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Abstract—The compound 3,5,6-trichloro-2-pyridinol (TCPy), a metabolite of the broad-spectrum organophosphorus
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 iron activated persulfate in aqueous media. Response surface methodology coupled with Box-Behnken
design was applied to evaluate the effects of the independent variables (concentration of zero valent iron, concentra-
tion of persulfate, and pH) on the mineralization of TCPy by zero valent iron activated persulfate system. The interac-
tions, coefficients, and residuals of these variables were statically evaluated by analysis of variance. Based on the model,
the optimum conditions for maximum TCPy mineralization were determined as 10.4 mM of persulfate, 1.2 g/L of zero
valent iron and an initial pH of 3.2. The reaction kinetics of the degradation process were examined as functions of
persulfate concentration, zero valent iron concentration, and pH. Results show that zero valent iron activated persul-
fate can effectively remove TCPy in water with a high mineralization rate of up to 81.1%. The degradation pathways of
TCPy were proposed based on the products identified by GC-MS. Calculated AG values using density functional the-
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ory agreed with the proposed experimental pathway.
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INTRODUCTION

Chlorpyrifos (O,0-diethyl-O-3,5,6-trichloro-2-pyridyl phospho-
rothionate; CP) is a broad-spectrum insecticide which has been used
for agriculture worldwide since 1965, though residential use was
banned in the United States in the year 2000 [1]. 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 environ-
ments and measurable CP levels on products for human consump-
tion [2]. CP has been released into the environment through agri-
cultural application, improper disposal, and industrial runoft [3].
Once in the environment, the phosphoester bond of CP is hydro-
lyzed to 3,5,6-trichloro-2-pyridinol (TCPy), which is the primary
by product of CP. Also, photodegradation and microbial degrada-
tion of CP both demonstrate the formation of TCPy. TCPy is more
persistent and more water soluble than its parent compound, accord-
ing to the United States Environmental Protection Agency (USEPA)
[4] which significantly increases its ability to leach into surface water
and groundwater, causing widespread contamination in soils and
aquatic environments [5,6]. 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
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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 [7].

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 [8,9]. In accordance with their
varied natures, AOPs oxidize the original contaminants of concern
to form various byproducts and eventually to carbon dioxide and
water [9].

Persulfate (PS) has been explored as a suitable oxidizing agent
for AOPs that can be activated to generate highly reactive sulfate
radicals (SO;, SR), which bear a strong redox potential (SO} +e—
SO;, E=2.5-3.1V, depending on pH). Sulfate radicals demon-
strate a higher redox potential than both ozone (E=2.08 V) and
hypochlorite (E=1.49 V) [10] while also posing less of a hazard to
humans and the environment. SR based AOPs (SR-AOPs) have
been shown to be effective in mineralizing a variety of organic con-
taminants in water and wastewater effluents such as herbicides,
industrial chemicals, and pharmaceuticals [9,11,12]. Many activa-
tion methods have been developed to activate PS, such as heat, UV,
basic conditions, and transition metal ions [9].

S,05 +heat/uv—2S0; 6))
@

Tron [as iron (IT), Fe**] is becoming favored over other common
transition metals used in persulfate activation because it has low cost

S,0F +Me™ —S02 +S0O; +Me™ !
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and low environmental impact [13] (Eq. (3)). However, rapid scav-
enging of SO; occurs with excessive Fe**, which in turn reduces
the efficiency of Fe**/PS on contaminant degradation (Eq. (4)) [9]

S,05 +Fe**—80; +S0; +Fe™ (3)

Fe’*+S0; »>Fe™ +S0; k=46x10°M 'S 4)

Recently, zero valent iron (ZVI) has been developed as an alter-
native activator of PS to overcome such a disadvantage. ZVI not
only acts as a smooth releasing method of Fe** but is also able to
generate sulfate radicals directly (Egs. (5) and (6)).

Fe’+2H,0—>Fe* +20H +H, (5)
Fe’+25,0; —250; +2S0; +Fe* 6)

This study focused on the complete mineralization of TCPy using
PS and Fe. While degradation of CP with SR in thermally- and
base-activated PS has been reported [14-16], no studies have reported
on the complete degradation of TCPy and its byproducts. No other
studies have reported on the degradation of TCPy with Fe and PS.
Since CP has been a widely used pesticide and its degradation
product TCPy persists in soil and water, new methods must be
studied and reported in hopes that a financially feasible technique
can eventually be developed for field-scale remediation use. There-
fore, we evaluated the removal efficiency of TCPy by means of SR
based AOPs at the laboratory scale. The primary objective was to
investigate ZVI activated persulfate (ZVI/PS) for the oxidation of
TCPy in an aqueous system, as quantified by HPLC/MS. This ob-
jective included studying the effect of operational parameters such
as initial PS concentration, initial ZVI loading, and solution pH on
the degradation kinetics of TCPy. The optimization process of TCPy
degradation by ZVI/PS involved using the Box-Behnken experi-
mental design (BBD) and response surface modeling (RSM). GC-
MS was used to identify the transformation intermediates and prod-
ucts of TCPy, whereby the proposed transformation pathways were
compared to theoretical density functional theory (DFT) calculations.

EXPERIMENTAL

1. Chemicals

Neat TCPy, ammonijum acetate (C,H;NO,, >98%), sodium hy-
drogen carbonate (NaHCO;, 99.5-100.5%), ferrous sulfate (FeSO,-
7H,0), 1,10-phenanthroline (C,,HN,, 299%), hydroxylamine hy-
drochloride (NH,OH-HCI, 98.0%), N-tert-Butyldimethylsilyl-N
methyltrifluoroacetamide (MTBSTFA (with 1% t-BDMCS)) were
purchased from Sigma Aldrich (USA). Sodium persulfate (Na,S,Os,
>98.0%), potassium iodide (KI, 299%), HPLC grade solvent; ace-
tonitrile (CH,CN, >99.9%), formic acid (HCOOH, >99.5%), tert-
butyl alcohol (TBA) (C,H,,0, >99%) and chloroform (CHCls;, 99.8%)
were purchased from Fisher Scientific. Iron particles were purchased
from Provectus Environmental Products.
2. 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 con-
centration of 10 mg/L (50 uM) and varying concentrations of PS
(2.5-25 mM). Then, the vials were placed on a Thermo Scientific

MaxO 4000 orbital shaker table operated at 200 rpm at room tem-
perature for an appropriate amount of time. At designated time
points, samples were removed from the shaker table and quenched
in an ice bath.

To evaluate the effects of the initial concentration of ZVI on
TCPy degradation, additional batch experiments were performed
with different ZVI concentrations (0.25-2.5g/L) under the same
experimental conditions as described above, but with predeter-
mined 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 H,SO, or 0.1 M NaOH to the
desired value before starting the experiment. To prevent potential
side reactions between SO; 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.
3. Analysis

The TCPy was analyzed on an Agilent 6230 TOF LC-MS with
an Agilent Zorbax SB-C18 analytical column and an Agilent 5977
mass spectrometer (GC/MS) with an RTX-5 column (30 m, 0.25
mm id., 0.25 um df). A mixture of Acetonitrile (ACN) and water
was used as the mobile phase at ACN: H,O ratio of 60:40% (v:v)
and at a flow rate of 1.0 mL/min in LC-MS. To facilitate the release
of TCPy and its byproducts and avoid tailing of the chromato-
graphic peaks, a derivative of TCP was prepared following a mod-
ified version of the approach by Li et al. [17]. The derivatization
procedure at 50 °C was as follows: 150 uM of MTBSTFA was added
to 4ml of the sample. After one hour, samples were extracted by
addition of 5mL 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 held for 1 min following by ramping at 5, 10 and
20 °C/min to 130, 160 and 260 °C, respectively. An ultraviolet-visi-
ble light (UV-VIS) spectrometer (Agilent 8453 UV Visible Spectro-
photometer 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. [18]. Ferrous ions were mea-
sured with 1,10-phenanthroline at a wavelength of 510 nm for fer-
roin absorbance [19]. Ion chromatography was used to measure
the release of chloride on DionexIonPac AS4A separation column
(250 mmx4 mm). A Shimadzu TOC-L Analyzer (Shimadzu Instru-
ments, Kyoto, Japan) was used to determine the concentration of
nonpurgeable (total) organic carbon (TOC). 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 to determine the BET surface area of
the ZVI (BET surface area=3.5878 m’/g).

4. 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 solvent model were applied to obtain satisfying accuracy.
Unless specified, the Gibbs free energy is discussed in this research.
5. Experimental Design

To specify the optimum conditions for the system, the design of
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the experiment was structured to determine the common relation-
ship between several process variables that influence the system.
Response surface methodology, which is an effective and useful
statistical method for improving, developing, and optimizing pro-
cesses, was employed to process the optimization. In the experi-
mental procedure, Box-Behnken design, a widely used form of
RSM, was employed [20]. The Design-Expert (10.0.3) statistical soft-
ware package was used to determine the total number of experi-
mental runs necessary (N). For development of BBD, N is defined
as:

N=2k(k—1)+C, @)

where k is the number of variables and C, is the number of cen-
tral points.

The experimental design consisted of 17 experiments calculated
from Eq. (7), which included twelve factorial points with five cen-
ter points. The independent variables were set at three different
levels, low (—1), 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 indepen-

Table 1. Experimental ranges and levels of the independent test vari-

dent variables was expressed by using a second-order polynomial
regression model equation:

k k k k
Y:ﬂ0+§;/3,.x,.+§;/3ﬁxf+§;_§;@jxixj+g ®)
i= = P

where £, B, B and f3; are the regression coefficients represent-
ing the constant, the linear, the square, and the interactive effect
terms, respectively. X; and X; are the coded independent variables,
while ¢is random error.

The parameters that affect the oxidation of TCPy by ZVI/PS,
their interactions, coefficients, and residuals were statically evalu-
ated by analysis of variance (ANOVA), which provides an overall
summary for the full model.

RESULTS AND DISCUSSION

1. Effects of Parameters on TCPy Removal
1-1. Effect of PS Concentration

The concentration of PS is an essential factor that affects the oxi-
dation 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

ables with various PS concentrations up to 25mM is presented in Fig.
) ) Coded variable level 1(a). For the range of PS doses employed, TCPy removal was sig-
Variables Unit ) 0 1 nificantly faster with higher PS dose up to 15 mM; further increas-
ing the concentration of PS in the solution decreased the overall
Persulfate (PS) mM > 125 20 removal efficiency of TCPy. In the absence of PS, only 5% of TCPy
pH ) 3 7.5 12 was removed after 40 minutes of reaction. Although a sudden de-
ZV1 gL 0.5 1.5 25 crease in the concentration of TCPy occurred in all PS containing
(a) 1 {b}u R'>09820002 [ "0
£ ¥ 50 aM
2 o g,
= E- o 12.5mM
6 0.4 5
= B s ®15 oM
0 5 . 3 s 4 5 - 20 M
5 125 15 2 25 'PS concentration (mAD)
Concentration of PS (mM) 35 s . ” " "
[ mOmin «10min w0mn w2Smin ®30min wd0min | Time (min) 2
s o
- =% AVG.RSE
z -~
o B 2
¢ z i
- 10 5 TR I
@. PS concentration (mM) i
x —_— 1
= o
- " v " -4 25 mM 5.0 mM 125mM 15 mM 20 mM
Time (min) Concentration of PS
[——25mM —&—SmM —— 12.5mM —8— 15 mM —&— 20 mM [ 10 min ™20 min 30 min ]

Fig. 1. (a) Effects of PS concentration on TCPy degradation by ZVI activated PS. (b) Pseudo-first-order kinetics of TCPy degradation at dif-
ferent concentrations of PS. Inset: the corresponding rate constants of TCPy removal. (c) PS consumption during the reaction; inset:
the reaction stoichiometric efficiencies during the TCPy degradation. (d) The concentration of Fe** at 10, 20 and 30 min of the reac-
tion. Experimental conditions: [TCPy],=50 uM; [PS],=2.5-20 mM; [ZVI]=1.5 g/L; pH=7.5.
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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 5mM to 15mb,, 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 number of radicals produced (Eq.
(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 concentra-
tion 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. (9)). Moreover, both Fe(II) and PS
may scavenge SR, as demonstrated in Eq. (4) and (10) [11,22]. Given
that the rate constant for SR quenching by Fe(II) is a full order of
magnitude larger than quenching itself (Eq. (9)), iron is likely more
responsible for the reduced activity.

SO; +5S0; —»S,0;” k=4x10*M"' S ©)

SO; +8,0; —=S0; +5,0; k=61x10°M 'S’ (10)

Fig. 1(b) presents the normalized rate constants of TCPy removal
at different concentrations of PS. For any specific concentration of
PS, TCPy removal exhibited pseudo-first-order kinetics (R*>0.98+
0.002), which could be described as follows:

In ([TCPy}/[TCPyl))=— kst (1)

where k,, (min™) is the pseudo-first-order rate constant. [TCPy]
and [TCPy], are the molar concentration of TCPy at times t and
0, respectively. The value of the observed rate constant (k,,) of
TCPy removal increased from 2.9x10°min' to 1.4x10"" min™'

as the concentration of PS increased from 2.5 mM to 15 mM. As
PS concentrations increased to 20 mM, the k,,, decreased to 7.9x
10> min™" due to the side reaction of SR with higher concentra-
tions of PS as described by Egs. (9) and (10).

The consumption of PS during the oxidation of TCPy by ZVI/
PS for all PS concentrations used is presented in Fig. 1(c). While
all PS was consumed ([PS],=2.5 mM) at 30 min, 66% of PS was con-
sumed with a higher initial concentration of PS ([PS],=15mM) in
the same time. At initial PS concentration of 12.5mM and 15mM,
almost 68% and 64% of PS were consumed, respectively, after 25
mins, in which TCPy was completely removed. The PS consump-
tion results demonstrated that the consumption of PS was faster at
the beginning of the reaction with higher PS concentration.

The reaction stoichiometric efficiency (RSE), which is the ratio
of the molar concentration of oxidized TCPy to the consumed PS,
was 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
the inset of Fig. 1(c). The results showed that for both actual and
average RSE, the highest values were observed for the lowest con-
centration of PS. For instance, RSE% was increased from 0.571%
to 2.25% as the initial PS concentration decreased from 20 mM to
5mM.

While the concentration of ZVI is the same in all experiments,
increasing the PS concentrations contributed to produce more Fe**
in the system (Eq. (6)). Fig. 1(d) shows that the concentration of
Fe™" released after ten minutes of reaction increased from 2.4x10™"
mg/L at 2.5 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
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Fig. 2. (a) Effect of ZVI concentration on TCPy degradation by ZVI activated PS. (b) Pseudo-first-order kinetics of TCPy degradation. Inset:
plot of k,, vs ZVI concentration. (c) Concentration of Fe** during the reaction. (d) Consumption of PS at different ZVI concentrations.
Inset: RSE% at different ZVI concentrations. Experimental conditions: [TCPy],=50 uM; [PS],=12.5 mM; [ZVI]=0.5-2.5 g/L; pH=7.5.
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sulfate free radicals would be generated in response to the greater
formation of Fe** activators. This favors the radical reaction with
Fe™, SR, and H,O (Egs. (4), (9), and (12), respectively). However,
for lower PS concentration, SR generation is less prevalent due to
the lower amount of iron ions produced; side reactions are there-
fore disfavored and the calculated RSE is increased [21,22].

SO; +H,O0—-HSO, +OH’ 12)

1-2. Effect of ZVI Concentration

ZVI concentration is another essential parameter which influ-
ences the degradation efficiency of PS activated by ZVI. Fig. 2(a)
shows the role of initial ZVI dosage on the oxidation of TCPy in
the ZVI/PS system. It was found that varying the ZVI concentra-
tion from 0.5 g/L to 2.5 g/L influenced the 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.
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 (Fig. 2(b)). The observed first-order rate
constants (k) went up from 6.4x10> min"' to 1.4x10™" min "' 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 k, to
1.1x10™" min”",

To explore the role of ZVI in ZVI/PS system, the concentration
of ferrous ions released during the reaction was investigated. Fig.
2(c) illustrates the released concentration of Fe** in the ZVI/PS sys-
tem as a function of reaction time. As the concentration of applied
ZVT increased, the concentration of Fe™* in the system increased.

For example, at ZVI load (1.0 g/L), a concentration of only 1 mg/L
Fe’* was found after 20 mins of the reaction, while 8 mg/L Fe** was
found for the highest ZVI load (2.5 g/L). PS is activated by these
Fe™" to generate sulfate radicals that subsequently accelerate the oxi-
dation of TCPy, which can explain the findings in Fig. 2(a). How-
ever, increasing the ZVT load causes the release of excessive Fe** over
time, which scavenge the produced sulfate radicals (Eq. (4)), thus
reducing the degradation efficiency. The Fe’* release data demon-
strates that ZVT plays an integral role in generation of Fe** in the
system. There are many possible routes for the generation of Fe**
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 [23]. ZVT acts as a reducing agent (E’=—0.44 V)
to provide electrons which reductively decompose persulfate to
form sulfate radicals. This direct interaction with persulfate oxi-
dizes iron, resulting in corrosion of ZVT and the release of Fe** ions
(Eq. (6)). Alternatively, Fe** may be formed as a direct product of
corrosion of iron metal under aerobic or anaerobic conditions as
described in Egs. (5) and (13).

Fe"+H,0+0.5 O,—Fe*" +20H" (13)

The consumption of PS during the reaction at the different
applied ZVI dosage is shown in Fig. 2(d). The results indicate that
a higher concentration of ZVI consumed more PS. This was likely
due to the reaction between PS and Fe™*, which was produced in
more quantity with higher ZVI dosage, or the reaction between PS
and ZVT itself. The corresponding RSE values are presented in the
inset of Fig. 2(d). The RSE was enhanced by increasing the con-
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Fig. 3. (a) Oxidation of TCPy by ZVI/PS at different pH. (b) TCPy degradation in the absence and in the presence of radical scavengers at
different pH in ZVI/PS system. (c) Plot of k,,, vs pH and %TOC removal after 2 hours of the reaction at different pH. Experimental
conditions: [TCPy],=50 pM; [PS],=12.5 mM; [ZVI]=1.5 g/L; pH=3-12.
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centration of ZVI from 0.5 g/L to 1.0 and 1.5 g/L. However, further
increasing ZVI decreased the RSE% which was likely due to the
scavenging of SRs by Fe** (Eq. (4)).
1-3. Effect of pH

Solution pH is an important environmental parameter that may
significantly affect the pollutants degradation as well as the forma-
tion of radicals [24]. In the ZVI/PS system, as the solution pH
changes the dominant oxidizing species changes. The reaction of
sulfate radicals with water at all pH values results in the formation
of hydroxyl radicals (HR) (Eq. (14)). Under acidic conditions, sul-
fate radicals are the primary reactive species; however, all sulfate
radicals are converted into hydroxyl radicals in basic conditions
(Eq. (15)) [24].

SOy +H,0—S02 +OH'+H* (14)
SOy +OH —SOZ +OH' (15)

This radical conversion is mainly controlled by Eq. (15) since
the rate constant for the reaction in Eq. (14) (k [H,0]<2x10*s™")
is low compared to the reaction of SR with other organic contami-
nants [25].

Fig. 3(a) 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. Com-
plete TCPy removal was achieved after 20, 22 and 30 minutes reac-
tion 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 Fe** in acidic solution because of the iron corrosion (Eq. (16)),
which in turn generates more SR and enhances the oxidation effi-
ciency:

Fe"+2H'—Fe*+H, (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, re-
moval efficiencies of TCPy with ZVI/PS system remained poor at
higher pH (pH=12).

As mentioned, 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 con-
tribution of SRs and HRs to organic contaminant degradation in
the SR- AOPs. EtOH with o-H was reported as an active reactant
with both SRs and HRs at rate constant of ((1.6-7.7)x10’ M "' S™
and (1.2-2.8)x10° M ' S™'), respectively [25]. In contrast, TBA can
mainly scavenge HR at second-order rate constant ((3.8-7.6)x10°
M S™) approximately 1000-fold higher than that with SR ((4.0-
9.1)x10° M S™") [25]. Therefore, these two alcohols were used as
quenching agent, and the oxidation of TCPy was measured at dif-
ferent pH.

As shown in Fig. 3(b), 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 treat-
ment 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 pres-
ence of both SR and HR in the system. However, at pH 12 the
inhibition of TCPy degradation levels are close by both TBA and
EtOH, indicating a greater generation of HR in the system.
According to the radical scavenger test, SR is the predominant
species at pH<7.5, while HR is the predominant species at pH>9.
These results are in accordance with Liang and Su, 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 con-
ditions 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 [25]. Additionally, the pH of
each system studied decreased significantly over the course of the
reaction, as indicated by the final pH values (taken at 30 minutes)
in Fig. 3(a). This is likely due to the production of H and con-
sumption of OH™ described in Egs. (14) and (15), respectively.
These observations can explain the findings in Fig. 3(a). 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 [26]. The poor re-
moval efficiency of TCPy at pH 12 can be attributed to the exces-
sive amount of HR which contributed to the reaction of HR with
itself, leading to quick loss of the radicals in the solution (Eq. (17)).

OH'+OH —H,0, (17)

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 (Fig. 3(c)). This is likely due
to the formation of an oxide layer on the surface of ZVI, which
inhibits the complete mineralization of TCPy.

2. Regression Model Representation

As discussed in section 3.1, the removal efficiency of TCPy in
ZV1/PS depends on various parameters. Therefore, RSM with BBD
was applied to evaluate the effects of the independent variables
([PS], [ZV1], and pH) and to assess the relationships between them
on the mineralization of TCPy by ZVI/PS system. Although com-
plete 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. Thus, mineralization after two
hours treatment (up to 81% mineralization) was chosen as an ap-
propriate measure for assessing the combined effect of the selected
parameters by RSM.

The experimental design matrix using three factors as indepen-
dent variables and the response (TCPy mineralization) based on
experimental runs proposed by BBD are summarized in Table 2.
Design-Expert software indicated that the quadratic model is the
most applicable for the degradation of TCPy by ZVI/PS due to its
higher R value as well as lower standard deviate on relative to other
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Table 2. The BBD design matrix and experimental results for TCPy

mineralization by ZVI/PS
Independent variables Mineralization (ATOC)
Run (coded) (%)
PS(mM) pH ZVI(g/L) Experimental Predicted
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

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
+7.625 BC—37.8875 A>~0.9625 B~ 11.6125 C* (18)

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 initial concentration of ZV1, respectively.
3. 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 3. The sufficiency of the model was confirmed

by a model F-value of 92.49 with (Prob>F) less than 0.0001 as pre-
sented in Table 3. The F-value (Fisher value) is based on the num-
ber of degrees of freedom (df=n—1) and is used to calculate the P-
value (probability). High F-values and low P-values indicate stron-
ger evidence against the null hypothesis, which is to say a greater
probability of statistical significance. As shown in the ANOVA table,
A, B, C, AB, BC, A, and C’ were determined to be statistically sig-
nificant model terms. All the studied factors, [PS], pH, and [ZVI],
had a significant influence on TCPy degradation by ZVI/PS. More-
over, the interaction between PS or ZVI and pH played an im-
portant role in the system for the degradation of TCPy. The coeffi-
cient of determination (R®) in the present study for TCPy mineral-
ization (0.9917) indicates that the fitted polynomial equations have
a significant relationship with the model. The values of predicted
R’ and adjusted R* (0.8682 and 0.9809, respectively) illustrated a
reasonable agreement with less than 0.2 difference, which con-
firmed the models 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.

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
[27]; this condition is satisfied as shown in Fig. 4(a). Additionally,
the residuals are well-distributed around the mean response, indi-
cating satisfactory random distribution. Second, predicted responses
were plotted against actual responses to confirm good predictabil-
ity Fig, 4(b).
4. Response Surface Plotting and Optimization of TCPy Min-
eralization

The following 3D response surface plots with the correspond-
ing 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) [28]. The 3D
plots which were generated by using the developed quadratic model
are presented in Fig. 5. These surfaces illustrate that the interactions
between ZVI and pH and between pH and PS have stronger influ-

Table 3. ANOVA for response surface quadratic model of TCPy mineralization

Source Sum of square df Mean square F-value P-value

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

C 232.56 1 232.56 15.54 0.0056

A? 6044.05 1 6044.05 403.91 <0.0001

B’ 3.90 1 0.2607 0.6254

c 567.79 1 567.79 37.94 0.0005

Residual 104.75 7 14.96

Lack of fit 103.31 3 34.44 95.66 0.0004 Significant
Pure error 1.44 4 0.3600

Total 12561.16 16
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Fig. 4. Residual analysis for TCPy mineralization. (a) Normal plot of residuals (b) predicted response versus actual response.

Fig. 5. Response surface graphs of TCPy mineralization by ZVI/PS.

ence on TCPy mineralization than the interaction between ZVI
and PS. Additionally, pH has greater influence on TCPy mineral-
ization than ZVI (Fig. 5(a)), and the highest removal efficiency
was observed under acidic conditions. The combined influence of
pH and the concentrations of PS showed that as PS concentration

@
5 20
APS = 104083
@
0.5 2.5
C:ZVl = 1.19379

547

increased from a low to a moderate value within the experimen-

tal range, the mineralization of TCPy increased; however, higher

PS concentration decreased the mineralization efficiency (Fig. 5(b)).
At low PS concentration, even under acidic conditions, poor min-
eralization of TCPy was observed indicating that the influence of

3 12
B:pH = 3.1669

81.1

49 81.1
R1 = 81.0999

Fig. 6. Desirability ramp for numerical optimization of the TCPy mineralization.

Korean J. Chem. Eng.(Vol. 36, No. 4)



548 R. Mogharbel et al.

(@ — b) s
g o ] g A
& E o 3 A i &
£ os & FEE
= E 2
E 0.6 ] = &
E 0.4 E i
B H
0.2 -
- 1
i o
0 5 10 15 20 0
0 s 10 15 2 25

Fig.7. (a) TCPy oxidation by ZVI/PS at optimal condition. Inset: Pseudo-first-oder kinetics of TCPy degradation. (b) Chloride release
during the oxidation of TCPy by ZVI/PS.

PS on TCPy mineralization is greater than that of pH. The com- sented in Fig. 7. Complete TCPy removal was achieved after 20
bined influence of the concentrations of ZVI and PS showed that mins of reaction, and the TCPy removal exhibited pseudo-first-order

the moderated concentration of ZVI and PS within the experimen- kinetics with k, of 1.254x10™ min™" (Fig. 7(a)). The release of chlo-
tal range contributed to the highest mineralization efficiency of ride ions during the reaction was measured as presented in Fig.
TCPy (Fig. 5(c)). These observations are similar to the finding in 7(b). The data demonstrated that complete dechlorination of TCPy
the effect of parameters on TCPy removal. Therefore, they can be was achieved since the theoretical release of chloride in 10 mg/L of
explained as discussed previously in section 3.1. TCPy after complete dechlorination is 5.36 mg/L.

Numerical optimization was carried out using Design-Expert 5. Identification of Degradation Intermediates and Proposed
software to determine the optimum conditions for the highest min- Degradation Pathway
eralization efficiency of TCPy (Fig. 6). All parameters were selected It was reported that the interaction of SR with aromatic com-
to be within the experimental range, while the response was set to pounds results in the formation of carbon-centered radicals by elec-
maximum. The optimum conditions that led to maximum TCPy tron transfer from the organic compound to the SR [29]. Therefore,

mineralization observed in this study (81.1%) were determined to we predict that SR reacts with TCPy via addition to the C,-C, posi-
be 104 mM PS concentration, 1.2 g/L initial ZVI concentration, and tion in an unstable form. Then, the elimination of the sulfate group,
an initial pH of 3.2 with desirability function value of 1.000. To which is a good leaving group, results in the formation of a hydroxy-
validate the prediction, an additional experiment was performed cyclohexadienyl-like radical, followed by hydroxylation via hydroly-
in duplicate using the predicted optimal condition. The values of sis to form 3,5-dichloro-2,6-dihydroxypyridine, 3,6-dichloro-2,5-
TCPy mineralization obtained in these experiments were 72% and dihydroxypyridine or 5,6-dichloro-2,3-dihydroxypyridine as ini-

79.4% with an average of 75.7%. The obtained experimental val- tial transformation products.
ues and predicted response values were in close agreement, indi- Experimentally, 5,6-dichloro-2,3-dihydroxypyridine was identi-
cating the validity of this prediction. fied as one of the major transformation products. This compound

The degradation of TCPy by ZVI/PS under the optimum con- was also detected as a byproduct in the photolytic and photocata-
ditions suggested by the RSM was studied and the results are pre- lytic degradation of TCP in water by Zabar et al. [7]. Feng et al.
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HO. N OH o
P oC—
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‘OH OH
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Fig. 8. Degradation pathway for TCPy by ZVI/PS.
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also identified 3,5-dichloro-2,6-dihydroxypyridine and 3,6-dichloro-
2,5-dihydroxypyridine in addition to 5,6-dichloro-2,3-dihydroxy-
pyridine as byproducts of photolytic degradation of TCPy [30].
However, no experimental evidence for the formation of 3,5-
dichloro-2,6-dihydroxypyridine or 3,6-dichloro-2,5-dihydroxypyri-
dine 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-dichloro-2-hydroxypyridne
could be due to the hydrodechlorination of TCPy.

According to the experimentally identified byproducts, a possi-
ble degradation pathway of TCPy by ZVI/PS is proposed in Fig. 8.
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 C,. The dechlorination of
(I) on position C, results in the formation of 5-chloro-2,3-dihy-
droxypyridine (V) followed by dechlorination-hydroxylation pro-
cesses to form (VI). The hydrodechlorination of (I) results in the
formation of (IIT) and (IV), followed by sequential hydrolysis steps
to form (VI). Also, (III) can be formed from hydrodechlorination
of IL. (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 (ie., reverse Diels-Alder) reaction. The formamide
decomposes in water to produce formic acid and ammonia, which
converts to nitrate [31], while formic acid is further converted to
carbon dioxide and water. Although (VI) was not observed in this
study; it is predicted to be formed before the ring cleavage.

Gaussian 09 molecular orbital calculation software with B3LYP
method was used to calculate the free energies (AG) of the reaction
to track the oxidation pathways of TCPy by SR before the ring cleav-
age. The results of calculated AG as presented in Table 4 agree with
the experimental pathway.

CONCLUSION

ZVT1 is effective for activating persulfate for degradation of TCPy
in water. Increasing the concentration of ZVI and PS increased 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

Table 4. AG data of the reaction calculated with Gaussian 09 soft-
ware with B3LYP method for TCPy and its degradation

products

Reactant— Product AG (kcal/mol)
-1 -16.3
I->III —28.3
I->IV —26.3
-V —-249
[I-III -11.9
V—-VI -7.5
M—-VI —-204
IV—>VI -224

pH the removal of TCPy in ZVI/PS exhibited a pseudo-first-order
kinetics pattern. Process optimization of the experimental factors
([PS], [ZV1], and pH) was carried out by means of response sur-
face methodology based on Box-Behnken design with TCPy min-
eralization after two hours chosen as the response. The significance
of the fit for the second-order quadratic model for TCPy mineral-
ization was obtained by ANOVA, yielding coefficient of determi-
nation (R®) 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 miner-
alization (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 perform-
ing 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 (k) of
1.25x10"" min". The transformation intermediates and by-prod-
ucts of TCPy oxidation by ZVI/PS were identified by GC-MS, and
the proposed transformation pathways (based on experimental anal-
ysis) agreed with the theoretical DFT' calculations of the free energy
values for oxidation reactions of the system.
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