentration
of PS.
To study the influence of the initial reaction pH at various pH values (3.0 - 12.0), the initial
pH of the TCPy solution was adjusted by adding small amounts of 0.1 M H2SO4 or 0.1 M NaOH
to the desired value before starting the experiment. To prevent potential side reactions between
SO4•− and other species, buffers were not employed in the present study. All solutions were
prepared daily using deionized water. All experiments were performed in duplicate.
Analysis
The analysis of the TCPy was performed on an Agilent 6230 TOF LC-MS instrument with
an Agilent Zorbax SB-C18 analytical column. A mixture of Acetonitrile (ACN) and water was
used as the mobile phase at ACN: H2O ratio of 60:40% (v:v) and at a flow rate of 1.0 mL/min in
LC-MS.
An ultraviolet-visible light (UV-VIS) spectrometer (Agilent 8453 UV Visible
Spectrophotometer equipped with deuterium (UV) and tungsten (visible) lamps) was used to
determine the concentration of PS and ferrous ions. The concentration of PS anion was determined
following the procedure developed by Liang et al.21. Ferrous ions were measured with 1,10phenanthroline at a wavelength of 510 nm for ferroin absorbance 22.
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Shimadzu TOC-L Analyzer (Shimadzu Instruments, Kyoto, Japan) was used to determine
nonpurgeable organic carbon (TOC) concentration. Samples were acidified to pH 2-3 with sulfuric
acid prior to analysis.
Brunauer–Emmett–Teller analysis of surface area and porosity was accomplished using a
Micromeritics ASAP 2020. Iron was placed in a pre-weighed ASAP tube and heated to 100 °C at
a rate of 5 deg/min under ultra-high vacuum and left for 12 hours. The tube was then allowed to
slowly cool back down to room temperature and re-weighed to obtain the activated sample mass.
The tube with the sample was attached to the ASAP analysis port and a nitrogen adsorption
isotherm was run at 77 K. A Rouquerol analysis was performed and used to determine the BET
surface area of the compound.
Experimental Design
To specify the optimum conditions for the system, the design of the experiment was
structured to determine the common relationship between several process variables that influence
the system. Response surface methodology, which is an effective and useful statistical method
for improving, developing, and optimizing processes, was employed in this study to process the
optimization. In the experimental procedure, Box-Behnken design, a widely used form of RSM,
was employed. The Design-Expert (10.0.3) statistical software package was used to determine
the total number of experimental runs necessary (N). For development of BBD, N is defined as:
N = 2k (k − 1) + C0

(2.7)

Where k is the number of variables and C0 is the number of central points. The experimental
design consisted of 17 experiments calculated from Eq 2.7 which included twelve factorial points
with five center points. The independent variables were set at three different levels, low (-1),
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medium (0) and high (+1). The ranges and coded levels of the TCPy degradation variables studied
are given in Table 1.
The predicted response (Y) as a function of the main independent variables was expressed
by using a second order polynomial regression model equation:
𝑘

𝑘

𝑘

𝑘

Y = 𝛽0 + ∑ 𝛽𝑖 𝑋𝑖 + ∑ 𝛽𝑖𝑖 𝑋𝑖2 + ∑ ∑ 𝛽𝑖𝑗 𝑋𝑖 𝑋𝑗 + 𝜖
𝑖=1

𝑖=1

(2.8)

𝑖=1 𝑗=1

Where β0, βi, βii, and βij are the regression coefficients representing the constant, the linear,
the square, and the interactive effect terms, respectively. The terms Xi and Xj are the coded
independent variables while ϵ is random error.
The parameters that affect the oxidation of TCPy by ZVI/PS, their interactions,
coefficients, and residuals were statically evaluated by ANOVA which provides an overall
summary for the full model.
Table 1: Experimental ranges and levels of the independent test variables.
Coded variable level
Variables

Unit
-1

0

1

mM

5

12.5

20

pH

-

3

7.5

12

ZVI

g/L

0.5

1.5

2.5

Persulfate (PS)
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Results and Discussion
Effect of Parameters on TCPy Removal and Kinetic Studies
Effect of PS concentration
The concentration of PS is an essential factor that affects the oxidation of the contaminants
in the ZVI/PS system. Increasing PS concentration is associated proportionally with an increase in
SR formation, hence improving the oxidation efficiency. The removal of normalized TCPy
concentration over time in a ZVI/PS system with various PS concentrations up to 25 mM is
presented in Figure 3. For the range of PS doses employed, TCPy removal was significantly faster
with higher PS dose up to 15 mM; further increasing the concentration of PS in the solution decreased
the overall removal efficiency of TCPy. In the absence of PS, only 5% of TCPy was removed after
40 minutes of reaction. Although a sudden decrease in the concentration of TCPy occurred in all
PS containing systems, complete TCPy removal was not achieved at 2.5 mM PS and 56% of TCPy
remained in the system. As the concentration of PS increased from 5 mM to 15 mM, the reaction
time for TCPy removal was reduced and TCPy was successfully oxidized in 30 mins and 25 mins,
respectively. High PS dosage enhances TCPy degradation due to the higher amount of radicals
produced (Eq 2.6). However, when the concentration of PS further increased to 20 mM, the
reaction time increased and TCPy was removed after 40 mins of the reaction. Further increasing
of the PS concentration to 25 mM lowered the degradation efficiency of TCPy and almost 20% of
TCPy remained in the system. This trend can be attributed to the greater production of SR by
excess PS which results in radical-radical reactions (Eq 2.9). Moreover, PS may scavenge SR as
demonstrated in Eq 2.10 23-24.
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𝑆𝑂4•− + 𝑆𝑂4•− → 𝑆2 𝑂82−

(2.9)

𝑆𝑂4•− + 𝑆2 𝑂82− → 𝑆𝑂42− + 𝑆2 𝑂8•−

(2.10)

[TCPy]/[TCPy]0

1
0.8
0.6
0.4
0.2
0
0

2.5

5

12.5

15

20

25

Concentration of PS (mM)
0 min

10 min

20 min

25 min

30 min

40 min

Figure 3: Effects of PS concentration on TCPy degradation by ZVI activated PS.
Experimental conditions: [TCPy]0 = 50 μM; [PS]0=2.5-20 mM; [ZVI]0= 1.5 g/L; pH = 7.5.

Figure 4 presents the normalized rate constants of TCPy removal at different
concentrations of PS. For any specific concentration of PS, TCPy removal exhibited pseudo-firstorder kinetics (R2 > 0.98 ± 0.002), which could be described as follow:
ln ([TCPy]/[TCPy]0) = -kobs . t

(2.11)

Where kobs (min-1) is the pseudo-first-order rate constant. [TCPy] and [TCPy]0 are the
molar concentration of TCPy at times t and 0, respectively. The value of the observed rate constant
(kobs) of TCPy removal increased from 2.9 × 10-2 min-1 to 1.4 ×10-1 min-1 as the concentration of
PS increased from 2.5 mM to15 mM. As PS concentrations increased to 20 mM, the kobs decreased
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to 7.9×10-2 min-1 due to the side reaction of SR with higher concentrations of PS as described by
Eqs 2.9 and 2.10.

R2 > 0.98 ± 0.002

2.5 mM
5 mM

-1.5
kobs (min-1)

ln([TCPy]/[TCPy]0)

-0.5

-2.5

0.16

12.5 mM

0.12
0.08

15 mM

0.04
0
2.5

5

12.5

15

20 mM

20

PS concentration (mM)

-3.5
0

5

10

15

20

Time (min)
Figure 4: Pseudo-First-Order kinetics of TCPy degradation at different concentrations of
PS in ZVI/PS system. Inset: the corresponding rate constants of TCPy removal.
Experimental conditions: [TCPy]0 = 50 μM; [PS]0=2.5-20 mM; [ZVI]0= 1.5 g/L; pH = 7.5.

The consumption of PS during the oxidation of TCPy by ZVI/PS for all PS concentrations
used is presented in Figure 5. While all PS was consumed ([PS]0 = 2.5 mM) at 30 min, 66% of PS
was consumed with a higher initial concentration of PS ([PS]0 = 15 mM) in the same time. At
initial PS concentration of 12.5 mM and 15 mM, almost 68% and 64% of PS were consumed
respectively after 25 mins, in which TCPy was completely removed. The PS consumption results
demonstrated that the consumption of PS was faster at the beginning of the reaction with higher
PS concentration.
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Figure 5: PS consumption during the reaction. Experimental conditions: [TCPy]0 = 50 μM;
[PS]0=2.5-20 mM; [ZVI]0= 1.5 g/L; pH = 7.5.

The reaction stoichiometric efficiency (RSE), which is the ratio of the molar concentration
of oxidized TCPy to the consumed PS, is used in this study to evaluate the utilization efficiency
of PS. Actual RSE was calculated for each PS concentration after TCPy was oxidized completely
while RSE average was the mean for each concentration of PS at all sampling times, both are
presented in Figure 6. The results showed that for both actual and average RSE, the highest values
were observed for the lowest concentration of PS. For instance, RSE% was increased from 0.571%
to 2.25% as the initial PS concentration decreased from 20 mM to 5 mM.
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Figure 6: The reaction stoichiometric efficiencies during the TCPy degradation.
Experimental conditions: [TCPy]0 = 50 μM; [PS]0=2.5-20 mM; [ZVI]0= 1.5 g/L; pH = 7.5.

While the concentration of ZVI is the same in all experiments, increasing the PS
concentrations contributed to produce more Fe2+ in the system (Eq 2.6). Figure 7 shows that the
concentration of Fe2+ released after 10 minutes of reaction increased from 4.4 x 10-1 mg/L at 5 mM
PS to 2.19 mg/L at 20 mM PS. Similarly, more iron ions were released at higher PS concentrations
throughout the course of the experiment. Accordingly, at higher PS concentration, more sulfate
free radicals would be generated in response to the greater formation of Fe2+ activators. This favors
the radical reaction with Fe2+, SR, and H2O (Eqs 2.4, 2.9, and 2.12, respectively). However, for
lower PS concentration, SR generation is less prevalent due to the lower amount of iron ions
produced, side reactions are therefore disfavored and the calculated RSE is increased 23-24.
𝑆𝑂4•− + 𝐻2 𝑂 → 𝐻𝑆𝑂4− + 𝑂𝐻 •

(2.12)
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Figure 7: The concentration of Fe2+ at 10, 20 and 30 min of the reaction. Experimental
conditions: [TCPy]0 = 50 μM; [PS]0=2.5-20 mM; [ZVI]0= 1.5 g/L; pH = 7.5.

Effect of ZVI
ZVI concentration is another essential parameter which influences the degradation
efficiency of PS activated by ZVI. Figure 8 shows the role of initial ZVI dosage on the oxidation
of TCPy in the ZVI/PS system. It was found that varying the ZVI concentration from 0.5 g/L to
2.5 g/L has a strong impact on TCPy oxidation. As ZVI dosage increased from 0.5 g/L to 2.0 g/L,
the removal efficiency of TCPy increased from 77% to 100% after 22 mins of the reaction.
However, increasing the ZVI concentration to 2.5 g/L decreased removal efficiency and increased
the removal time. For example, at 2.5 g/L ZVI, TCPy was completely removed after 35 mins of
the reaction.
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Figure 8: Effect of ZVI concentration on TCPy degradation by ZVI activated PS.
Experimental conditions: [TCPy]0 = 50 μM; [PS]0=12.5 mM; [ZVI]0= 0.5-2.5 g/L; pH = 7.5.

As shown in Figure 9, the degradation of TCPy is well fitted to a pseudo-first-order kinetics

pattern, and the oxidation rate of TCPy was significantly affected by ZVI loading. The degradation
of TCPy is well fitted to a pseudo-first-order kinetics pattern, and the oxidation rate of TCPy was
significantly affected by ZVI loading ( Figure 9). The observed first-order rate constants (kobs)
went up from 6.4 x 10-2 min-1 to 1.4 x 10-1 min-1 as the concentration of ZVI increased from 0.5 to
2.0 g/L. However, increasing the ZVI concentration to 2.5 g/L decreased the kobs to 1.1 x 10-1 min1

.
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R2 > 0. 96 ± 0.003
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Figure 9: Pseudo-First-Order kinetics of TCPy degradation. Inset: plot of kobs vs ZVI
concentration. Experimental conditions: [TCPy]0 = 50 μM; [PS]0=12.5 mM; [ZVI]0= 0.5 2.5 g/L; pH = 7.5.
To explore the role of ZVI in ZVI/PS system, the concentration of ferrous ions released
during the reaction was investigated. Figure 10 illustrates the released concentration of Fe2+ in the
ZVI/PS system as a function of reaction time. As the concentration of applied ZVI increased, the
concentration of Fe2+ in the system increased. For example, at ZVI load (1.0 g/L), a concentration
of only 1 mg/L Fe2+ was found after 20 mins of the reaction while 8 mg/L Fe2+ was found for the
highest ZVI load (2.5 g/L). PS is activated by these Fe2+ to generate sulfate radicals that
subsequently accelerate the oxidation of TCPy, which can explain the findings in Figure 8.
However, increasing the ZVI load causes the release of excessive Fe2+ over time, which scavenge
the produced sulfate radicals (Eq 2.4), thus reducing the degradation efficiency. The Fe2+ release
data demonstrates that ZVI plays an integral role in generation Fe2+ in the system. There are many
possible routes for the generation of Fe2+ in the ZVI/PS system, one being a direct electron transfer
from ZVI to persulfate in a Fenton-like reaction incorporating a Haber–Weiss like mechanism 25.
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ZVI acts as a reducing agent (E0= -0.44 V) to provide electrons which reductively decompose
persulfate to form sulfate radicals. This direct interaction with persulfate oxidizes iron, resulting
in corrosion of ZVI and the release of Fe2+ ions (Eq 2.6). Alternatively, Fe2+ may be formed as a
direct product of corrosion of iron metal under aerobic or anaerobic conditions as described in Eqs
2.5 and 2.13.
𝐹𝑒 0 + 𝐻2 𝑂 + 0.5 𝑂2 → 𝐹𝑒 2+ + 2𝑂𝐻 −

(2.13)

Figure 10: Concentration of Fe2+ during the reaction. Experimental conditions: [TCPy]0 =
50 μM; [PS]0=12.5 mM; [ZVI]0= 0.5-2.5 g/L; pH = 7.5.

The consumption of PS during the reaction at the different applied ZVI dosage is shown in
Figure 11. The results indicate that a higher concentration of ZVI consumed more PS. This was
likely due to the reaction between PS and Fe2+, which was produced in more quantity with higher
ZVI dosage, or the reaction between PS and ZVI itself. The corresponding RSE values are
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presented in Figure 12. The RSE was enhanced by increasing the concentration of ZVI from 0.5
g/L to 1.0 and 1.5 g/L. However, further increasing ZVI decreased the RSE% which is likely due
to the scavenging of SRs by Fe2+ (Eq 2.3).
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Figure 11: Consumption of PS at different ZVI concentrations. Experimental conditions:
[TCPy]0 = 50 μM; [PS]0=12.5 mM; [ZVI]= 0.5-2.5 g/L; pH = 7.5.
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Figure 12: RSE (%) at different ZVI concentrations. Experimental conditions: [TCPy]0 =
50 μM; [PS]0=12.5 mM; [ZVI]= 0.5-2.5 g/L; pH = 7.5.

Effect of pH
Solution pH is an important environmental parameter which may significantly affect the
pollutant’s degradation as well as the formation of radicals 26. In the ZVI/PS system, as the solution
pH changes the dominant oxidizing species changes. At all pH values, sulfate radicals react with
water forming hydroxyl radicals (HR) (Eq 2.14). Under acidic conditions, sulfate radicals are the
primary reactive species; however, all sulfate radicals are converted into hydroxyl radicals in basic
conditions (Eq 2.15) 26.
𝑆𝑂4•− + 𝐻2 𝑂 → 𝑆𝑂42− + 𝑂𝐻 • + 𝐻 +

(2.14)

𝑆𝑂4•− + 𝑂𝐻 − → 𝑆𝑂42− + 𝑂𝐻 •

(2.15)
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This radical conversion is mainly controlled by Eq 2.15 since the rate constant for the
reaction in Eq 2.14 (k [H2O] < 2 X 10-3 s-1) is low compared to the reaction of SR with other
organic contaminants 27.
Figure 13 shows the change in normalized TCPy concentrations over time at various initial
solution pH values in the range of 3.0 –12.0. The oxidation of TCPy in acidic pH resulted in
significantly higher efficiency of removal compared to that of basic pH. Complete TCPy removal
was achieved after 20, 22 and 30 minutes reaction at pH 3, 5, and 7.5, respectively. The results
indicated that acidic conditions are more favorable for TCPy degradation than neutral condition.
This favorability might be ascribed to the formation of more Fe2+ in acidic solution because of the
iron corrosion (Eq 2.16) which in turn generates more SR and enhances the oxidation efficiency.
𝐹𝑒 0 + 2𝐻 + → 𝐹𝑒 2+ + 𝐻2

(2.16)

Interestingly, enhancement of TCPy oxidation by the ZVI/PS system was observed after
increasing the solution pH to 9.0 and the removal of TCPy was achieved after 22 minutes.
However, removal efficiencies of TCPy with ZVI/PS system remain poor at higher pH (pH= 12).
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Figure 13: Oxidation of TCPy by ZVI/PS at different pH. Experimental conditions:
[TCPy]0 = 50 μM; [PS]0=12.5 mM; [ZVI]= 1.5 g/L; pH =3-12.

As mentioned previously, the dominant oxidizing species change in response to changing
pH. Therefore, radical scavenger tests were used to explore the involvement of SR and HR species
in the oxidation of TCPy at different pH. Radical scavengers such as ethanol (EtOH) and tert-butyl
alcohol (TBA) are usually used to identify the contribution of SRs and HRs to organic
contaminants degradation in the SR- AOPs. EtOH with α-H was reported as an active reactant with
both SRs and HRs at rate constant of ((1.6-7.7) × 107 M-1 S-1 and (1.2-2.8) × 109 M-1 S-1),
respectively 27. In contrast, TBA can mainly scavenge HR at second-order rate constant ((3.8-7.6)
× 108 M-1 S-1) approximately 1000-fold higher than that with SR ((4.0-9.1) × 105 M-1 S-1)

27

.

Therefore, these two alcohols were used as quenching agent and the oxidation of TCPy was
measured at different pH.
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As shown in Figure 14, in the quencher free system, complete removal of TCPy was
achieved at pH 3 while treatment with EtOH resulted in poor degradation efficiency of 13.1%.
However, treatment with TBA resulted in higher TCPy removal than treatment with EtOH,
indicating that in acidic solution SRs were the predominant species. The same trend was observed
at pH 5 and pH 7.5. The removal efficiency of TCPy in the presence of TBA decreased as the
solution pH increased to 9, indicating the presence of both SR and HR in the system. However, at
pH 12 the inhibition of TCPy degradation levels are closed by both TBA and EtOH indicating a
greater generation of HR in the system.

pH 12
pH 9
pH 7.5
pH 5
pH 3
0

20

40

60

80

100

TCPy removal (%)
EtOH

TBA

Quencher free

Figure 14: TCPy degradation in the absence and in the presence of radical scavengers at
different pH in ZVI/PS system. Experimental conditions: [TCPy]0 = 50 μM; [PS]0=12.5
mM; [ZVI]= 1.5 g/L; pH =3-12.

The predominant oxidizing species at different pH values is presented in Table 2.
According to the radical scavenger test, SR is the predominant species at pH ≤ 7.5, while HR is
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the predominant species at pH ≥ 9. These results are in agreement with Liang, C. & Su, H. W.,
who identified the presence of SR and HR by using a chemical probe method on heat activated PS
system. Their results indicated that in basic conditions, HR is the predominant radical, while at
near neutral pH, both SR and HR are present. In acidic conditions with pH less than 7, SR is the
predominant radical 27.
Table 2: The predominant species for TCPy oxidation at different pH.
pH

Predominant species

3

SR

5

SR

7.5

SR

9

HR

12

HR

This observation can explain the findings in Figure 13. The highest degradation efficiency
occurring in acidic conditions can be attributed to the presence of SR. At pH 9, there is increased
HR presence which has a higher redox potential than SR. The increase of HR along with the
presence of SR can explain the enhanced degradation efficiency at pH 9. Furthermore, the
reactivity of PS would increase in alkaline conditions, which could account for the enhancement
of TCPy removal at higher pH 28. The poor removal efficiency of TCPy at pH 12 can be attributed
to the excessive amount of HR which contributed to the reaction of HR with itself, leading to quick
loss of the radicals in the solution (Eq 2.17).
𝑂𝐻 • + 𝑂𝐻 • → 𝐻2 𝑂2

(2.17)
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Although the rate constant for TCPy removal is higher at pH 9 than pH 5 and 7.5, the
mineralization efficiency of TCPy after one hour of the reaction is lower at pH 9 (Figure 15). This
is likely due to the formation of an oxide layer on the surface of ZVI which inhibits the complete
mineralization of TCPy.
100
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80

60

0.1

% TOC removal

0.15

40
0.05
20

0

0

pH 3

pH 5

pH 7.5

kobs

pH 9

pH 12

% TOC removal

Figure 15: Plot of kobs vs pH and %TOC removal after 2 hours of the reaction at different
pH. Experimental conditions: [TCPy]0 = 50 μM; [PS]0=12.5 mM; [ZVI]= 1.5 g/L; pH =3-12.
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Regression Model Representation
As discussed previously in the effect of parameters on TCPy removal, the removal
efficiency of TCPy in ZVI/PS depends on various parameters. Therefore, RSM with BBD was
applied in this study to evaluate the effects of the independent variables ([PS], [ZVI], and pH) and
to assess the relationships between them on the mineralization of TCPy by ZVI/PS system.
Although the complete removal of TCPy by ZVI/PS was achieved after 25 mins of reaction, only
partial mineralization of TCPy (4.0 – 32.1%) occurred, depending on process parameters as shown
in Table 14 in Appendix A. Thus, mineralization after two hours treatment (up to 81%
mineralization) was chosen as an appropriate measure for evaluating the combined effect of the
selected parameters by RSM.
The experimental design matrix using three factors as independent variables and the
responses based on experimental runs proposed by BBD are summarized in Table 3. DesignExpert Software indicated that the quadratic model is the most applicable model for the
degradation of TCPy by ZVI/PS due to its higher R2 value as well as lower standard deviation
relative to other models. The final predicted model in terms of coded factors can be described by
the following Eq:
Y= 70.5 + 13.875 A - 20.7125 B + 4.2875 C - 6.6 AB + 3.4 AC
(2.18)
2

2

+ 7.625 BC - 37.8875 A - 0.9625 B - 11.6125 C

2

Where Y represents the % mineralization of TCPy at 120 min. A, B, and C are the coded
values of the initial concentration of PS, pH, and the concentration of ZVI, respectively.
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Table 3: The BBD design matrix and experimental results for TCPy degradation by
ZVI/PS.
Independent variables (coded)

TOC removal (%)

Run
PS (mM)

pH

ZVI (g/L)

Exp

Pred

1

0

1

-1

20.30

25.30

2

0

0

0

70.20

70.50

3

0

-1

-1

81.10

81.97

4

0

0

0

70.40

70.50

5

1

0

1

39.80

42.56

6

0

0

0

69.8

70.50

7

1

-1

0

70.60

72.84

8

0

0

0

71.40

70.50

9

0

-1

1

80.30

75.30

10

0

0

0

70.70

70.50

11

0

1

1

50.00

49.12

12

1

1

0

20.10

18.21

13

-1

1

0

5.90

3.66

14

1

0

-1

30.30

27.19

15

-1

0

1

4.90

8.01

16

-1

0

-1

9.00

6.24

17

-1

-1

0

30.0

31.89
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Statistical Analysis (ANOVA)
ANOVA was used to assess the significance of the fitting of the second order quadratic
model for TCPy degradation by ZVI/PS as shown in Table 4. The sufficiency of the model was
confirmed by a model F-value of 92.49 with (Prob > F) less than 0.0001 as presented in Table 4.
As shown in the ANOVA table, A, B, C, AB, BC, A², and C² were determined to be statistically
significant model terms. All the studied factors, [PS], pH, and [ZVI], had a significant influence
on TCPy degradation by ZVI/PS. Moreover, the interaction between PS or ZVI and pH played an
important role in the system for the degradation of TCPy. The coefficient of determination (R2) in
the present study for TCPy mineralization (0.9917) indicates that the fitted polynomial equations
have a significant relationship with the model. The values of predicted R² and adjusted R² (0.8682
and 0.9809, respectively) illustrated a reasonable agreement with less than 0.2 difference which
confirmed the model’s good predictability. Moreover, the model is adequate because the signal to
noise ratio obtained in this study is 26.396, which is significantly greater than the minimum
desirable value of 4.
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Table 4: ANOVA for response surface quadratic model of TCPy mineralization.
Source

Sum of

Degree of

Mean

F-value

P-value

square

freedom

square

Model

12456.41

9

1384.05

92.49

< 0.0001 significant

A

1540.13

1

1540.13

102.92

< 0.0001

B

3423.06

1

3432.06

229.36

< 0.0001

C

147.06

1

147.06

9.83

0.0165

AB

174.24

1

174.24

11.64

0.0113

AC

46.24

1

46.24

3.09

0.1222

C2

232.56

1

232.56

15.54

0.0056

A2

6044.05

1

6044.05

403.91

< 0.0001

B2

3.90

1

3.90

0.2607

0.6254

C2

567.79

1

567.79

37.94

0.0005

Residual

104.75

7

14.96

Residual analysis was used to further validate this model. First, a normal probability plot
of the residuals was generated, which, according to Teh, et al. must approximate a straight line to
be valid; this condition is satisfied 29 as shown in Figure 16. Additionally, the residuals are welldistributed around the mean response, indicating satisfactory random distribution. Second,
predicted responses were plotted against actual responses to confirm good predictability Figure
17.
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Figure 16: Normal probability plot of the residuals in ZVI/PS system.
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Figure 17: Predicted response versus actual response for TCPy mineralization in ZVI/PS
system.
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One Factor Effect on TCPy Mineralization
Based on the quadratic model, the influence of a single factor on the mineralization of
TCPy by ZVI/PS was investigated while all other factors were kept constant at coded value 0, and
the results are shown in Figure 18. Figure 18a indicates that the TCPy degradation efficiency
increases as the concentration of PS increases. However, above a certain PS concentration, the
mineralization of TCPy was decreased as PS concentration increased. A similar trend was
observed with the effect of ZVI concentration on TCPy mineralization (Figure 18b). For instance,
lower mineralization efficiency was observed with both low and high concentrations of ZVI. For
fixed concentration of PS and ZVI, as illustrated in Figure 18c. the TCPy degradation efficiency
decreases by almost 36% as the pH increases from 3 to 12. Hence, the best TCPy mineralization
is found to occur at lower pH. These observations are similar to the finding in the effect of these
parameters on TCPy removal which were discussed previously.
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Figure 18: The influence of single factors on the mineralization of TCPy by ZVI/PS.

Response Surface Plotting for TCPy Mineralization
The following 3D response surface plots with the corresponding contour plots demonstrate
the significant interactions between experimental variables by varying two variables at a fixed
value while keeping the other variable at the center level (0) 30. The 3D plots which were generated
by using the developed quadratic model are presented in Figure 19. These surfaces illustrate that
the interaction between ZVI and pH and between pH and PS have stronger influence on TCPy
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mineralization than the interaction between ZVI and PS. Additionally, pH has greater influence on
TCPy mineralization than ZVI and the highest removal efficiency was observed under acidic
conditions. As PS concentration increased from a low to a moderate value within the experimental
range, the mineralization of TCPy increased; however, higher PS concentration decreased the
mineralization efficiency. At low PS concentration, even under acidic conditions, poor
mineralization of TCPy was observed indicating that the influence of PS on TCPy mineralization
is greater than that of pH.
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40

Figure 19: Response surface graphs of TCPy mineralization by ZVI/PS.

Optimization of the TCPy Mineralization Using Desirability Function
Numerical optimization was carried out using Design-Expert Software to determine the
optimum conditions for the highest mineralization efficiency of TCPy (Figure 20). All parameters
were selected to be within the experimental range while the response was set to maximum. The
optimum conditions that led to maximum TCPy mineralization observed in this study (81.1%)
were determined to be 10.4 mM PS concentration, 1.2 g/L initial ZVI concentration, and an initial
pH of 3.2 with desirability function value of 1.000. To validate the prediction, an additional
experiment was performed in duplicate using the predicted optimal condition. The values of TCPy
mineralization obtained in these experiments were 72% and 79.4% with an average of 75.7%. The

41

obtained experimental values and predicted response values were in close agreement indicating
the validity of this prediction.

Figure 20: Desirability ramp for numerical optimization of the TCPy mineralization.
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The degradation of TCPy by ZVI/PS under the optimum conditions suggested by the RSM
was studied and the results are presented in Figure 21. Complete TCPy removal was achieved after
20 mins of reaction and the TCPy removal exhibited pseudo-first-order kinetics with kobs of 1.254
× 10-1 min-1 (Figure 21).
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Figure 21: TCPy oxidation by ZVI/PS at optimal condition. Inset: Pseudo-First-Order
kinetics of TCPy degradation.
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Conclusion
ZVI is an effective method to activate persulfate for degradation of TCPy in water.
Increasing the concentration of ZVI and PS increases the rate of TCPy removal, however, higher
[PS] or [ZVI] decreased the TCPy oxidation rate. Acidic pH is more favorable toward the TCPy
degradation rate than basic pH. For any particular [PS], [ZVI] and pH the removal of TCPy in
ZVI/PS exhibited a pseudo-first-order kinetics pattern. Process optimization of the experimental
factors ([PS], [ZVI], and pH) was carried out by means of Response Surface Methodology based
on Box-Behnken design with TCPy mineralization after one hour chosen as the response. The
significance of the fit for the second order quadratic model for TCPy mineralization was obtained
by ANOVA yielding coefficient of determination (R2) of 0.9917. The 3D plots show TCPy
mineralization was influenced by the combined effect of ZVI and pH as well as between PS and
pH. To determine the optimum conditions for the system, desirability function was performed and
maximum TCPy mineralization (80.1%) was found at optimum process conditions (10.4 mM PS
concentration, 1.2 g/L initial ZVI concentration, and an initial pH of 3.2). These values were
further validated by performing duplicate experiments and were found to agree with model
predictions. The kinetics of the optimized condition was studied and showed the oxidation of TCPy
at this condition is well fitted to a pseudo-first-order model (R=0.99) with removal rate (kobs) of
1.25 x 10-1min-1.
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CHAPTER THREE: THERMOACTIVATED PERSULFATE OXIDATION
OF 3,5,6-TRICHLORO-2-PYRIDINOL IN AQUATIC SYSTEM
Introduction
Chlorpyrifos (O,O-diethyl-O-3,5,6-trichloro-2-pyridyl phosphorothionate; CP) is a broadspectrum insecticide which has been used for agriculture worldwide since 1965, though its
registration for residential use was discontinued in the United States in the year 2000 3. Although
CP has played an important role in improving agricultural productivity, its excessive use and
persistence have caused many environmental concerns and adverse human health effects. The
World Health Organization (WHO) has identified CP as moderately hazardous to humans. For
instance, many studies have shown adverse effects on fetal development as a result of the exposure
of expectant mothers to CP. Additionally, specific adverse effects (e.g. mental delay, psychomotor
delay, attention disorder attention deficit hyperactivity disorder, and pervasive developmental
disorders) were developed as the result of children’s exposure to CP 7. CP has also exhibited
endocrine-disrupting activity, and some carcinogenicity studies of CP exposure suggested
development of lung cancer and prostate cancer as the result of exposure to CP

5-6

. According to

the United States Environmental Protection Agency (USEPA), there is a significant association
between CP exposure and neurodevelopmental outcomes 7. Once CP is released into the
environment by agricultural application, it is hydrolyzed to its primary product 3,5,6-trichloro-2pyridinol (TCPy). TCPy has been listed as a persistent and mobile pollutant by the USEPA

10

.

Because of the high water solubility of TCPy, its leaching into ground water and surface water has
resulted in widespread contamination in water and soil 11-12, 31.
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In recent years, using persulfate (PS) as an oxidant for in situ chemical oxidation (ISCO)
technology for the removal of organic contamination from soils, sediments, and ground water
has received extensive attention 18, 26. The activation of PS results in producing a strong oxidant
sulfate radical (SO4•−, SR), with a redox potential of (E0 = 2.5-3.1 V, depending on pH). Many
activation methods have been developed to activate PS including heat, microwave, alkaline
conditions, UV, and transition metal ions 17.
𝑆2 𝑂82− + ℎ𝑒𝑎𝑡/𝑢𝑣 → 2𝑆𝑂4•−

(3.1)

𝑆2 𝑂82− + 𝑀𝑒 𝑛+ → 𝑆𝑂42− + 𝑆𝑂4•− + 𝑀𝑒 (𝑛+1)+1

(3.2)

Among the above methods, the use of thermally activated persulfate is considered a
highly effective and clean method and has been increasingly utilized in ISCO processes for the
treatment of hazardous organic pollutant-contaminated water 17-18.
Therefore, this chapter evaluates the removal efficiency of TCPy by means of SR-based
AOPs at the laboratory scale. The primary objective of this study was to investigate the degradation
of TCPy by thermally-activated persulfate, as quantified by HPLC/MS. The influence of
operational parameters such as temperature (T), initial PS concentration, and solution pH on the
degradation kinetics of TCPy was assessed. Response surface modeling (RSM) based Box-Behnken

experimental design (BBD) was used to optimize the degradation process of TCPy by thermallyactivated persulfate.
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Experimental
Chemicals
Neat TCPy, ammonium acetate (C2H7NO2, ≥ 98%), sodium hydrogen carbonate
(NaHCO3, 99.5-100.5%), and N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
(MTBSTFA) with 1% t-BDMCS were purchased from Sigma Aldrich (USA). Sodium persulfate
(Na2S2O8, ≥ 98.0%), sodium phosphate (Na2HPO4), potassium iodide (KI, ≥ 99%), HPLC grade
acetonitrile (CH3CN, >99.9%), sodium sulfate (Na2SO4), formic acid (HCOOH, ≥99.5 %), tertbutyl alcohol (TBA) (C4H10O, > 99%) and chloroform (CHCl3, 99.8%) were purchased from
Fisher Scientific.
Experimental Procedure
These experiments were conducted in 20 mL amber glass vials. An appropriate volume of
the prepared stock solution of TCPy and deionized water (DI) were added together into vials. Vials
were immersed into a thermo-regulated water bath until reaching the working temperature, when
appropriate volumes of the stock solution of PS were then transferred into the vials. To clarify the
effect of temperature (T) on the degradation kinetics of TCPy, experiments at different
temperatures (20 ◦C - 80◦C) were set up. All other experimental parameters were held constant. At
designated time points, samples were removed from the water bath and quenched in an ice bath.
To evaluate the effects of the initial concentration of PS on TCPy degradation, additional
batch experiments were performed with different PS concentrations (2.5 mM – 20 mM) under the
same experimental conditions as described above, but with a single predetermined temperature.
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To study the influence of the initial reaction pH at various pH values (3.0 - 12.0), the initial
pH of the TCPy solution was adjusted by adding small amounts of 0.1 M H2SO4 or 0.1 M NaOH
to the desired value before starting the experiment. To prevent potential side reactions between
SO4•− and other species, buffers were not employed in the present study.
The effect of chloride, phosphate, and sulfate anions on TCPy degradation was assessed
by adding a known amount of the anions to the vials contain TCPy, before the addition of
persulfate. All solutions were prepared daily using deionized water. All experiments were
performed in duplicate.
Analysis
An Agilent 6230 TOF LC-MS with an Agilent Zorbax SB-C18 analytical column was used
for TCPy analysis. An acetonitrile (ACN) and water mixture with a ratio of 60:40 (v ACN:v H2O)
was used as the mobile phase at a flow rate of 1.0 mL/min.
To determine the concentration of persulfate, an ultraviolet-visible light (UV-VIS)
spectrometer (Agilent 8453 UV Visible Spectrophotometer equipped with deuterium (UV) and
tungsten (visible) lamps) was used, following the spectrophotometric method developed by Liang,
et al.21.
A Shimadzu TOC-L Analyzer (Shimadzu Instruments, Kyoto, Japan) was used for
nonpurgeable organic carbon (TOC) analysis. Prior to analysis, samples were acidified to pH 2-3
with sulfuric acid.
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Experimental Design
Design Expert software (10.0.3) was used in this study to perform the experimental design
as well as process the optimization for the system. Response surface methodology (RSM) is an
efficient statistical method useful for describing the relationships and interactions between the
experimental variables in order to specify the optimum conditions of the system. The relationship
between the independent variables and the predicted response is described by a second order
polynomial model:
𝑘

Y = 𝛽0 + ∑ 𝛽𝑖 𝑋𝑖 +
𝑖=1

𝑘

∑ 𝛽𝑖𝑖 𝑋𝑖2
𝑖=1

𝑘

𝑘

+ ∑ ∑ 𝛽𝑖𝑗 𝑋𝑖 𝑋𝑗 + 𝜖

(3.3)

𝑖=1 𝑗=1

The most commonly used designs of RSM are the Box-Behnken design (BBD) and the
central composite design (CCD). The few required experiments, less time, and lower costs to build
the model equation by using BBD compared to CCD make the former more favorable. Therefore,
in this study, BBD and RSM were applied for the optimization of the experimental parameters and
to evaluate the relationships between them. The independent variables (T, PS concentration, and
pH) were set at three different levels; their ranges and their coded levels are given in Table 5.
Analysis of variance (ANOVA) was used to statically evaluate the significance of the
experimental parameters and the fit between the experimental data and the model.
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Table 5: Experimental ranges and levels of the independent test variables.
Coded variable level
Variables

Persulfate (PS)
pH
Temperature

Unit
-1

0

1

mM

2

11

20

-

3

6.5

10

°C

40

60

80

Results and Discussion
Parameter Effects on TCPy Removal
Effect of temperature
The oxidation efficiency of organic contaminants is strongly affected by the applied
temperature. Higher temperature provides more activation energy to cleave the peroxide bond of
PS molecules, which results in generating more SRs (Eq 3.1). The high temperature also
thermodynamically promotes the chemical reactions between reactive species and contaminants.
Therefore, the enhancement of the degradation of environmental contaminants was observed with
high temperature 17.
The oxidation of normalized TCPy concentration over time in a thermally-activated PS
system with various temperature (20 °C - 80 °C) is presented in Figure 22. For the range of the
applied temperature, the degradation of TCPy was significantly faster with higher temperature up
to 80 °C. At 20 °C, only 0.02% TCPy degradation was observed after 6 hours of reaction. As
temperature increased from 40 °C to 80 °C, the removal efficiency of TCPy increased from 2% to
50

100% after 7 mins of the reaction. Complete TCPy removal was achieved after 120 min, 60 min,
and 15 min at 50 °C, 60 °C and 70 °C, respectively, while partial removal of TCPy (79%) was
observed at 40 °C after 6 hours of the reaction (Figure 23).

Figure 22: Influence of temperature on TCPy oxidation by heat activated persulfate.
Experimental conditions: [TCPy]0 = 50 μM; [PS]0=10 mM; pH = 7
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Figure 23: Extended oxidation time of TCPy at 20 °C, 40°C, and 50°C.
The normalized rate constants of TCPy removal at different temperature are presented in
Figure 24. At all the applied temperatures except of 20 °C, TCPy removal exhibited pseudo-firstorder kinetics. Therefore, the overall rate law for the oxidation of TCPy can be described by
following equation
−

𝑑[𝑇𝐶𝑃𝑦]
= 𝑘 [𝑃𝑆][𝑇𝐶𝑃𝑦]0 = 𝑘𝑜𝑏𝑠 [𝑇𝐶𝑃𝑦]
𝑑𝑡

(3.4)

Increasing the temperature from 40 °C to 80 °C increased the rate constant (kobs) of TCPy
removal from 4.5 × 10-2 min-1 to 3.0 ×10-1 min-1. The observed values of rate constants and the
calculated half-lives (t1/2) are presented in Table 6. As shown in this table, the half-lives of TCPy
oxidation in thermally activated PS decreased from 91.2 min to 3.78 min as the temperature
increased from 50 °C to 70 °C. Further incrementing the temperature to 80 °C significantly
decreased the half-life to 1.5 min.
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Figure 24: Pseudo-First-Order kinetics of TCPy degradation by heat activated PS at
different temperatures.

Table 6: Comparison of TCPy degradation as a function of temperatures.
kobs (min-1)

t1/2 (min)

R2

50

7.6 × 10-3

91.18

0.94

60

3.47 × 10-2

19.97

0.98

70

1.83 × 10-1

3.79

0.99

80

4.34 × 10-1

1.60

0.98

Temp (°C)
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The temperature-dependence of kobs was further evaluated by the Arrhenius equation:
ln 𝑘𝑜𝑏𝑠 = ln 𝐴 −

𝐸𝑎
𝑅𝑇

(3.5)

Where A is the pre-exponential factor, Ea is the apparent activation energy, R is the
universal gas constant (8.314 J mol-1 K-1), and T is the absolute temperature. The slope of the linear
plot of ln (kobs) vs. (1/T) (R2 > 0.99) showed activation energy of 128 ± 0.6 kJ mol-1 (Figure 25).
0
-1
y = -15472x + 43.135
R² = 0.9931

ln kobs (min-1)

-2
-3
-4
-5
-6
-7
0.0028

0.00285

0.0029

0.00295

0.003

0.00305

0.0031

0.00315

1/T (°K-1)

Figure 25: The Arrhenius plot for TCPy degradation.
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0.0032

0.00325

Effects of PS concentration
The concentration of PS is another essential factor since it is the source of SRs. High PS
dosage can enhance contaminant oxidation due to the higher amount of radicals produced. The
effect of initial PS concentration on the oxidation of TCPy in a heat-activated PS system is
presented in Figure 26. As shown in this figure, the degradation efficiency of TCPy increased with
increasing concentration of PS. In the absence of PS, no oxidation of TCPy was observed.
However, with the highest applied PS dosage (20 mM) TCPy was successfully oxidized after 12
min of reaction. Increasing the PS dose reduced the reaction time, and complete TCPy removal
was achieved within 20, 15, and 12 mins, as the concentration of PS increased from 5, to 10, to 20
mM, respectively. This can be attributed to the higher amount of radicals produced as a result of
higher concentrations of PS, which in turn oxidized more TCPy.

Figure 26: Effect of PS concentration on TCPy degradation by heat activated PS.
Experimental conditions: [TCPy]0 = 50 μM; T= 70 °C; pH = 7
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The normalized rate constants of TCPy removal at different concentrations of PS are
presented in Figure 27. For any specific concentration of PS in the thermally-activated PS system,
TCPy removal exhibited pseudo-first-order kinetics (R2 > 0.98 ± 0.04). Increasing the
concentration of PS from 2.5 mM to 20 mM increased the value of the observed rate constant (kobs)
of TCPy removal from 4.1 × 10-2 min-1 to 4.2 ×10-1 min-1. The calculated half-life of TCPy removal
clearly indicates the enhancement of TCPy removal with increasing PS concentration ( Table 7)
as the t1/2 value decreased from 16.5 to less than 2 min by increasing the PS concentration from
2.5 to 20 mM. The plot of kobs vs the different initial concentrations of PS showed a good linear
relationship indicating that the oxidation of TCPy in a heat-activated system is proportional to PS
dosage (Figure 28 ).

Figure 27: Rate constants of TCPy removal at different concentrations of PS in thermally
activated PS system.
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Table 7: Variation of pseudo-first-order rate constant as a function of initial PS
concentrations for TCPy degradation by heat-activated PS oxidation. Experimental
conditions: [TCPy]0 = 50 μM; [PS]0 = 10 mM; T= 70 °C
[PS]0 (Mm)

kobs (min-1)

R2

t 1/2 (min)

2.5

2.1 × 10-2

0.98

16.6

5

1.038 × 10-1

0.98

6.7

7.5

1.522 × 10-1

0.97

4.6

10

1.847 × 10-1

0.99

3.8

15

3.465 × 10-1

0.98

2.0

20

4.202 × 10-1

0.98

1.6

Figure 28: Plot of kobs vs PS concentration in heat activated PS system.
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Although TCPy was completely removed by 15 mM and 20 mM PS by the same time point,
the rate constant of TCPy removal is higher at 20 mM PS (Figure 26). Similarly, 10 mM PS
exhibits a higher removal rate of TCPy than 7.5 mM PS, although both were able to completely
oxidize the TCPy after 15 min of reaction. This is likely due to the generation of more SRs with
increasing PS dosage. As presented in Figure 29, the consumption of PS increased with increasing
PS concentration. At 20 mM PS, up to 18.5% of the initial PS concentration was consumed within
12 min while 6.4% was consumed with the lowest initial concentration of PS ([PS]0 = 2.5 mM) in
the same time. The reaction stoichiometric efficiency (RSE), was evaluated when TCPy was
completely removed at the different PS concentration. As shown in Figure 30, the RSE of the
system decreased when increasing PS concentration from 5 mM to 10 mM. However, further
increment of PS concentration to 15 mM and 20 mM enhanced the calculated RSE to 22.5% and
37.1%, respectively.
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Figure 29: PS consumption during the reaction with different PS concentrating in heat
activated PS system.

Figure 30: Reaction stoichiometric efficiencies during the TCPy degradation with different
concentration of PS in heat activated PS system.
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Effect of pH
Solution pH is an important factor which may significantly influence the degradation of
pollutants as well as the formation of radicals 26. Changing the solution media results in changing
of the dominant oxidizing species. For example, it was reported that SRs are the primary reactive
species in acidic condition, both SRs and HRs are present in natural pH systems, while in basic
conditions all SRs are converted into HRs (Eq 3.6 and 3.7) 26.
𝑆𝑂4•− + 𝐻2 𝑂 → 𝑆𝑂42− + 𝑂𝐻 • + 𝐻 +

(3.6)

𝑆𝑂4•− + 𝑂𝐻 − → 𝑆𝑂42− + 𝑂𝐻 •

(3.7)

The change in normalized TCPy concentration over time at various initial solution pH
values in the range of 3.0–12.0 is presented in Figure 31. As the solution pH increased from 3 to
10, the removal efficiency of TCPy increased. In basic conditions (pH =10) the oxidation of TCPy
resulted in higher removal efficiency compared to that of acidic conditions (pH= 3). TCPy was
successfully removed after 15 minutes at all solution pH values except pH 10, in which complete
TCPy removal was achieved after 10 minutes. The results indicate that, with heat-activated PS,
basic conditions are more favorable for TCPy oxidation than acidic conditions. Increasing the
removal efficiency by increasing the solution pH is likely due to the increased presence of HRs at
such pH, which have a higher redox potential than SRs. Additionally, in alkaline conditions the
reactivity of SRs increases, and base-activated PS is used to successfully oxidize TCPy. In order
to identify the predominant radical species responsible for TCPy oxidation at pH 10, additional
experiments were performed by spiking the solution with two types of alcohol (ethanol [EtOH]
and tert-butyl alcohol [TBA]). In each experiment, the alcohol was in great excess relative to PS
and TCPy to ensure inhibition of the radicals.
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In SR-AOPs, using alcohol such as EtOH and TBA as radical scavengers is common.
EtOH with its α-H is known to scavenge sulfate radicals with a rate constant of 1.6-7.7× 107 M-1
s-1 and hydroxyl radicals with a rate constant of 1.2-2.8 × 109 M-1 s-1

27

Conversely, TBA is an

active reactant with hydroxyl radicals with a rate constant of 3.8-7.6 ×108 M-1 s-1, which is higher
than that with sulfate radicals (4.0-9.1 × 105 M-1 s-1). Therefore, both EtOH and TBA were used
to explore the involvement of the radical species in TCPy oxidation at pH 10.
As shown in Figure 32, in the quencher-free system complete removal of TCPy was
achieved within 10 minutes, while treatment with either EtOH or TBA resulted in poor degradation
efficiencies of 4.8% and 30.1%, respectively. In the TBA system, HRs were scavenged while SRs
were responsible for TCPy degradation. However, both radicals (HR and SR) were scavenged in
the EtOH system which results in the poor degradation efficiency. These results indicate that HR
is the predominant species at pH 10 in the heat-activated PS system that oxidizes TCPy.
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Figure 31: Oxidation of TCPy by heat activated PS at different pH. Experimental
conditions: [TCPy]0 = 50 μM; T= 70 °C; [PS] = 10 mM

Figure 32: TCPy degradation in the absence and in the presence of radical scavengers at
pH 10 in heat activated PS system.
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Although at each solution pH from 3 to 8, TCPy was completely oxidized after 15 minutes,
their degradation rates were slightly different. The normalized rate constants of TCPy removal at
different solution pH (Figure 33) showed that TCPy removal exhibited pseudo-first-order kinetics
(R2 > 0.96 ± 0.03) at any applied pH value. As the solution pH increased from 3 to 10 the
corresponding rate constant (kobs) increased from 1× 10-1 min-1 to 3.1 × 10-1 min-1. However, as the
solution pH further increased to 11 or 12, the kobs decreased to 2.5 × 10-1 and 2.4 × 10-1,
respectively, which is likely due to the side reaction of HR with HR resulting in radical losses as
described by Eq 3.8.
𝑂𝐻 • + 𝑂𝐻 • → 𝐻2 𝑂2

(3.8)

Figure 33: Pseudo-First-Order kinetics of TCPy degradation in heat activated PS system at
different pH.
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Regression Model Representation
The mineralization of TCPy by heat activated PS after 30 minutes treatment was chosen as
an appropriate measure for assessing the combined effect of the selected parameters in this study
by RSM. The experimental design matrix using the three factors (T, [PS], and solution pH) each
on three levels and the responses (TCPy mineralization) based on experimental runs proposed by
BBD are presented in Table 8. According to the Design Expert software, the quadratic model is
suggested to be the most applicable model for the degradation of TCPy by heat-activated PS due
to its higher correlation coefficient (R2) value as well as lower standard deviation relative to other
models. The final predicted model in terms of coded parameters is described by the following Eq:
Y = 77.18 + 13.45 A + 16.96 B + 20.76 C - 5.83 AB + 4.63 AC (3.9)
6.90 BC - 19.27 A2 -11.59 B2 +2.46 C2
Where Y represents the % mineralization of TCPy at 30 min. A, B, and C are the coded
values of the initial concentration of PS, pH, and the concentration of T, respectively.
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Table 8: The BBD design matrix and experimental results for TCPy degradation by heat
activated PS.
Independent variables (coded)

TOC removal (%)

Run
PS (mM)

pH

Exp.

Pred.

1

0

-1

-1

22.3

25.30

2

1

1

0

69

70.50

3

-1

0

-1

30

81.97

4

-1

1

0

51

70.50

5

0

0

0

76.6

42.56

6

1

0

-1

44.9

70.50

7

0

0

0

75

72.84

8

-1

0

1

66.6

70.50

9

0

0

0

76.4

75.30

10

1

-1

0

53.3

70.50

11

0

1

-1

76.6

49.12

12

0

0

0

83.2

18.21

13

0

0

0

74.7

3.66

14

-1

-1

0

12

27.19

15

0

-1

1

73.3

8.01

16

0

0

1

100

6.24

17

1

1

1

100

31.89

T (°C)
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Statistical Analysis (ANOVA)
The statistical significance and the adequacy of the BBD model was evaluated by ANOVA
and the results are presented in Table 9. As shown in this table, the model exhibited F-value of
40.93, indicating the model is significant. Coefficients having p-values less than 0.05 imply
significance of that term. Therefore, in this study A, B, C, BC, A² and B2 are statistically significant
model terms with p-values less than 0.0001. The obtained correlation coefficient of 0.98 indicates
good agreement between the experimental data and the model. The obtained adequate precision
(Adeq Precision) ratio of the model is 22.478 which is greater than the minimum value of 4
necessary to confirm that the model is adequate.
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Table 9: ANOVA for response surface quadratic model of TCPy mineralization in heat
activated PS system.
Source

Sum of
Squares

df

Mean
Square

F-value

p-value

Model

9845.20

9

1093.91

40.93

A-PS

1447.22

1

1447.22

54.15

0.0002

B-pH

2301.81

1

2301.81

86.12

< 0.0001

C-T

3448.65

1

3448.65

129.03

< 0.0001

AB

135.72

1

135.72

5.08

0.0589

AC

85.56

1

85.56

3.20

0.1167

BC

190.44

1

190.44

7.13

0.0320

A²

1562.70

1

1562.70

58.47

0.0001

B²

565.59

1

565.59

21.16

0.0025

C²

25.48

1

25.48

0.9534

0.3614

Residual

187.09

7

26.73

R²
Adjusted R²
Predicted R²
Adeq Precision

0.9814
0.9574
0.7708
22.4778

Std. Dev.

5.17

Mean

63.82

C.V. %

8.10
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< 0.0001 significant

To further validate this model, residual analysis was used in this study including a normal
probability plot and the plot of predicted responses versus actual responses. The normal probability
plot of the residuals showed approximately a straight line which means this condition is satisfied,
according to Teh, et al.

29

( Figure 34) The plot of predicted responses against actual responses

showed that the residuals are well-distributed around the mean response, which confirmed good
predictability (Figure 35).

Figure 34: Normal probability plot of the residuals in heat activated PS system.
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Predicted vs. Actual

Design-Expert® Software
Trial Version

100

R1
80
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Figure 35: Predicted response versus actual response for TCPy mineralization in heat
activated PS system.

One Factor Effect on TCPy Mineralization
The effect of one factor on TCPy mineralization by heat activated persulfate while keeping
all other factors constant is established based on the quadratic model. The influence of persulfate
concentration on the mineralization efficiency of TCPy at 70 °C and pH 7 is presented in Figure
36. Increasing the persulfate concentration up to 15 mM enhanced the efficiency of TCPy
mineralization. However, further increasing persulfate concentration reduced the mineralization
efficiency. While 90% of TCPy was predicted to be mineralized at an initial persulfate
concentration of 15 mM, 85% of TCPy was mineralized with a higher persulfate concentration (20
mM). In the heat-activated persulfate system, PS is the source for producing sulfate radicals.
Therefore, increasing the concentration of PS enhanced the mineralization efficiency. However,
as the concentration of PS increased, more sulfate radicals are produced in the system causing
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radical loss due to side reactions between the radicals and persulfate as well as between two
radicals (Eqs 3.10 and 3.11).
𝑆𝑂4•− + 𝑆2 𝑂82− → 𝑆𝑂42− + 𝑆2 𝑂8•−

(3.10)

𝑆𝑂4•− + 𝑆𝑂4•− → 𝑆2 𝑂82−

(3.11)

Figure 36: Effect of persulfate concentration on TCPy mineralization.

The influence of temperature on TCPy mineralization in the heat-activated persulfate
system at constant PS concentration (11 mM) and at constant pH 7 is illustrated in Figure 37. As
shown in this figure, enhancement of TCPy mineralization was observed with increasing
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temperature. At higher temperatures, more sulfate radicals are produced which oxidize more TCPy
compared to lower temperatures. This result indicated that the mineralization of TCPy
is proportionally associated with increasing applied temperature.

Figure 37: Effect of temperature on TCPy mineralization.

The influence of pH on TCPy mineralization in the heat-activated persulfate system at 70
°C with an initial persulfate concentration of 11 mM is shown in Figure 38. As the solution pH
was increased from low (3) to high (8), the TCPy mineralization efficiency was increased;
however, higher solution pH (8-9) plateau the mineralization of TCPy. At pH > 9 the
mineralization was slightly decreased. In this case, where the temperature and the concentration
of PS were kept constant, the presence of different reactive species as the solution pH changed
influenced the TCPy mineralization. The identification of the reactive species (sulfate radicals and
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hydroxyl radicals) produced by thermally-activated persulfate at different pH levels was
investigated by Liang, C. & Su, H. W. 27. The results of that study demonstrated the presence of
sulfate radicals at pH ˂ 7, both radicals are present at pH 9, while hydroxyl radical is present at
higher pH (e.g., pH 12). The presence of hydroxyl radicals at higher solution pH enhanced the
mineralization efficiency of TCPy due to its higher redox potential compared to sulfate radicals.
The presence of an excessive amount of hydroxyl radicals at more basic pH reduces the
mineralization efficiency of TCPy due to radical-radical reactions which result in radical loss (Eq
3.8).

Figure 38: Effect of solution pH on TCPy mineralization.
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Response Surface Plotting for TCPy Mineralization
A set of 3D response surface plots with their corresponding contour plots were generated
by using the developed second-order polynomial model (Eq 3.4) to demonstrate the significant
interactions between experimental variables by varying two parameters at a fixed value while
keeping the other parameter at constant level 30.
Figure 39 demonstrates the significant interaction between [PS] (A) and temperature (C)
for TCPy mineralization at constant pH (pH = 7). The interaction between [PS] and T showed that
the mineralization efficiency of TCPy increased with increasing T and a higher mineralization
efficiency was achieved with higher T at any specific concentration of PS. For example, at 40 °C,
the mineralization efficiency of TCPy was 37.6% at [PS] of 2.5 mM. However, increasing the T
to 80 °C led to 68.4% TCPy mineralization at the same concentration of PS. On the other hand, at
40 °C, the predicted response of TCPy mineralization increased slightly from 37.6% to 62.9%
when the PS concentration increased from 2.5 to 15 mM. However, further increment of [PS] to
20 mM decreased the mineralization efficiency of TCPy to 51.7%. Similarly, at 80 °C, increasing
the [PS] up to 15 mM improved the TCPy mineralization, however, further increasing PS
concentration to 20 mM lowered the mineralization efficiency. This observation can be explained
by the fact that higher concentrations of PS generate more SRs which could be scavenged by SR
itself or by PS (Eq 3.10 and 3.11) 23-24.
Although 20 mM PS successfully removed TCPy with the highest rate of reaction, this
concentration is not as effective for complete TCPy mineralization.
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Figure 39: 3D-surface effect plots showing the effect of PS and temperature
The 3D response surface plot in Figure 40 shows the combined effects of pH and PS
concentration at constant T (T= 70 °C). Increasing pH and the concentration of PS improved the
mineralization efficiency of TCPy, however, above certain levels of PS concentration ([PS] > 14.3
mM), the mineralization efficiency decreased even at higher pH. For instance, at constant PS
concentration ([PS]=2.5 mM), 26% of TCPy was mineralized at pH 3. However, the TCPy
mineralization increased to 63% as the solution pH was increased to 10. This is likely due to the
presence of more hydroxyl radicals at basic pH, which have a higher redox potential than sulfate
radicals thus enhancing the mineralization efficiency of TCPy.
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On the other hand, at constant pH (pH=10), as the PS concentration increased from 2.5 mM
to 14.3 mM, the mineralization efficiency of TCPy increased from 63 % to 91.8 %, However,
further increasing the PS concentration to 20 mM decreased TCPy mineralization to 81.6 %. This
is likely due to the generation of more sulfate radicals at higher PS concentrations, which leads to
radical quenching (Eq 3.10 and 3.11).

Figure 40: 3D-surface effect plots showing the effect of pH and persulfate.

The 3-D plot of the combined effects of temperature and solution pH at constant PS
concentration ([PS]= 11 mM) is shown in Figure 41. At any specific solution pH, increasing the T
from 40 °C to 80 °C increased the oxidization efficiency of TCPy. For instance, at pH 3 as T was
increased from 40 °C to 80 °C, the mineralization efficiency increased from 24.1% to 79.3%.
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Similarly, at pH 10, the TCPy oxidation efficiency increased from 71.1% to 98.8 % by increasing
the applied T from 40 °C to 80 °C. On the other hand, at lower T (T=40 °C), increasing the solution
pH enhanced the oxidation of TCPy. At all applied T (40 °C – 80 °C), the highest mineralization
efficiency was observed around pH 8.3. However, increasing the solution pH to 10 decreased the
mineralization efficiency. This trend can be attributed to the presence of more hydroxyl radicals
at pH 10, which could be quenched by other hydroxyl radicals thus lowering the mineralization
efficiency (Eq 3.8).

Figure 41: 3D-surface effect plots showing the effect of temperature and pH.
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Optimization of the Removal Efficiency Using Desirability Function
The desirability function is a technique that has been widely used in industry since 1980 to
simultaneously determine the optimum performance levels of input variables for multiple
responses. The ideal case of this function is that the whole response desirability value (D), which
can be obtained from Eq 3.12, as well as all individual response desirability values (di) are equal
to 1 32.
𝑛

𝐷 = ( 𝑑1 × 𝑑2 × 𝑑3 ×. . . . . . . . .× 𝑑𝑖 ) 1⁄𝑛 = (∏𝑑𝑖 )

(3.12)

𝑖=1

That is, when all responses achieve the target, the overall desirability is 1.
Numerical optimization was used in order to determine the optimum conditions for
maximum mineralization of TCPy. In the Design Expert software, all parameters (T, [PS]0, and
pH) were selected to be within the experimental range, while the response (percent TCPy
mineralized) was set to the target of 100. Figure 42 represents a desirability ramp for numerical
optimization of the system. Using the desirability function, the optimal operating conditions for
the maximum TCPy mineralization were found to be a temperature of 77.1 °C, an initial PS
concentration of 12.2 mM, and pH of 9.1, with the overall desirability of 1.000. Under these
conditions, TCPy was predicted to be completely mineralized. To validate the prediction, an
additional experiment was performed in triplicate using the predicted optimal conditions. The
mean value of TCPy mineralization obtained in this experiment was 95+/-5%. The close agreement
between the obtained experimental values and the predicted response indicate the validity of this
prediction.
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Figure 42: Desirability ramp for numerical optimization of the TCPy mineralization in
heat activated PS system.

Desirability = 1.000
Solution 11 out of 100

The degradation of TCPy by thermally activated PS under the optimum conditions
suggested by RSM was studied and the results are presented in Figure 43. Complete TCPy removal
was achieved after seven minutes of reaction and the TCPy removal exhibited pseudo-first-order
kinetics with kobs of 4.7 × 10-1 min-1 (Figure 44).
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Figure 43: TCPy oxidation by heat activated PS at optimal condition.
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Figure 44: Pseudo-First-Order kinetics of TCPy degradation at optimum condition in heat
activated PS system.
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Effect of Inorganic Ions on TCPy Degradation
Effect of chloride ion
It has been found that the chloride ion has a dual function in the degradation of OCs using
SR-based AOPs. The effect of Cl- on the degradation efficiency is pH- and concentrationdependent. Several studies have shown that the presence of Cl- results in poor removal efficiency
due to the reaction of SR with Cl- which forms radicals such as Cl• and Cl2•-, which are less reactive
toward OCs than SR. On the other hand, PS may react with Cl- generating active chlorine species
(HOCl /Cl2) which may increase the oxidation capacity with respect to organic compounds 33.
Figure 45 presents the results of the oxidation of TCPy by using a heat-activated system in
the presence and absence of Cl-. The addition of 0.1- 10 mM Cl- showed no effect on TCPy
oxidation. As we found in this study, both SR and HR are present in the solution. The reaction of
SR with Cl- results in the formation of less reactive species (Cl•) which could further react with
Cl- forming Cl2•- (Eq 3.13 and 3.14). The reaction of chloride radicals (Cl• and Cl2•-) with water
leads to the formation of HOCl-• which subsequently undergoes rapid decomposition to give HR
and Cl- (Eqs 3.15 and 3.16). Also, reaction of Cl• with water leads to the formation of H2OCl• (Eq
3.18) which can be deprotonated to HOCl-• (the pKa for H2OCl• is 5.1). Since the reverse reaction
of Eq 3.17 (k= 4.3 x 109 M-1 s-1) is suppressed by the fast forward reaction (k = 6.1 x 109 s-1), the
reaction of chloride anion with HR can be neglected

34-35

. This could explain our observation of

the effect of Cl- on TCPy degradation.
𝑆𝑂4•− + 𝐶𝑙 − → 𝑆𝑂42− + 𝐶𝑙 •

(3.13)

𝐶𝑙 • + 𝐶𝑙 − → 𝐶𝑙2•−

(3.14)
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𝐶𝑙 • + 𝐻2 𝑂 → 𝐻𝑂𝐶𝑙 •− + 𝐻 +

(3.15)

𝐶𝑙2•− + 𝐻2 𝑂 → 𝐻𝑂𝐶𝑙 •− + 𝐻2 + 𝐶𝑙 −

(3.16)

𝐻𝑂𝐶𝑙 •− ↔ 𝑂𝐻 • + 𝐶𝑙 −

(3.17)

𝐶𝑙 • + 𝐻2 𝑂 → (𝐻𝑂𝐶𝑙𝐻)•

(3.18)
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Figure 45: TCPy degradation using heat activated PS oxidation under different chloride
concentrations.
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Figure 46: Pseudo-first-order rate constants TCPy degradation using heat activated PS
oxidation under different chloride concentrations.

Effect of phosphate
The effect of the phosphate ([PO43−]0 = 0.1- 10 μM) on TCPy oxidation was also
investigated. Varying the concentration of phosphate up to 10 μM showed no effect on TCPy
degradation and in all systems TCPy was completely removed after 10 minutes. As presented in
Figure 47, the reaction followed pseudo-first-order kinetics with respect to TCPy for any specific
PO43− dosage (R2 > 0.96). The corresponding kobs for TCPy removal is presented in Figure 48.
Under the experimental conditions, both SR and HR are present in the solution. The reaction of
these radicals with PO43− and HPO42− may produce less reactive species (PO4•2− and HPO4•2−) (Eq
3.19 -3.23).
𝑆𝑂4•− + 𝐻𝑃𝑂42− → 𝑆𝑂42− + 𝐻𝑃𝑂4•−

k= 1.2 x 106 M-1 s-1
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(3.19)

𝑂𝐻 • + 𝐻𝑃𝑂42− → 𝑂𝐻 − + 𝐻𝑃𝑂4•−

k= 1.5 x 105 M-1 s-1

(3.20)

𝑆𝑂4•− + 𝑃𝑂43− → 𝑆𝑂42− + 𝑃𝑂4•2−

(3.21)

𝑂𝐻 • + 𝑃𝑂43− → 𝑂𝐻 − + 𝑃𝑂4•2−

(3.22)

𝐻𝑃𝑂4•− → 𝐻 + + 𝑃𝑂4•−

pKa of 8.9 ± 0.1

(3.23)

However, the slow kinetics of SR and HR reaction with phosphate species (Eq 3.19 and
3.20) compared to the fast kinetics between SR and OCs (k ∼1.0 × 109 M-1 s-1) make the
scavenging reactions of SR and HR by phosphate species negligible 36. Therefore, the presence of
PO43− and HPO42− is not worthy of consideration.
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Figure 47: TCPy degradation using heat activated PS oxidation under different phosphate
concentrations.
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Figure 48: Pseudo-first-order rate constants TCPy degradation using heat activated PS
oxidation under different phosphate concentrations.

Effect of sulfate
The effect of the presence of SO42− (0.1-10 mM) on TCPy oxidation was investigated
(Figure 49). The oxidation of TCPy was not affected by SO42− . The normalized plots of [TCPy]
vs time in the absence and presence of SO42− almost overlap. The kobs of TCPy removal with and
without the addition of SO42− showed close values (Figure 50). Since SO42− didn’t react with SRs,
the TCPy oxidation was not affected by the presence of SO42−. This observation is in accordance
with other studies 36-38.
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Figure 49: TCPy degradation using heat activated PS oxidation under different sulphate
concentrations.
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Figure 50: Pseudo-first-order rate constants TCPy degradation using heat activated PS
oxidation under different sulfate concentrations.
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Conclusion
Thermally-activated persulfate is an effective method for degradation of TCPy in water.
Increasing the temperature and the concentration of PS increases the rate of TCPy removal. Basic
pH is more favorable toward the TCPy degradation rate than acidic pH. TCPy degradation in heatactivated persulfate exhibited a pseudo-first-order kinetics pattern as a function of T, [PS], and pH.
Box-Behnken design and Response Surface Methodology were used to optimize the
experimental factors (T, [PS], and pH). The desirability function was calculated to determine the
optimum conditions for the system at maximum TCPy mineralization (100%). The optimum
process conditions were found to be (T= 77.1 °C, 12.2 mM PS concentration, and an initial pH of
9.2). The values of predicted optimum conditions were further validated by performing triplicate
experiments and the results agree with model predictions. The kinetics of the optimized conditions
were investigated and showed that the oxidation of TCPy under these conditions is well fitted to a
pseudo-first-order model (R=0.98) with removal rate (kobs) of 4.7 x 10-1 min-1. The presence of
chloride, phosphate and sulfate showed no effect on the oxidation of TCPy in thermally-activated
PS. Therefore, the interference of these anions on TCPy degradation could be negligible.
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CHAPTER FOUR: EXPERIMENTAL INVESTIGATION OF REACTION
ORDERS OF 3,5,6-TRICHLORO-2-PYRIDINOL UNDER THERMALLY
ACTIVATED PERSULFATE
Introduction
Chlorpyrifos (CP), which is a broad-spectrum organophosphorous insecticide, has received
great attention because of its potential environmental and health effects. The extensive use of CP
as an insecticide causes widespread contamination of soil and water around the application site.
The hydrolysis of CP results in the formation of 3,5,6-trichloro-2-pyridinol (TCPy) as its primary
byproduct. The EPA identified TCPy as a persistent pollutant which has been detected in the places
where CP was applied, and the higher water solubility of TCPy compared to CP results in more
contamination of surface water and ground water.
In situ chemical oxidation (ISCO) is an effective remediation technology for the
degradation of organic contaminants. There are many oxidants that are commonly used for ISCO
including hydrogen peroxide, permanganate, ozone, and persulfate. Among them, persulfate has
gained great attention as an effective and persistent oxidant.
Previous chapters indicated that heat-activated persulfate effectively degrades TCPy and
the results indicated that the oxidation of TCPy in the presence of thermally-activated PS followed
a pseudo-first-order kinetic model. However, to effectively apply ISCO in the field for soil and
groundwater remediation, knowledge of reaction kinetics would be useful. Therefore, this chapter
provides comprehensive investigations of the kinetic behavior of persulfate oxidation of TCPy in
a heat-activated PS system. Kinetic parameters such as reaction order and rate constants were
investigated.
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Experimental
Chemicals
Neat TCPy, and ammonium acetate (C2H7NO2, ≥ 98%) were purchased from Sigma
Aldrich (USA). Sodium persulfate (Na2S2O8, ≥ 98.0%) and the HPLC grade solvents
acetonitrile (CH3CN, >99.9%) and formic acid (HCOOH, ≥99.5 %) were purchased from Fisher
Scientific.
Experimental Procedure
These experiments were conducted in 20 mL amber glass vials. Appropriate volumes of
the prepared stock solution of TCPy and deionized water (DI) were added together into vials. Vials
were immersed into a thermo-regulated water bath until reaching the working temperature. Then,
appropriate volumes of the stock solution of PS were transferred into the vials to achieve a
predetermined TCPy to PS ratio. All experiments were conducted at 70 °C. At designated time
points, samples were removed from the water bath and quenched in an ice bath.
Analysis
Analysis of the TCPy was performed on an Agilent 6230 TOF LC-MS with an Agilent
Zorbax SB-C18 analytical column. A mixture of acetonitrile (ACN) and water was used as the
mobile phase at an ACN:H2O ratio of 60:40 (v:v) and a flow rate of 1.0 mL/min.
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Results and Discussion
Reaction Order and Kinetics
The chemical reaction rate of the reaction: xA + yB → products under constant
temperature is defined as:
𝑟=−

𝑑𝐴
= 𝑘 [𝐴]𝛼 [𝐵]𝛽
𝑑𝑡

(4.1)

Based on the degradation of TCPy in the thermally-activated PS system, the reaction rate
law of PS oxidation of TCPy may be related to the PS concentration and TCPy concentration as
follow:
r = −

𝑑[𝑇𝐶𝑃𝑦]
= k [TCPy]𝛼 [PS]β
𝑑𝑡

where 𝑟 = −

𝑑[𝑇𝐶𝑃𝑦]
𝑑𝑡

(4.2)

is the rate equation for TCPy degradation; k is the overall reaction

rate constant; α and β are the reaction orders of TCPy and PS, respectively. In order to investigate
the reaction orders, experiments were performed with an excess amount of the oxidant (PS) to
ensure that the concentration of PS remains almost constant (i.e. [PS]0 ⋙ [TCPy]0) during the
reaction. Therefore, the kinetic equation (Eq 4.2) can be simplified as follows:
𝑟= −

𝑑[𝑇𝐶𝑃𝑦]
= 𝑘𝑎 [𝑇𝐶𝑃𝑦]𝛼
𝑑𝑡

(4.3)

where ka = k[PS]β.
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Effect of TCPy concentration under fixed PS concentration
In order to investigate the reaction order of TCPy (α), experiments were conducted by
fixing [PS]0 to 11 mM while varying [TCPy]0 from 0.1 to 0.8 mM to ensure the molar ratio of the
oxidant to the contaminant ([PS]0/[ TCPy]0) is greater than 10 as recommended by Espenson where
one of the reactants remains essentially unchanged 39. Collecting the experimental data points at
the beginning of the reaction is an efficient way that is also recommended by Espenson to obtain
an accurate kinetics study 39. This is beneficial to minimize the side reaction between the oxidative
species and the byproducts. Additionally, the method of half-lives based on the time required for
the initial concentration of the reactant to be reduced to half its initial concentration, is also
employed.
This method was successfully used to determine the reaction order of the degradation of
ibuprofen and trichloroethylene by a heat-activated PS system

40,41

. Therefore, in this study the

data points were collected in the early stage of the reaction with [PS]0/[TCPy]0 molar ratios from
110 down to 13.75. Table 10 summarizes the experimental matrix for TCPy oxidation by heatactivated PS undertaken at 70 °C and pH 7.0.
The normalized TCPy concentrations during the reaction are presented in Figure 51. A
polynomial regression analysis was used for all experimental data analysis. As shown in Figure 51
the results exhibited an excellent correlation coefficient (R2) greater than 0.99.
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Table 10: Kinetic parameters for the determination of reaction orders for thermally
activated persulfate oxidation of TCPy at 70 ֯C with respect to TCPy
[TCPy]0

[PS]0

Half-life t1/2

ka x 10-2

(min)

(mM min-1)

[PS]0 / [TCPy]0
(mM)

(mM)

0.1

11

110

4.7

1.06

0.2

11

55

6.8

1.47

0.4

11

37.5

12.5

1.6

0.5

11

22

19

1.31

0.6

11

18.3

24

1.25

0.8

11

13.75

35

1.14

Figure 51: Normalized measured TCPy concentrations and fits of the polynomial
regression analysis. Experimental conditions: pH= 7, temperature = 70 °C, [PS]0 = 11 mM.
[TCPy]0= 0.1- 0.8 mM.
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The polynomial equations were used to calculate the half-lives (t1/2) as shown in Table 10.
The integration of Eq 4.3, with initial concentration of TCPy ( [TCPy]=[TCPy]0) when t=0,
gives 42:
1
1
1
[
−
]
𝑘𝑎 (𝛼 − 1) [𝑇𝐶𝑃𝑦] [𝑇𝐶𝑃𝑦]𝛼−1
0

𝑡=

t=𝑘

1

[𝑇𝐶𝑃𝑦]

𝛼−1
𝑎 [𝑇𝐶𝑃𝑦 ]0

[( [𝑇𝐶𝑃𝑦]0 )

𝛼−1

− 1]

(4.4)

(4.5)

The half-life of TCPy is the time required for [TCPy] to drop to half of its initial
concentration:
𝑡 = 𝑡1/2

When [TCPy]= ½ [TCPy]0

Substituting for [TCPy] in Eq 4.5 and rearranging:
𝑡1⁄

2

2𝛼−1 − 1
1
=
[
]
𝐾𝑎 (𝛼 − 1) [𝑇𝐶𝑃𝑦]𝛼−1
0

(4.6)

Taking the natural log for both sides:
𝑙𝑛 𝑡1⁄ = 𝑙𝑛
2

2𝑎−1 − 1
+ (1 − 𝛼) ln[𝑇𝐶𝑃𝑦]0
(𝛼 − 1)𝐾𝑎

(4.7)

Rearrangement of Eq 4.7 :
𝑡1/2 = {2(𝛼−1) − 1}/{𝑘𝛼 (𝛼 − 1)[𝑇𝐶𝑃𝑦] (𝛼−1) }

(4.8)

By assuming a ≠ 1, this Eq can be further simplified as part of a function of [TCPy]0 as follows:
(𝛼−1)

𝑡1/2 = 𝐹(𝛼, 𝑘𝛼 )/ {[𝑇𝐶𝑃𝑦]0

}

(4.9)

By taking the natural logarithm of both sides
ln(𝑡1/2 ) = ln{ 𝐹(𝛼, 𝑘𝛼 )} − (𝛼 − 1) ln[𝑇𝐶𝑃𝑦]0
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(4.10)

Where F (α, ka) = (2a-1- 1 / (α-1) ka) as expressed in Eq 4.8.
Accordingly, the reaction order α can be obtained by plotting ln (t1/2) as summarized in
Table 10 against ln [TCPy]. As shown in Figure 52, the results showed excellent linearity with a
correlation coefficient R2 = 0.9612, and a slope of 0.97±0.001. The slope is equal to α+1.
Therefore, the results showed that the reaction order α with respect to TCPy is -0.03, which is
approximately pseudo-zeroth-order (i.e., α = 0.0).

Figure 52: Plot of ln (t1/2) versus ln [TCPy]0. A slop of 0.97= -(α-1).

As shown in previous chapters, the oxidation of TCPy in a thermally-activated PS system
depends on the generation of SR. The results of studying the oxidation of different TCPy
concentrations at fixed [PS] and T indicated that the generation of SRs during the reaction would
be stable, thus occurring at fixed rate. For instance, applying the same concentration of PS to
degrade different TCPy concentration exhibited that the reaction time for TCPy removal was
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reduced by decreasing the concentration of TCPy. This is likely due to the fact that the same
amount of SRs are generated with fixed PS concentration. These radicals are oxidizing the same
moles of TCPy during specific time. As shown in Table 10 the values of calculated pseudo-zeroorder reaction rates using Eq 4.11 indicates that these values are independent of the initial
concentration of TCPy when the initial concentration of PS is kept constant.
𝑘𝛼 =

[𝑇𝐶𝑃𝑦]0
2𝑡1/2

(4.11)

Effect of PS concentration under fixed TCPy concentration
In order to determine the reaction order of PS (β), the second set of experiments was
conducted by varying the concentration of PS from 11 mM to 88 mM while keeping the
concentration of TCPy fixed at 0.8 mM.
The following relationships can be obtained by rearrangement of Eqs 4.2 and 4.3:
𝑘𝛼 = 𝑘[𝑆2 𝑂82− ]𝑡

𝛽

≈ 𝑘[𝑆2 𝑂82− ]𝑡=0

𝛽

(4.12)

Taking the natural logarithm of both sides yields:
ln 𝑘𝛼 = ln𝑘 + 𝛽 ln[𝑃𝑆]𝑡=0

(4.13)

The normalized [TCPy]t /[TCPy]0 at different PS/TCPy molar ratios over time is presented
in Figure 53. As shown in this figure, an excellent polynomial regression fitting was obtained with
correlation coefficient R2 > 0.99. The ka values which were calculated using Eq 4.11 are
summarized in Table 11.
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Figure 53: Normalized measured TCPy concentrations and fits of the polynomial
regression analysis. Experimental conditions: pH= 7, temperature = 70 °C, [TCPy]0= 0.8
mM, [PS]0 = 11- 88 mM.

Table 11: Kinetic parameters for the determination of reaction orders for thermally
activated persulfate oxidation of TCPy at 70 °C with respect to PS.
[TCPy]0

[PS]0

Half-life t1/2

ka x 10-2

(min)

(mM min-1)

[PS]0 / [TCPy]0
(mM)

(mM)

0.8

11

13.75

35

1.1

0.8

14.64

18.3

30

1.3

0.8

17.6

22

19

2.1

0.8

30

37.5

15

2.7

0.8

44

55

7.3

5.5

0.8

88

110

5.2

7.7
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An excellent linearity (R2 = 0.994) was obtained by plotting ln (kα) vs. ln [PS]0 (Figure 54).
The straight slope obtained (slope = 0.99) corresponds to the reaction order β with respect to PS
according to Eq 4.13. Therefore, the reaction order of TCPy oxidation by PS is first order.
Increasing the concentration of PS enhanced the removal efficiency of TCPy as shown in
Figure 53. Since PS is the source of SRs, higher PS concentration generate more SRs which
oxidized more TCPy.
In this study, the reaction orders with respect to TCPy and PS were found to be 0 and 1,
respectively. The overall rate constant of the reaction (ka) can be obtained from the y intercept
(Figure 54) which is equal to 1.01 × 10−3 mM1−(α+β) min−1. Consequently, the reaction law between
PS and TCPy would be expressed by the following equation:
r = -d [TCPy] / dt = k [TCPy]α [PS]β = (1.01×10-3mM1- (α+β) min-1)× [TCPy]α=0 [PS]β=1
This law could be used to describe the TCPy degradation rate under specific conditions
described in this chapter.
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Figure 54: Plot of ln(kα) vs. ln[PS]. The slope obtained (0.9926) is the reaction order in PS.
All data are relative to experiments undertaken in Figure 53. Experimental conditions:
pH= 7, temperature = 70 °C, [TCPy]0= 0.8 mM, [PS]0 = 11- 88 mM.
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Conclusion
The kinetics of TCPy oxidation by heat-activated persulfate were investigated at a
temperature of 70 °C and pH 7. Two sets of experiments were carried out to determine the reaction
orders with respect to TCPy (α) and PS (β). The half-lives method was applied to determine the
reaction order with respect to TCPy and the results demonstrated that the oxidation of TCPy
exhibited pseudo-zeroth–order kinetics with respect to TCPy in the heat-activated PS system. This
result indicates that, at fixed initial concentrations of PS, varying TCPy concentrations would
result in the same TCPy degradation rate. Moreover, the observation of first–order kinetics with
respect to PS indicates that increasing the concentration of PS for a fixed concentration of TCPy
would result in a faster TCPy degradation rate. The degradation rate of TCPy by persulfate in the
heat-activated PS system can be described by the kinetic rate equation:
-d [TCPy] / dt = k [TCPy]α [PS]β = (1.01×10-3mM1- (α+β) min-1) × [TCPy]0 [PS]1
The results of this study serve as a starting point to describe the kinetic behavior of the
PS/TCPy system under the specific experimental conditions of this study.
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CHAPTER FIVE: DEGRADATION PATHWAY OF 3,5,6-TRICHLORO-2PYRIDINOL By ZERO VALENT IRON- AND THERMALLY ACTIVATED PERSULFATE
Introduction
Chlorpyrifos (O,O-diethyl-O-3,5,6-trichloro-2-pyridyl phosphorothionate; CP) has been
used worldwide as an agricultural insecticide since 1965, though it has been banned for residential
use in the United States since 2000 3. Despite the significant contribution of CP to maintaining
world food production levels, its widespread use has caused many concerns to the environment
and human health 20. CP enters the environment through agricultural application, industrial runoff,
and improper disposal 8. Once in the environment, the P-O bond of CP is hydrolyzed to form 3,5,6trichloro-2-pyridinol (TCPy), which was identified as a persistent pollutant by the United States
Environmental Protection Agency (USEPA) 10. The higher water solubility of TCPy increases its
capability to leach into surface water and groundwater, resulting in widespread contamination in
soils, sediments and aquatic environments

11-12

. TCPy has been detected in golf course leachate

near where CP was applied. Also, it was detected in wastewater streams from chlorpyrifos
manufacturing plants 9.
Sulfate radical-based advanced oxidation processes (SR-AOPs) have been widely applied
and effectively degrade a variety of persistent organic contaminants 17. In this treatment method,
persulfate (PS, E0 =2.01 V) is activated by many methods to produce a more reactive species, the
sulfate radical (SO4•-, SR, E0= 2.5-3.1 V), which significantly enhances oxidation efficiency.
Sulfate radicals oxidize the original pollutants of concern to form various transformation
byproducts and eventually produce carbon dioxide and water.
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Recently, both experimental and theoretical studies have been performed to study the
kinetics, catalytic mechanisms, and thermodynamics of the degradation of organic pollutants
involving free radicals. For instance, Li and co-workers computationally investigated the role of
hydroxyl and sulfate radicals on the oxidation of dibutylphthalate in the gas and aqueous phases
by performing Density Functional Theory (DFT) calculations

43

. Moreover, the reaction

mechanism of SR with gallic acid was investigated experimentally and theoretically using DFT by
Caregnato, et al.44. Furthermore, DFT was applied to investigate the degradation mechanism of
benzene by NO3 radicals

45

. In addition, experimental and theoretical studies were performed to

investigate the kinetics and mechanisms of the oxidation of dimethylphthalate by HR 46.
In previous chapters it was observed that both zero-valent iron-activated PS and thermallyactivated PS systems can effectively oxidize TCPy in water. Based on the results of previous
chapters, SR-AOPs are effective methods for the treatment of TCPy in water. While ZVI/PS
exhibited a high mineralization rate of TCPy up to 81.1%, TCPy was completely mineralized in
the heat-activated PS system. In order to completely evaluate the degradation efficiency of TCPy
by SR-AOPs, the transformation intermediates and by-products of TCPy oxidation by ZVI- and
heat-activated PS should be identified.
Therefore, this chapter studies the transformation products of TCPy by means of SR based
AOPs using GC-MS. The favorable reaction sites of SR with TCPy are investigated by DFT. The
degradation pathways of TCPy in both systems were proposed based on the identified products
and the calculated ΔG values using DFT were compared with the proposed experimental pathway.

100

Experimental
Chemicals
Neat TCPy and N-tert-Butyldimethylsilyl-N methyltrifluoroacetamide (MTBSTFA (with
1% t-BDMCS)) were purchased from Sigma Aldrich (USA). Sodium persulfate (Na2S2O8, ≥
98.0%), and the HPLC grade solvents; acetonitrile (CH3CN, >99.9%), formic acid (HCOOH,
≥99.5 %), tert-butyl alcohol (TBA) (C4H10O, > 99%) and chloroform (CHCl3, 99.8%) were
purchased from Fisher Scientific.
Experimental Procedure
To study the oxidation byproducts of TCPy in the ZVI/PS system, experiments were
conducted in 20 mL amber glass vials. A predetermined mass of ZVI particles (1.5 g/L) was added
to each of the vials, followed by the addition of TCPy stock solution to a final concentration of 80
mg L-1 and PS to 10 mM. Then, the vials were placed on a Thermo Scientific MaxO 4000 orbital
shaker table operated at 200 rpm at room temperature for an appropriate amount of time. At
designated time points, samples were removed from the shaker table and quenched in an ice bath.
To study the oxidation byproducts of TCPy in the heat-activated PS system, appropriate
volumes of the prepared stock solution of TCPy and deionized water (DI) were added together into
vials. Vials were immersed into a thermo-regulated water bath until reaching the working
temperature (60 °C), appropriate volumes of the stock solution of PS were then transferred into the
vials to achieve a final concentration of 80 mg L-1 TCPy and 10 mM PS. At designated time points,
samples were removed from the water bath and quenched in an ice bath.
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Analysis
The analysis of the TCPy was performed on an Agilent 5977 mass spectrometer (GC/MS)
with an RTX-5 column (30 m, 0.25 mm i.d., 0.25 μm df). In order to facilitate the release of TCPy
and its byproducts and avoid tailing of the chromatographic peaks, a derivative of TCP was
prepared following a modified version of the approach by Li, Rui, et al

47

. The derivatization

procedure at 50 ºC was proceed as follows:150 μM of MTBSTFA was added to 4 ml of the sample.
After one hour, samples were extracted by addition of 5 mL chloroform with 10 mins of stirring,
then the chloroform layer was analyzed by GC-MS. In GC/MS, an initial oven temperature of 55
°C was used, and then ramped at 5 °C /min up to 170 °C and hold for 1 min following by ramping
at 5, 10 and 20 °C /min to 130, 160 and 260 °C, respectively. Ion chromatography was used to
measure the release of chloride on DionexIonPac AS4A separation column (250mmx 4mm). A
Shimadzu TOC-L Analyzer (Shimadzu Instruments, Kyoto, Japan) was used to determine the
concentration of nonpurgeable (total) organic carbon (TOC).
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Computational Method
In the DFT study, all geometries were optimized under B3LYP functional using Gaussian
09 molecular orbital calculation software package. The 6-31G++(d,p) basis set and the Polarizable
Continuum Model (PCM) solvent model were applied to obtain satisfying accuracy. Unless
specified, the Gibbs free energy is discussed in this research.
Results and Discussion
Chloride Ions Analysis
Ion chromatography was used to evaluate the release of chloride into solution during the
degradation of TCPy. The released of chloride ions during the reaction was measured as presented
in Figure 55. The data demonstrated that complete dechlorination of TCPy was achieved since the
theoretical release of chloride from 10 mg/L of TCPy after complete dechlorination is 5.36 mg/L.
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Figure 55: Chloride release during the oxidation of TCPy by ZVI/PS system.
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The released of chloride ions during the reaction in the heat-activated PS system was
measured and is presented in Figure 56. As shown in the figure, the release of chloride ions
increased during the reaction. Complete dechlorination of TCPy was achieved after 15 minutes of
reaction. TCPy dechlorination in heat-activated PS is faster than the ZVI/PS system.
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Figure 56: Chloride release during the oxidation of TCPy by heat activated PS.

Interaction of SR with TCPy
It was reported that the interaction of SR with aromatic compounds results in the formation
of carbon-centered radicals by electron transfer from the organic compound to the SR

48

.

Therefore, the reaction of sulfate radical with TCPy would involve an addition of sulfate radical
to C2- C6 position in an unstable form. Then, the elimination of the sulfate group which is a good
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leaving group, would result in the formation of the hydroxycyclohexadienyl-like radical, followed
by hydroxylation through hydrolysis (Figure 57).

Figure 57: Sulfate radical attack on TCPy.

In order to understand the role of sulfate anion radicals in the reaction with TCPy,
theoretical calculations were conducted to examine the free energies for the initial reaction step
involving the addition of SR to the TCPy. There are five sites on the pyridine ring which SR can
attack to form a hydroxycyclohexadienyl-like structure as shown as shown in Figure 58. The
corresponding relative energies of the resulting five radicals are summarized in Table 12. The
results indicate that SR additions ipso to Cl at the C6, C5, and C3 positions are thermodynamically
favorable with ∆G < 0; their calculated free energy changes are -9.260645, -6.9432875, and 2.4830175 kcal mol-1, respectively. According to the calculated free energies, the most preferred
attack by SR is at the C6 position. The observed result is in accordance with Dell'Arciprete, et al.,
who studied the reaction of SR with substituted pyridines and concluded that the para and ortho
positions to the substituent and to the nitrogen, respectively, are the preferred sites of SR attack to
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the pyridine ring 49. In TCPy, the addition of SR at the C5 position is the second-most preferred
position followed by SR addition in the C3 position. However, the addition reactions of TCPy and
SR in both the C2 and the C4 position are thermodynamically unfavorable with ΔG > 0. The
stability of the radicals formed according to the calculations follow the order Ⅰ > Ⅱ > Ⅳ> Ⅲ > Ⅴ.

Figure 58: The initial step of SR addition to TCPy.
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Table 12:The thermodynamic properties for the addition of SR to TCPy.
Position

∆G (kcal mol-1)

∆G (kJ mol-1)

∆H (kcal mol-1)

∆H (kJ mol-1)

Ⅰ

-9.260645

-38.74653868

-58.8638925

-246.2865262

Ⅱ

-6.9432875

-29.0507149

-17.372965

-72.68848556

Ⅲ

15.27837

63.92470008

3.5391

14.8075944

Ⅳ

-2.4830175

-10.38894522

-12.5719625

-52.6010911

Ⅴ

10.75786

45.01088624

-1.8442225

-7.71622694

The Degradation Pathway for TCPy by Heat and ZVI Activated PS Systems
As mentioned previously, the addition of SR to aromatic compounds leads to the formation
of carbon-centered radicals through electron transfer from the organic compound to the SR48.
Therefore, we predicted the formation of 3,5-dichloro-2,6-dihydroxypyridine, 3,6-dichloro-2,5dihydroxypyridine or 5,6-dichloro-2,3-dihydroxypyridine as initial transformation products.
Experimentally, 5,6-dichloro-2,3-dihydroxypyridine was identified as one of the major
transformation products. This compound was also detected as a byproduct in the photolytic and
photocatalytic degradation of TCP in water by Žabar, et al. 9. Feng, et al. also identified 3,5dichloro-2,6-dihydroxypyridine and 3,6-dichloro-2,5-dihydroxypyridine in addition to 5,6dichloro-2,3-dihydroxypyridine as byproducts of photolytic degradation of TCPy 50. However, no
experimental evidence for the formation of 3,5-dichloro-2,6-dihydroxypyridine or 3,6-dichloro2,5-dihydroxypyridine was observed in this study. Since the latter compounds were not observed
in this experiment, the formation of the observed 3,5-dichloro-2-hydroxypyridne and 3,6-dichloro2-hydroxypyridne could be due to the hydrodechlorination of TCPy.
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According to the experimentally identified byproducts, the possible degradation pathway
of TCPy by ZVI/PS is proposed in Figure 59. Several possible pathways exist to produce the
observed formamide and succinic acid. The reaction of TCPy with water (hydrolysis) results in
the formation of 5,6-dichloro-2,3-dihydroxypyridine (Ⅱ) via nucleophilic substitution on position
C3. The dechlorination of (Ⅱ) on position C6 results in the formation of 5-chloro-2,3dihydroxypyridine (Ⅴ) followed by dechlorination-hydroxylation processes to form (Ⅵ). The
hydrodechlorination of (Ⅰ) results in the formation of (Ⅲ) and (Ⅳ), followed by sequential to form
(Ⅵ). Also, (Ⅲ) can be formed from hydrodechlorination of Ⅱ. (Ⅵ) in turn is converted to succinic
acid and formamide. While the detail of this mechanism is unclear, the formation of succinic acid
and formamide suggests a possible retrograde [4+2] cycloaddition (i.e., reverse Diels-Alder)
reaction. The formamide decomposes in water to produce formic acid and ammonia which
converts to nitrate51 while formic acid is further converted to carbon dioxide and water. Although
(Ⅵ) was not observed in ZVI/PS system, it was observed in heat activated PS system. Based on
that and on the calculation study, it was predicted to be formed in ZVI/PS before the ring cleavage.
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Figure 59: Degradation pathway of TCPy in ZVI/PS system.
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Gaussian 09 molecular orbital calculation software with B3LYP functional was used to
calculate the free energies (ΔG) of the reaction to track the oxidation pathways of TCPy by SR
before ring cleavage. The results of calculated ΔG as presented in Table 13 agree with the
experimental pathway.

According to the calculated free energy, the main pathway of the

degradation of TCPy is (Ⅰ→Ⅲ→Ⅵ) since it has the lowest ΔG values compared to other pathways.

Table 13: ΔG data of the reaction calculated with Gaussian 09 software with B3LYP
method for TCPy and its degradation products in ZVI/PS system.
Reactant → Product

ΔG (kcal/mol)

Ⅰ→Ⅱ

-16.3

Ⅰ→Ⅲ

-28.3

Ⅰ→Ⅳ

-26.3

Ⅱ→Ⅴ

-24.9

Ⅱ→Ⅲ

-11.9

Ⅴ→Ⅵ

-7.5

Ⅲ→Ⅵ

-20.4

Ⅳ→Ⅵ

-22.4

In the heat-activated PS system, there was no detectable formation of 3,5-dichloro-2,6dihydroxypyridine, 3,6-dichloro-2,5-dihydroxypyridine, or succinic acid. Therefore, the
degradation pathway of TCPy by the heat-activated PS system is slightly different than the ZVI/PS
system. The hydrolysis of TCPy results in the formation of 5,6-dichloro-2,3-dihydroxypyridine
(Ⅱ) via nucleophilic substitution on position C3, followed by sequential hydrolysis steps to form
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Ⅲ which in turn is converted to fumaric acid and formamide. Although formamide was not
observed in this system, the formation of formic acid is predicted as a result of formamide
hydrolysis. While the detail of this mechanism is unclear, the formation of fumaric acid suggests
a possible retrograde [4+2] cycloaddition (i.e., reverse Diels-Alder) reaction. Formamide
decomposes in water to produce formic acid and ammonia, which converts to nitrate,51 while
formic acid is further converted to carbon dioxide and water. The proposed degradation pathway
of TCPy by heat activated persulfate is presented in Figure 60.
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(Ⅰ)

(Ⅱ)

(Ⅲ)

Figure 60: Degradation pathway of TCPy by heat activated PS system.
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Conclusion
Transformation products during the degradation of TCPy by heat- and iron-activated
persulfate systems were identified by GC-MS. Results show the number of transformation
products detected during TCPy degradation in the ZVI/PS system was higher compared to the
transformation products observed in the heat-activated PS system. Gaussian 09 molecular orbital
calculation software with B3LYP functional was used to calculate the free energies (ΔG) of the
reaction to track the oxidation pathways of TCPy by SR. The transformation intermediates and byproducts of TCPy oxidation by ZVI/PS and thermally-activated persulfate were proposed and
showed agreement with the theoretical DFT calculations of the free energy values for oxidation
reactions of the systems. The initial reaction step involving the addition of SR to TCPy was
investigated based on theoretical calculations. Results indicate that the SR addition ipso to Cl in
the C6, C5, or C3 position is thermodynamically favorable with ∆G < 0. However, the addition
reactions of TCPy and SR at both the C2 and C4 positions are thermodynamically unfavorable with
ΔG > 0. The release of chloride ions during the reaction in both systems was measured and results
indicated that complete dechlorination of TCPy was achieved.
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Table 14: The BBD design matrix and experimental results for TCPy degradation by
ZVI/PS after 25 minutes reaction.
Independent variables (coded)
Run

PS (mM)

pH

ZVI (g/L)

Response
TCPy removal

Mineralization

(100%)

(∆TOC) (%)

1

0

1

-1

32.6

7.80

2

0

0

0

54.3

28.1

3

0

-1

-1

100

32.1

4

0

0

0

53.9

28.4

5

1

0

1

33.4

15.3

6

0

0

0

54.6

27.6

7

1

-1

0

100

31.2

8

0

0

0

54.1

28.6

9

0

-1

1

96.7

31.4

10

0

0

0

54.7

28.3

11

0

1

1

85.6

13.2

12

1

1

0

20.9

8.02

13

-1

1

0

25.5

5.7

14

1

0

-1

48.5

17.2

15

-1

0

1

51.2

4.0

16

-1

0

-1

47.8

5.80

17

-1

-1

0

88.1

9.30
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Calibration Curve for TCPy
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Figure 61: Calibration curve for TCPy.

Calibration Curve for ferrous
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Figure 62: Calibration curve for ferrous.
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Figure 63: Contour plots of TCPy mineralization at 30 min reaction: the effect of T and
pH, T and PS, and pH and PS.

118

20

APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER FIVE

119

Figure 64: Optimized confirmation of TCPy with sulfate radical in C2.
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Figure 65: Optimized confirmation of TCPy with sulfate radical in C3.
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Figure 66: Optimized confirmation of TCPy with sulfate radical in C4.
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Figure 67: Optimized confirmation of TCPy with sulfate radical in C5.

123

Figure 68: Optimized confirmation of TCPy with sulfate radical in C6.
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Figure 69: GC-MS chromatogram after one hour, two hours, three hours and six hours of
TCPy treatment with ZVI/PS.
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Figure 70: GC-MS chromatogram after 30 minutes, one hour and three hours for TCPy
treatment with heat activated PS.
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