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SUMMARY 

Pharmaceuticals are one of the major groups of emerging environmental contaminants in 

recent years. Advanced oxidation processes (AOPs) are known to be more efficient than 

conventional treatment processes in the degradation of pharmaceutical micropollutants. 

Novel AOPs use several oxidants such as ferrate (Fe(VI)) and peracetic acid (PAA) in order 

to generate highly reactive species which further degrade micropollutants. Furthermore, 

suitable activators can be combined with the oxidants to produce enhanced efficient in 

AOPs. The overall objective of this study is to investigate qualitatively and quantitatively 

the reaction mechanisms of the iron intermediate species (Fe(V) and Fe(IV)) in three 

different AOP systems that exploit the oxidizing potential of Fe(VI) or activated Fe(II). 

The three systems investigated are the Fe(II)-PAA-ABTS (2,2′-azino-bis(3-ethyl-

benzothiazoline-6-sulfonic acid), Fe(VI)-PAA and Fe(VI)-DMA systems. The 

experimental results are collected and examined in depth by constructing robust kinetic 

models for the respective oxidative systems to study the mechanisms involved. Sensitivity 

analysis and goodness-of-fit tests are further conducted to validate the kinetic models. 

Overall, this study presents a useful methodology and new modeling tools to quantitatively 

probe the advanced oxidation systems to gain new insights in the mechanism involved. 
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CHAPTER 1. INTRODUCTION 

Pharmaceuticals, ironical to its known use to cure diseases, are emerging as important 

environmental contaminants. Major sources include improper disposal into soils and water 

bodies through unused or human excreted drugs from sectors such as industries, hospitals, 

and domestic wastes and from agricultural manures and runoffs. 1–4 

Although conventional treatment methods are widely known and applied, they are not as 

effective as advanced oxidation processes (AOPs) in eliminating the micropollutants of 

concern in water.5–7AOPs rely on the generation of highly reactive radicals capable of 

oxidizing organic contaminants. They use several oxidants to achieve this goal, such as 

hydrogen peroxide, chlorine, ozone, persulfate, peracetic acid and others. 8–11 In recent 

years, advanced oxidation technologies based on high-valent iron (e.g., Fe(VI), Fe(V) and 

Fe(IV)) and peracetic acid (PAA) are becoming of great interest as novel AOPs. This study 

focuses on the investigation of the mechanisms involved in some of these oxidation 

systems.12 

PAA is an emerging oxidant that is gaining research attention lately. PAA is highly 

advantageous owing to its high antimicrobial activity and lesser formation of harmful 

disinfection byproducts in comparison to conventional oxidants such as free chlorine.4 

PAA alone exhibits high selectivity in the reactivity towards organic substrates.13 

Meanwhile, PAA can be activated in the presence of a suitable promoter, such as light 

irradiation or metal catalysts, to generate reactive species with high reactivity toward many 

organic substrates.14.  

Utilizing the oxidation potential of PAA in combination with metal ions (e.g., 

Mn(II/III/IV), Fe(II/III), Co(II/III), Ru(III), and V(VI/V)) has been explored by recent 

research.15–17,18 Although studies are still limited in this area, previous work on AOPs such 

as the Fenton reaction (Fe(II)/H2O2) suggests that Fe(II) could act as an effective activator. 

Moreover, Fe(II) is easily available and does not cause any harm to the environment. Kim 

et al. has explored the Fe(II)/PAA AOP and assessed the reactive species that could 

potentially react with substrates. To improve the fundamental understanding of the 
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oxidation capacity of the Fe(II)/PAA system, this study introduces 2,2′-azino-bis(3-ethyl-

benzothiazoline-6-sulfonic acid) (ABTS) as the substrate of investigation, i.e., a PAA-

Fe(II)-ABTS system. The advantage of using ABTS is that ABTS can be easily oxidized 

to form a relatively stable ABTS●+ radical species that can be measured with high 

sensitivity using a stopped-flow spectroscopy technique, hence allowing the possibility to 

quantitatively explore the behavior of reactive species (e.g., oxidized substrate intermediate 

and Fe(IV)) generation during the very rapid activation and chain reactions of the Fe(II)-

PAA advanced oxidation system.  

Iron is one of the most widely and easily available metals in the earth’s crust. In recent 

years, ferrate (normally in the form of Fe(VI)) has emerged as a novel oxidant to overcome 

the drawbacks of other water treatment oxidants, owing to its versatile nature as a chemical 

oxidant, coagulant and disinfectant. Fe(VI) is considered to be environmentally friendly 

since it does not form any carcinogenic by-products during oxidation processes. Moreover, 

activated Fe(VI) systems (i.e., combining Fe(VI) with an activator such as reductants19,20 

or ions21,22,23) have been explored in recent years which exhibit enhanced efficiency for the 

degradation of micropollutants. The enhanced efficiency of an activated Fe(VI) system can 

be attributed to the generation of intermediate Fe(V) and/or Fe(IV) species which are 

claimed to have at least two orders of magnitude higher reactivity against substrates 

compared to Fe(VI). The activated Fe(VI) system may exhibit complicated reaction 

kinetics and generation of several different reactive species that need to be considered for 

a better understanding of the reaction mechanism.  

Recent studies have reported several successful activated Fe(VI) systems, for example 

activated Fe(VI) by acid, ammonia, sulfite, bicarbonate, Mn(II), and creatinine.23,24 

However, combining Fe(VI) with PAA (i.e., the Fe(VI)-PAA system) has been studied for 

the first time by our research lab and collaborators, and it involves the formation of several 

reactive species (i.e., Fe(IV), ●OH, CH3C(O)O● and CH3C(O)OO● ) to enhance the 

degradation efficiency for micropollutants. This study investigates the Fe(VI)-PAA system 

using kinetic modeling, and specifically evaluates the generation and consumption of the 

hypothesized Fe(IV) species for substrate degradation. The developed kinetic model is 
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used to estimate the rate constant of Fe(IV) with a wide range of pharmaceutical 

micropollutants.  

Another avenue to explore is the use of amines as activators to enhance Fe(VI) oxidation 

(i.e., the Fe(VI)-amine system). Aliphatic amines are prevalent in water bodies due to their 

extensive use in pharmaceutical, textile and fertilizer industries.24 These amines can 

potentially cause harm by forming toxic disinfection byproducts when reacting with 

chlorine in water treatment. Using amine as an activator in the Fe(VI) system helps 

eliminate amines and other substrates from the environment. The Fe(VI)-amine system 

produces Fe(V) and/or Fe(IV) as the highly reactive species which could degrade substrates 

that may be resistant to Fe(VI).  This study evaluates the reaction kinetics of the activated 

Fe(VI) by dimethylamine (DMA) (i.e., the Fe(VI)-DMA system) using a kinetic model to 

derive mechanistic insights.  

The overall objective of this study was to investigate qualitatively and quantitatively the 

reaction mechanisms of the iron intermediate species (Fe(V) and Fe(IV)) in three different 

AOP systems that exploit the oxidizing potential of Fe(VI) or activated Fe(II). The three 

systems considered are: 

1. The Fe(II)-PAA-ABTS system  

2. The Fe(VI)-PAA system  

3. The Fe(VI)-amine system  

As detailed in the sections of this thesis, experiments were conducted to study the behaviors 

of PAA, ABTS, and ABTS●+ under various reaction conditions for the Fe(II)-PAA-ABTS 

system. A stopped-flow spectrophotometer was used to obtain the kinetic trends of ABTS 

consumption and ABTS●+ formation, and a quenched-flow system (QFS) was used to 

obtain the kinetic trends of PAA decay. The experimental data for the Fe(VI)-PAA system 

and the Fe(VI)-amine system were provided by our collaborating research lab of Prof. 

Virender Sharma at Texas A&M University.  

For all three reaction systems, suitable kinetic models were proposed and series of 

experimental results were assessed by the kinetic modeling using SimBiology version 5.7 
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in MATLAB 2018 to evaluate the significance of the involvement of the concerned species. 

Sensitivity tests were conducted using an inbuilt MATLAB SimBiology feature to observe 

the impact of each rate constant on every species considered. The goodness-of-fit was 

evaluated by computing the Thiel’s inequality coefficient (TIC), the normalized root mean 

square error (NRMSE) and the model efficiency (ME) to assess how well the model 

predicts the experimentally obtained data. On the basis of the kinetic modeling results, 

mechanistic insights for the oxidation systems are drawn. 
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CHAPTER 2. FE(II)-PAA-ABTS SYSTEM 

 This chapter covers the Fe(II)-PAA-ABTS system. It gives an overview of the 

chemicals used, experimental data collected, and results and analysis obtained.   

2.1 Methodology 

2.1.1 Chemicals 

2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), peracetic acid (PAA, 

32% PAA and <6% H2O2 in acetic acid and water), ferrous sulphate (FeSO4∙7H2O), N,N-

diethyl-p-phenylenediamine (DPD), potassium iodide (KI), KH2PO4, and Na2HPO4 were 

purchased from Sigma-Aldrich (St. Louis, MO, USA) or Fisher Scientific (Fair Lawn, NJ, 

USA). Reagent-grade deionized (DI) water was generated by a Nanopure Millipore 

(Billerica, MA) water purification system. 

2.1.2 Oxidation of ABTS in Fe(II)-PAA-ABTS System 

The reaction kinetics in the Fe(II)-PAA-ABTS system were studied by measuring the 

concentrations of ABTS, ABTS●+ and PAA at varied [PAA]0/[Fe(II)]0 and 

[Fe(II)]0/[ABTS]0 molar ratios at pH 3.2 ± 0.1. The solution pH was confirmed by 

measuring the initial and final pHs using a pH meter (Accumet Research AR 20). Freshly 

prepared ABTS solutions ranging from 5-50 μM and Fe(II) solutions ranging from 25-75 

μM were prepared in DI water. PAA solutions ranging from 25-100 μM were also freshly 

prepared in DI water from the stock solution (50 mM).  

The reactions were studied using a stopped-flow spectrophotometer that supported 

millisecond acquisition rates and was equipped with a UV−vis detector (Olis RSM 1000). 

The stopped-flow spectrophotometer was operated at scan rates of 1000 scans/sec (0-2 s) 

and 32 scans/sec (0-120 s). Varied molar ratios of Fe(II), PAA and ABTS were obtained 

by rapidly mixing a solution of Fe(II) and ABTS with a solution of PAA at equal volumes 

to initiate the reaction. A mixed solution of Fe(II) and ABTS was prepared just before 

carrying out the experiments, and it was confirmed that Fe(II) does not react with ABTS. 
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The consumption of ABTS and the formation of ABTS●+ were determined by monitoring 

absorbances at 340 nm (ABTS = 3.66×104 cm-1∙M-1) and 415 nm (ABTS●+ = 3.4×104 cm-

1∙M-1), respectively.25 Note that ABTS does not absorb at 415 nm, and ABTS●+ has 

absorbance at 340 nm (ABTS●+ = 5.4×104 cm-1∙M-1). Concentrations of ABTS and ABTS●+ 

were calculated based on their measured absorbance and molar absorption coefficients 

according to the Beer-Lambert law as follows.22                                                                                              

∆[ABTS]consumed=
∆Aయరబ

εABTS,340l
−

εABTS●+,340∆[ABTS●+]formed

εABTS,340l
                                                         (2.1) 

∆[ABTS●+]formed=
∆Aరభఱ

εABTS●+,415l
                                                                                             (2.2) 

where l was the path length and was 2.0 cm at the stopped-flow spectrophotometer.  

2.1.3 PAA decay in Fe(II)-PAA-ABTS system 

The PAA decay was observed by a customized quenched-flow system (QFS) which was 

based on previous work.4,26,27 The QFS rapidly mixed a solution containing Fe(II) and 

ABTS with a solution containing PAA, followed by dosing excess of KI, DPD, and 

phosphate buffer, and analyzed at 515 nm using a UV-Vis spectrophotometer (Beckman 

DU 520 UV-visible spectrophotometer, Beckman Coulter, Inc., Fullerton, CA). The QFS 

was set up with three pumps (Harvard Apparatus, South Natick, MA, USA, or KD 

Scientific Inc., Holliston, MA, USA) and five gas-tight syringes (Hamilton, Reno, NV, 

USA). The first pump contained two syringes: the first syringe contained a PAA solution 

and the second syringe contained Fe(II) and ABTS solution. Two solutions were mixed 

and flowed through different length of loops (PEEK tubing). The lengths were 4.6, 14.5, 

36.4, 77.5, and 157.1 cm. This mixture was quenched by excess KI (240 mM) delivered 

from the second pump. Then, this mixture was mixed with DPD solution and phosphate 

buffer delivered from the third pump. Each pump was set at a different flow rate ranging 

from 0.5 to 5.0 mL/min and the reaction time (0.4 - 46 seconds) was obtained with respect 

to the varied lengths of loops. The solutions from each syringe were rapidly mixed through 

the mixing tee (VICI Jour Research, Onsala, Sweden) with a dead volume of 25 μL. The 

absorbance at 515 nm was measured within 60 s after DPD and buffer were finally added 
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from the third pump. The presence of ABTS●+ in a mixed solution resulted in a small 

contribution of absorbance at 515 nm. The absorbance of ABTS●+ was subtracted from that 

of the mixed solution. After each experiment, the syringes were cleansed with methanol, 

0.5 M sulfuric acid in water, and DI water thoroughly before the next experiment.  

2.1.4 Kinetic Modeling  

The kinetic simulation was conducted using the SimBiology version 5.7 in MATLAB 

2018. Initially the Run Scan task in SimBiology was used to predict the rate constant 

manually followed by using the Fit Data task to narrow down the rate constant using a 

least-square non-linear regression with constant error model.  

2.1.5  Sensitivity Analysis and Goodness-of-fit 

The model was validated by computing the Theil’s inequality coefficient (TIC),28 the 

normalized root mean square error (NRMSE)29 and the model efficiency (ME) by 

following the formulas listed below. The goodness of fit between the experimental and 

simulated data was compared and quantified.  

𝑇𝐼𝐶 =   
ට∑ ( ௬೔ି௬೔,೘)మ

೔

ට∑ ௬೔
మ

೔ ାට∑ ௬೔,೘
మ

೔

                                                                                                       (2.3) 

𝑁𝑅𝑀𝑆𝐸 =   

ඨ∑ ቀ ೤೔ష೤೔,೘ቁ
మ

೔

೙

௬೘ೌೣି௬೘೔೙
                                                                                                  (2.4) 

𝑀𝐸 =   1 −
∑ ( ௬೔ି௬೔,೘)మ

೔

∑ ( ௬೔ି௬ಾ)మ
೔

                                                                                                  (2.5) 

Where, yi = Simulated data  

 yi,m = measured data  

 ym = average of simulated data 
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 ymax = maximum of measured data points 

 ymin = minimum of measured data points 

Further, the sensitivity analysis for all the rate constants and its effect on all the concerned 

species for the different reaction conditions were analyzed using the sensitivity analysis 

task in Simbiology MATLAB. It was computed for the local sensitivity analysis under the 

‘Full Normalization’ mode. The time dependent sensitivity coefficient was computed 

based on our previous work.12 First, it was calculated by  

ฬ
௞ೕ

஼೔

ப஼೔

ப௞ೕ
ฬ

௧

                                                                                                                         (2.6) 

To measure the coefficient or impact of one rate constant j on a particular species i, the 

summation of all the time dependent coefficients were computed as below: 

∑ ฬ
௞ೕ

஼೔

ப஼೔

ப௞ೕ
ฬ

௧

 ௧                                                                                                                          (2.7) 

And to measure the impact of one rate constant j on all the species, the overall sensitivity 

analysis was calculated by: 

∑ ∑ ฬ
௞ೕ

஼೔

ப஼೔

ப௞ೕ
ฬ

௧
௧௜                                                                                                                     (2.8) 

where,  Ci = Concentration of species i; 

  kj = rate constant of reaction j; 

  t = Time point; 

2.2 Results and Discussion 

This system at around pH 3 considers the rapid reaction between PAA and Fe(II) to 

generate Fe(IV) and PAA-related radicals. These reactive species then lose an electron to 

oxidize ABTS forming ABTS●+. ABTS●+ is also capable of efficient substrate degradation. 
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To validate and determine the accurate rate constants, kinetic simulation of the system is 

carried out by using the equations listed in Table 1.  

As shown in Table 1, the reaction between PAA and Fe(II) starts the process and this 

proceeds in two possible pathways (Eq. 1a, 1b) simultaneously: one forming the acetyloxyl 

radical (CH3CO2
●) and Fe(III) (Eq. 1a), and the second one generating the high valent iron 

Fe(IV) and acetic acid (Eq. 1b). It should be noted that even though background H2O2 

([H2O2]o = 31 µM when [PAA]o = 100 µM) coexists with PAA, previous research has 

shown that PAA reacts with Fe(II) much more rapidly than H2O2.4 In other words, PAA 

dominates the initial reaction kinetics with Fe(II) and thus the reaction of H2O2 with Fe(II) 

was neglected from the model. 

After Eq. 1a and 1b, the remaining PAA in the system can react with CH3CO2
● to form 

acetylperoxyl radical (CH3COOO●) and more acetic acid (Eq. 2). At the same time, 

CH3CO2
● and Fe(IV) also undergo decay reactions. CH3CO2

● undergoes unimolecular 

decarboxylation to form methyl radical (CH3
●) (Eq. 6). In the presence of oxygen, CH3

● 

quickly reacts with O2 to form methylperoxyl radical (CH3O2
●) which is known to have 

weak reactivity to organic substrates30 and thus is not considered further in the model. 

CH3CO2
● may also be lost from reaction with Fe(II) (Eq. 11). The decay reactions of Fe(IV) 

involve H2O2 (Eq. 7), bimolecular self-decay (Eq. 8), and Fe(II) (Eq. 10). Eq. 13 was 

proposed for the possible reaction of Fe(IV) with PAA to regenerate Fe(II) and yield acetic 

acid.  

When ABTS is present, the generated Fe(IV) immediately reacts with ABTS to form 

ABTS●+ and Fe(III) (Eq. 3). ABTS may also react with CH3COOO● radical (Eq. 5) and 

CH3CO2
● radical (Eq. 9) to form ABTS●+ and byproducts, although these reactions appear 

to be not very significant due to the low concentrations of the radical formation. Eq. 4 

represents the reaction of ABTS with Fe(III) generated in the system at a slower rate to 

yield ABTS●+ and regenerate Fe(II). Eq. 12 is proposed for the reaction of ABTS●+ with 

Fe(II) to generate Fe(III) and oxidized ABTS (ABTSox).   

The experiments were conducted under different [PAA]0/[Fe(II)]0 and [Fe(II)]0/[ABTS]0 

molar ratios. Conceivably, the relative importance of the reactions proposed in Table 1 is 
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strongly influenced by the molar ratio of [PAA]0/[Fe(II)]0/[ABTS]0. When Fe(II) is in 

excess and PAA is limited, Eq. 10 (decay of Fe(IV) by reacting with Fe(II)) and Eq. 12 

(reaction of ABTS●+ with Fe(II)) would play a more important role. When [ABTS]0 is 

lower, excess Fe(IV) would be consumed by undergoing Eq. 13 (reaction of Fe(IV) with 

PAA), rendering a more important role of this reaction under such conditions.    

Table 1 Proposed Reactions in the Fe(II)-PAA-ABTS system at around pH 3. 

                              Reactions  k at pH 3 Reference 

[1a] (FeII)2+ (aq) + CH3CO3H  CH3CO2
●+  (Fe

III
OH)2+(aq)  7.03 x 104 M-1s-1 4 

[1b]  (FeII)2+(aq) + CH3CO3H + 2H2O   H
2
Fe

IV
O

3

  
 + CH3COOH + 

2H+  
3.97 x 104 M-1s-1 4 

[2]  CH3CO3H +  CH3CO2
●   CH3CO3

●  +  CH3COOH 
(0.01-1) x 107  

M-1s-1 
31 

[3]  H
2
Fe

IV
O  +  ABTS + 3H+  (Fe

III
OH)2+(aq) + ABTS●+ + 2H2O 4.6 x 105  M-1s-1 12 

[4]  (Fe
III

OH)2+(aq) + ABTS + H+   (FeII)2+(aq) + ABTS●+ + H2O 1.3 x 102  M-1s-1 32 

[5]  CH3CO3
● + ABTS  ABTS●+ + CH3CO3

- 1.8 x 109  M-1s-1 33 

[6]  CH3CO2
●   CH3

● + CO2 2.3 x 105 s-1 34 

[7]  H
2
Fe

IV
O

4

  
+  H

2
O

2
 + 2H+   (FeII)2+(aq) + O

2
 + 3H2O 1 x 104  M-1s-1 12 

[8] 2 H2Fe
IV

O
4
 +  4H

+
   2(Fe

III
OH)2+(aq)  +  2H

2
O

2

  
 1 x 103  M-1s-1 12 

[9] CH3CO2
● +  ABTS    CH3CO2

- 
  
+  ABTS●+

 
Less than 1 x 

106  M-1s-1 

Estimated 
in this 
study 



 11

2.2.1 Kinetic modeling of ABTS, ABTS●+
 and PAA at pH 3  

To accurately represent the possible reactions taking place in the Fe(II)-PAA-ABTS 

system, the equations explained in the previous sections were carefully examined through 

experimental and kinetic modeling results. The trends of ABTS, ABTS●+
 and PAA were 

monitored and are explained in the sections to come. The conditions considered in this 

study always contained PAA in excess of Fe(II) and ABTS, and Fe(II) in excess of ABTS, 

i.e.,  [PAA]o > [Fe(II)]o > [ABTS]o. The following three conditions are considered: 

A. [PAA]o = 100 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM 

B. [PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 10 µM 

C. [PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 5 µM 

 

 

[10]  (FeII)2+(aq) +  H
2
Fe

IV
O

4

 
   2 (Fe

III
OH)2+(aq)  + O2

 
1 x 105  M-1s-1 

1 x 106 (pH = 7) 

12 

[11]  (FeII)2+(aq) +  CH3CO2
● + H2O  (Fe

III
OH)2+(aq) + CH3COOH  Less than 1 x 

106  M-1s-1 

Estimated 
in this 
study 

[12]  (FeII)2+(aq)  +  ABTS●+
 + OH-   (Fe

III
OH)2+(aq)  

  
+  ABTSox  500 M-1s-1 

Estimated 
in this 
study 

[13]  H
2
Fe

IV
O

4

  
+  CH3CO3H   (FeII)2+(aq) + H2O + 2O2 + 

CH3COOH 
5 x 104  M-1s-1 

Estimated 
in this 
study  
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Figure 1. Fe(II)-PAA-ABTS system: Experimental data and kinetic simulation of ABTS 

and ABTS●+
 at A), C), E) 2 s B), D), F) 120s. Solid Symbol: ABTS and ABTS●+ 

experimental data points. Line: Model Simulation (Experimental Conditions:A) B) 
[PAA]o = 100 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM, [H2O2]o = 31 µM; C) D) 
[PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 10 µM, [H2O2]o = 31 µM; E) F) [PAA]o 
= 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 5 µM, [H2O2]o = 31 µM) 

 

(F)(E)

(B)

(D)(C)

(A)



 13

By creating a condition where Fe(II) was completely consumed within the first 2 s by PAA, 

Fe(III) and Fe(IV) are formed through Eqs. 1a and 1b. But looking at the trends of ABTS 

from Figure 1, it comes to our notice that ABTS is not fully consumed even though the 

reactive species formed by PAA and Fe(II) immediately react with ABTS to generate 

ABTS●+
. This makes it clear that there are other competing/scavenging reactions for 

Fe(IV), CH3COOO● and CH3CO2
●.  But by looking at the profiles of these species through 

modeling, the amount of CH3COOO● and CH3CO2
● formed is 6 orders of magnitude lower 

than that of Fe(IV) as shown in Figures 2-4. Hence, we can positively infer that Fe(IV) is 

the major reactive species in this system and other competing reactions involving Fe(IV) 

affects the consumption and formation of ABTS and ABTS●+
. Meanwhile, the low 

concentration of the radicals can be explained from a close examination of the involved 

rate constants. The self-decomposition of CH3CO2
● occurs at a very rapid rate (Eq. 6), and 

the formation CH3COOO● depends on the availability of CH3CO2
● (Eq. 2). The 

decomposition of the radiacals hinders their reactions with ABTS. 

The Fe(IV) profile (Figure 2) suggests that it contributes to the initial spike in the ABTS●+  

generation in the 2 second time range, and the later slower increase/decrease in ABTS●+ 

/ABTS is because of Eq. 4, i.e., the reaction of Fe(III) with ABTS. This reaction is at a 

comparatively much slower rate and Fe(III) concentration increases once Fe(IV) reacts 

with all of ABTS.  
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Figure 2. Fe(II)-PAA-ABTS system: kinetic simulation of Fe(IV) in reaction conditions, 
A: [PAA]o = 100 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM; B: [PAA]o = 100 µM, 
[Fe(II)]o = 25 µM, [ABTS]o = 10 µM; C: [PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o 
= 5 µM. [H2O2]o = 31 µM for all. 

(A) (B)

(C)



 15

 

   

 

 

 

Figure 3. Fe(II)-PAA-ABTS system: kinetic simulation of CH3CO2
● in reaction 

conditions, A: [PAA]o = 100 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM; B: [PAA]o = 100 
µM, [Fe(II)]o = 25 µM, [ABTS]o = 10 µM; C: [PAA]o = 100 µM, [Fe(II)]o = 25 µM, 
[ABTS]o = 5 µM. [H2O2]o = 31 µM for all. 

 

 

 

 

(A) (B)

(C)

(B)(A)
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Figure 4. Fe(II)-PAA-ABTS system: kinetic simulation of CH3COOO● in reaction 
conditions, A: [PAA]o = 100 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM; B: [PAA]o = 100 
µM, [Fe(II)]o = 25 µM, [ABTS]o = 10 µM; C: [PAA]o = 100 µM, [Fe(II)]o = 25 µM, 
[ABTS]o = 5 µM. [H2O2]o = 31 µM for all. 

 

As shown in Figure 5, the experimental data of PAA decay suggest that no further 

spontaneous reaction takes place involving PAA, since after the initial decrease within 1.2 

s, there is a very slow decay of PAA in most cases. The kinetic simulation well captured 

the PAA decay trends. These results also support the above inference that Fe(IV) is the 

major reactive species in reacting with ABTS to produce ABTS●+.  

 

 

 

(A) (B)

(C)
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Figure 5. Fe(II)-PAA-ABTS system: Experimental data and kinetic simulation of PAA in 
reaction conditions, A: [PAA]o = 100 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM, B: 
[PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 10, C: [PAA]o = 100 µM, [Fe(II)]o = 25 
µM, [ABTS]o = 5 µM. [H2O2]o = 31 µM for all. Solid Symbol: Experimental data. Line: 
Model Simulation  

The two reactions considered in the kinetic model to account for the competing reactions 

for Fe(IV) in addition to its self-decay reactions are Eq. 10 and 13. Eq. 10, accounts for the 

excess Fe(II) if any in the system reacting with Fe(IV) to generate more Fe(III). On the 

other hand, Eq. 13 considers the reaction between PAA and Fe(IV), particularly when there 

is excess PAA and a low ABTS concentration. As shown in Figure 6, in the conditions 

when [ABTS]o is low (much lower than [Fe(II)]o), the competition of PAA with ABTS in 

reacting with Fe(IV), as accounted by Eq. 13, is important to properly depict the decay 

trends of ABTS degradation and ABTS●+ formation. 

      

(C)

(B)(A)
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Figure 6. Fe(II)-PAA-ABTS system: Experimental data and kinetic simulation of ABTS 

and ABTS●+
 at A) [PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 10 µM and 

B)[PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 5 µM with and without Eq. 13.  

2.2.2 Sensitivity Analysis and Goodness of Fit 

To evaluate the importance of the Eqs. 1 – 13 in Table 1 for the major species of interest 

(i.e., ABTS, ABTS●+
, PAA, Fe(II), Fe(IV), CH3CO2

●, CH3COOO● and Fe(III)) in the 

Fe(II)-PAA-ABTS system, the local sensitivity analysis was carried out as mentioned in 

the methodology section. The rankings of the reactions for their impacts are shown in Table 

2. The calculated sensitivity coefficients can be found in Appendix A. The higher the 

sensitivity coefficient, the more dominant the rate constant in the evolution of the species 

in consideration. 

Table 2 depicts the rankings of the impact each rate constant has in the overall reaction 

under different reaction conditions. The three different sets of reaction conditions at two 

different time ranges (0-2 s and 0-120 s) are compared and the overall sensitivity was 

reported in Table 2. We can see that at Condition A: [PAA]o = 100 µM, [Fe(II)]o = 50 µM, 

[ABTS]o = 25 µM, k1a, k1b, k4, k2, k3, k6 and k5 are the most significant ones for both time 

ranges combined. This shows that at this condition, with ABTS concentration higher, the 

competing reactions for Fe(IV) (i.e., Eqs. 10 and 13) are not impactful, rather the initial 

reactions contribute towards the generation of ABTS●+
. As we move to a condition with a 

much lower ABTS concentration (i.e. Conditions B and C when [ABTS]o = 10 and 5 µM, 

respectively), in addition to the above mentioned rate constants, k10 and k13 also become 

sensitive. This indicates the importance of including Eq. 10 and Eq. 13 in the model. Figure 

6 above provides a visual depiction of the significance of Eq. 13 and supports the addition 

of this reaction.  

Another thing to note is that k2 (reaction of CH3CO2
● with PAA to form CH3COOO●) 

washighly sensitive in the 2 s region but was not very important in the 120 s region, which 

adds to Figures 3 and 4 and supports that the PAA radicals are not significant contributors 

to the ABTS●+
 generation. 
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Table 2. Sensitivity analysis for the different conditions: [PAA]o = 100 µM, [Fe(II)]o = 50 
µM, [ABTS]o = 25 µM, t = 0-2 or 0-120 s. 

Reaction condition 
Time Sensitivity 

Coefficient 

The Rank of Sensitivity 

Coefficient 

[PAA]o = 100 µM, 

[Fe(II)]o = 50 µM, 

[ABTS]o = 25 µM 

2 

Overall 

k1a > k1b > k2 > k3 >k6> k13> k10> k5> 

k12> k4>k11> k7> k9> k8 

120 k4 > k5 > k3 > k1b >k1a> k13> k6> k9> 

k10> k12>k2> k11> k7> k8 

[PAA]o = 100 µM, 

[Fe(II)]o = 25 µM, 

[ABTS]o = 10 µM 

2 

Overall 

k1a > k1b > k3 > k6 > k13>k2> k5> 

k10> k4> k7> k8>k12> k11> k9 

120 k11 > k4 > k9 > k1b >k5> k1a> k10> 

k3> k13> k8>k6> k2> k12> k7 

[PAA]o = 100 µM, 

[Fe(II)]o = 25 µM, 

[ABTS]o = 5 µM 

2 

Overall 

k1a > k6 > k1b > k2 > k4>k8> k3> k5> 

k13> k7> k9>k11> k12> k10       

120 k8 > k1a > k10 >k1b> k3> k5> k13>  

k7> k2 > k12>k11> k6> k9 
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As reported in Tables 3-5, the TIC, NRMSE and ME for all the conditions considered 

were well within the range expected for good agreement between the experimental and 

simulated data sets. According to previous studies a value of TIC lower than 0.328,29,35 and 

a ME29,36 around 1 indicate a good fit of the two sets of data under consideration.  

Table 3. Goodness of fit test for the Fe(II)-PAA-ABTS system for ABTS and 

ABTS●+
system at t = 0-2 s 

Condition Time (s) Species TIC NRSME ME 

[PAA]o = 100 µM, 
[Fe(II)]o = 50 µM, 
[ABTS]o = 25 µM 

2 
ABTS 3.3 × 10-2 8.0 × 10-2 0.86 

ABTS●+
 4.3 × 10-2 7.1 × 10-2 0.89 

[PAA]o = 100 µM, 
[Fe(II)]o = 25 µM, 
[ABTS]o = 10 µM 

2 
ABTS 3.6 × 10-2 1.5 × 10-1 0.85 

ABTS●+
 1.7 × 10-1 2.7 × 10-1 0.55 

[PAA]o = 100 µM, 
[Fe(II)]o = 25 µM, 
[ABTS]o = 10 µM 

2 
ABTS 3.7 × 10-2 6.6 × 10-2 0.96 

ABTS●+
 7.1 × 10-2 1.0 × 10-1 0.91 

 

 

Table 4. Goodness of fit test for the Fe(II)-PAA-ABTS system for ABTS and 

ABTS●+
system at t = 0-120 s 

Condition Time (s) Species TIC NRSME ME 

[PAA]o = 100 µM, 
[Fe(II)]o = 50 µM, 
[ABTS]o = 25 µM 

120 
ABTS 7.6 × 10-2 8.0 × 10-2 0.86 

ABTS●+
 4.7 × 10-2 7.1 × 10-2 0.91 

120 ABTS 4.5 × 10-2 1.0× 10-1 0.93 
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Table 5. Goodness of fit test for the Fe(II)-PAA-ABTS system for PAA system at t = 0-
45 s  

 

 

2.3 CONCLUSION 

This study was an effort to improve the mechanistic understanding of reactive species 

generation in the reaction of PAA with Fe(II) by including ABTS as the substrate. A robust 

kinetic model was developed for the Fe(II)-PAA-ABTS system to investigate the 

mechanisms involved and to delineate the major reaction pathways of the system. The 

[PAA]o = 100 µM, 
[Fe(II)]o = 25 µM, 
[ABTS]o = 10 µM 

ABTS●+
 6.0 × 10-2 9.9 × 10-2 0.89 

[PAA]o = 100 µM, 
[Fe(II)]o = 25 µM, 
[ABTS]o = 10 µM 

120 
ABTS 7.3 × 10-2 1.1 × 10-1 0.84 

ABTS●+
 3.9 × 10-2 7.1 × 10-2 0.94 

Condition Time (s) Species TIC NRSME ME 

[PAA]o = 100 µM, 
[Fe(II)]o = 50 µM, 
[ABTS]o = 25 µM 

45 PAA 1.0 × 10-2 2.0 × 10-2 0.99 

[PAA]o = 100 µM, 
[Fe(II)]o = 25 µM, 
[ABTS]o = 10 µM 

45 PAA 1.1 × 10-2 4.1 × 10-2 0.98 

[PAA]o = 100 µM, 
[Fe(II)]o = 25 µM, 
[ABTS]o = 10 µM 

45 PAA 1.6 × 10-2 6.5× 10-2 0.96 
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contribution and reactions involving the Fe(IV) reactive intermediate are found to be most 

influential and have been the major focus of this study. The proposed kinetic model is well 

supported by a good amount of experimental data and other validation simulation 

experiments. Future research should be conducted with more experiments at different 

conditions of [PAA]o/[Fe(II)]o ratios in order to more comprehensively test the robustness 

of this kinetic model, which will improve its suitability for a wider range of reaction 

conditions and probe further mechanistic insight.  
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CHAPTER 3. FE(VI)-PAA SYSTEM 

3.1 Methodology 

3.1.1 Chemicals 

Potassium ferrate(VI) (K2FeO4) was prepared at Dr. Virender Sharma’s laboratory 

at Texas A&M University (TAMU). Carbamazepine (CBZ), sulfamethoxazole (SMX, 

purity > 98%), sulfadimethoxine sodium (SDM, analytical standard), trimethoprim (TMP, 

purity > 98.0%), atenolol (ATL, purity ≥ 98%), propranolol hydrochloride (PPN, purity ≥ 

97%), and caffeine (CAF, ReagentPlus) were purchased from Fisher-Scientific (Austin, 

TX, USA) or Sigma-Aldrich (St. Louis, MO, USA). A 35% PAA solution (35.5% PAA, 

6.5% H2O2 and 40% acetic acid in water) was obtained from Pfaltz & Bauer (Waterbury, 

CT, USA). They followed a wet chemical method37 to synthesize solid potassium ferrate 

(VI) with a purity >95%. All solutions were prepared using ultrapure water (18.0 MΩ-cm 

Milli-Q water purification system) (Millipore, Waters Alliance, Milford, MA, USA). All 

experiments were performed in 0.01 M borate buffer at pH 9.0 ± 0.1 by collaborators at the 

Texas A&M university.  

3.1.2  Kinetic Modeling 

The experimental data for the Fe(VI)-PAA system and the Fe(VI)-PAA-substrate system 

were obtained at various reaction ratios of [PAA]o and [Fe(VI)]o from Dr. Sharma’s group 

at the Texas A&M University. [PAA]o ranged from 50-100 µM and [Fe(VI)]o ranged from 

50-400 µM. This report investigates the kinetic modeling of the Fe(VI)-PAA system with 

and without substrates to delineate the reaction mechanisms involved. The modeling 

involves two parts: 

A) Modeling the Fe(VI) decay in the Fe(VI)-PAA system 
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B) Modeling the substrate decay in the Fe(VI)-PAA-substrate system 

3.1.3 Goodness-of-fit 

The model was validated by quantifying the goodness-of-fit by computing the Theil’s 

inequality coefficient (TIC)28, the normalized root mean square error (NRMSE)29 and the 

model efficiency (ME) by following the method mentioned in Chapter 2.  

3.2 Results and Discussion 

Kinetic simulations of Fe(VI) decay in the Fe(VI)-PAA system and substrate degradation 

in the Fe(VI)-PAA-substrate system were conducted using the experimental data from Dr. 

Sharma’s group. Based on the fitting results, the major reactive species and the rate 

constants of substrate degradation were proposed. Table 4 presents the proposed reactions 

in the Fe(VI)-PAA-substrate system. The self-decay and scavenging reactions of Fe(VI), 

Fe(V), and Fe(IV) were considered in Eqs. 1-10. Then, the reaction of Fe(VI) with PAA to 

produce Fe(IV) as the major reactive species (Eq. 11) was proposed to be the most 

significant reaction, and hence this reaction has been explored to fit the Fe(VI) decay data. 

Eqs. 12-23 were included to study the substrate degradation by Fe(IV) and Fe(VI) in the 

Fe(VI)-PAA-substrate system, for several pharmaceutical micropollutants: 

sulfamethoxazole (SMX), sulfadimethoxine (SDM), trimethoprim (TMP), atenolol (ATL), 

propranolol (PPN) and caffeine (CAF). 

3.2.1 Kinetic Simulation of Fe(VI) Self-decay 

Eqs. 1-10 in this model include the Fe(VI) self-decay system as described at pH 9.0. Eq. 1 

is the starting reaction where one molecule of Fe(VI) undergoes self-decay to form one 

molecule of Fe(IV) and H2O2. The Fe(VI) now reacts with the H2O2 (Eq. 2) in the system 

to further generate more Fe(IV) and releases one molecule of oxygen. The Fe(IV) reacts 

with another molecule of Fe(IV) and dimerizes which immediately self-decays to form two 

molecules of Fe(III) and H2O2. One molecule from the remaining Fe(IV) reacts with H2O2 

to form Fe(II). This Fe(II) now reacts with Fe(VI) and Fe(IV) to generate Fe(V) and Fe(III), 
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respectively, via one-electron transfer pathways. The unused Fe(II) further reacts with 

H2O2 to form more Fe(IV). Fe(V) also undergoes self-decay to form Fe(III) and H2O2. 

Fe(V) further reacts with the H2O2 to form Fe(III) and one molecule of oxygen (Eq. 10).  

 

Table 6 Proposed Reactions in the Fe(VI)-PAA-substrate system 

                              Reactions  k at pH 9.0 Reference 

[1] FeVIO4
2- +  H2O   FeIVO3

2- +  H2O2   2.0×10-5 s-1 
Estimated in Fe(VI) 
decay system 

[2] FeVIO4
2- + H2O2  FeIVO3

2- + O2  +  H2O     ~ 0 M-1s-1 38 

[3] FeIVO3
2- +  FeIVO3

2-   Fe2
IVO6

4- ~ 107  M-1s-1 39 

[4] Fe2
IVO6

4-  +  4 H2O + 4 H+  2FeIII(OH)3(H2O) + H2O2  102 s-1 39 

[5] FeIVO3
2- + H2O2 + 2 H+  FeII(OH)2(aq) + O2 + 2 H2O    

3.0×103M-

1s-1 
39,40 

[6] FeIVO3
2- + FeII(OH)2(aq) + 3 H2O  2 FeIII(OH)3(aq) 

+ 2 OH- 
~ 106  M-1s-1 39 

[7] FeVIO4
2- + FeII(OH)2(aq) + H2O  HFeVO4

2- + 
FeIII(OH)3(aq)  

~ 105  M-1s-1 22,41 

[8] FeII(OH)2(aq) + H2O2 + 2 OH-  FeIVO3
2- + 3 H2O ~ 103  M-1s-1 42 

[9a] HFeVO4
2- + 2 H+ + 4 H2O  FeIII(OH)3(H2O)3 + H2O2  5.0 s-1 43 

[9b] HFeVO4
2-   + HFeVO4

2-   + 4 H2O + 4 H+  2 
FeIII(OH)3(H2O) +  2 H2O2  

1.5×107M-

1s-1 
44 
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*Standard deviation estimated by using the standard deviation generated by the fit data function on matlab 

3.2.2 Kinetic Simulation of Fe(VI) decay by PAA – Eq. 11 

[10] HFeVO4
2- + H2O2 + H2O  FeIII(OH)3(aq) + O2 + 2 

OH- 
4.0×105M-

1s-1 
38 

[11] FeVIO4
2- + CH3CO3

-   FeIVO3
2- + CH3CO2

- + O2 
58 ± 1.0*  M-

1s-1 
Estimated in this study 

[12] FeIVO3
2- + ATL  FeIII(OH)3(aq) + P1 (1.85 ± 0.3) 

x 105  M-1s-1 
Estimated in this study 

[13] FeIVO3
2- + CAF  FeIII(OH)3(aq) + P1 (1.5 ± 0.1 x 

105  M-1s-1 
Estimated in this study 

[14] FeIVO3
2- + PPN  FeIII(OH)3(aq) + P1 (3.35 + 0.05) 

x 105 M-1s-1 
Estimated in this study 

[15] FeIVO3
2- + SDM  FeIII(OH)3(aq) + P1 (3.0 ± 0.3) x 

105 M-1s-1 
Estimated in this study 

[16] FeIVO3
2- + SMX  FeIII(OH)3(aq) + P1 (2.72 ± 0.2) 

x 105 M-1s-1 
Estimated in this study 

[17] FeIVO3
2- + TMP  FeIII(OH)3(aq) + P1 (1.56 + 0.1) 

x 105 M-1s-1 
Estimated in this study 

[18] FeVIO4
2- + ATL  FeIII(OH)3(aq) + P2 12.0 M-1s-1 Estimated in this study 

[19] FeVIO4
2- + CAF  FeIII(OH)3(aq) + P2 6.7 M-1s-1 Estimated in this study 

[20] FeVIO4
2- + PPN  FeIII(OH)3(aq) + P2 2.0 M-1s-1 Estimated in this study 

[21] FeVIO4
2- + SDM  FeIII(OH)3(aq) + P2 5.7 M-1s-1 Estimated in this study 

[22] FeVIO4
2- + SMX  FeIII(OH)3(aq) + P2 12.3 M-1s-1 Estimated in this study 

[23] FeVIO4
2- + TMP  FeIII(OH)3(aq) + P2 5.2 M-1s-1 Estimated in this study 
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Experimental data were obtained by Dr. Sharma’s group which include (i) Fe(VI) decay in 

the presence of PAA, (ii) substrate degradation by PAA alone, (iii) substrate degradation 

by Fe(VI) alone, and (iv) substrate degradation by Fe(VI)/PAA. The kinetic model for this 

system at pH 9.0 includes the reactions listed in Table 4. 

 

Figure 7. Experimental data and kinetic simulation of Fe(VI) decay in the Fe(VI)-PAA 
system. Solid symbols:  experimental data for Fe(VI) decay. (Experimental conditions: 
[Fe(VI)]0 = 50.0-400.0 µM, [PAA]0 = 100.0 µM (A)(C)and 50.0 µM (B)(D), 10.0 mM 
borate buffer, and pH = 9.0). Line: model simulation.   

Eq. 11 was added to investigate the reaction of Fe(VI) with PAA. We proposed Fe(IV) to 

be the major reactive species and hence explored to model the Fe(VI) decay and substrate 

decay using Eq. 11, that is Fe(VI) reacting with PAA to form Fe(IV), acetic acid and one 

molecule of oxygen. As shown in Figure 7, by fitting to the experimental data for Fe(VI) 

(A) (B)

(D)(C)
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decay by two different concentrations of PAA (50 µM and 100 µM), k11 was estimated to 

be 58  1.0 M-1∙s-1.  

 

3.2.3 Kinetic Simulation of Substrate Degradation (Eq. 12-23) 

For each substrate, Fe(IV) and Fe(VI) in the system were proposed to react with the 

compound (Eqs. 12-23). From the experiments conducted, we got the data for the 

degradation of the substrates by only PAA and only Fe(VI). To have a good estimate/range 

of the rate constants of Fe(VI) with substrates, the data of substrate degradation with only 

Fe(VI) were considered to derive the second-order rate constant from the psuedo-first order 

rate constant. This gives good estimates of the rate constants of Fe(VI) with the 

pharmaceutical micropollutant (k18-23 = 2.0-12.3 M-1∙s-1) which agree with the range of 

reported values from previous literature.23  

Obtaining/fixing the rate constant of substrates with Fe(VI) and then modeling for the 

experimental data helps us estimate the rate constant for Fe(IV) with substrates in the 

Fe(VI)-PAA-substrate system. Eqs. 12-17 are the reaction of Fe(IV) for each of the 

substrate considered. The estimated rate constants for Fe(IV) with micropollutants from 

the kinetic modeling are in the range of (1.56-3.35) x 105 M-1∙s-1 (Table 4).                                                       

 

(A) (B)
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Figure 8. Experimetnal data and kinetic simulation of degradation of substrates in the 
Fe(VI)-PAA-substrate system. Experimental conditions: [Fe(VI)]0 = 200.0 µM, [PAA]0 = 
100.0 µM, [pharmaceutical]0 = 10.0 µM, pH = 9.0 ± 0.1, 10.0 mM borate buffer, T = 25 
± 1 °C). (A) Antibiotics: SMX-sulfamethoxazole, SDM-sulfadimethoxine, and TMP-
trimethoprim. (B) Beta blockers: ATL-atenolol, and PPN-propranolol. Stimulant: CAF-
caffeine. 

The estimated rate constants for the Fe(IV)-micropollutant study correlates well with the 

prediction in previous studies. Although reported rate constants with Fe(IV) were not 

available for all the micropollutants considered in this study, the order of magnitude of the 

reaction rate constants of Fe(IV) with similar organic compounds were in the higher range 

of 104 M-1s-1,12,23 which compare well with the lower 105 M-1s-1 values obtained in this 

study. 

3.2.4 Goodness-of-fit 

The goodness of fit to see how well the model was able to predict the trends in comparison 

to experimental data was computed using the Thiel’s inequality coefficient, NRMSE and 

ME. The results are tabulated in Table 5. All three methods were well within the limits, 

thus validating the model’s ability to predict the reaction kinetics well. According to 

previous studies a value of TIC lower than 0.328,29,35 and a ME29,36 around 1.0 indicated a 

good fit of the two sets of data under consideration.  

Table 7. Goodness-of-fit test for the Fe(VI)-PAA system for Fe(VI) decay prediction 

[PAA]o [Fe(VI)]o TIC NRSME ME 

50 50 2.0 x 10-4 0.20 0.44 

100 4.1 x 10-4 0.13 0.78 

150 6.2 x 10-4 0.11 0.87 

200 8.3 x 10-4 0.11 0.85 

400 1.7 x 10-3 0.03 0.99 

100 50 2.0 x 10-4 0.06 0.95 
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100 3.8 x 10-4 0.03 0.99 

150 5.8 x 10-4 0.03 0.99 

200 7.8 x 10-4 0.02 0.98 

400 1.6 x 10-3 0.01 1.00 

 

Table 8. Goodness-of-fit test for the Fe(VI)-PAA system for substrate decay prediction 

Condition [Fe(VI)]o TIC NRSME ME 

[PAA]o = 200µM 

[Fe(VI)]o = 100µM 

Substrate = 10µM 

ATL 2.4 x 10-5 6 x 10-3 1.0 

CAF 2.8 x 10-5 2 x 10-3 1.0 

PPN 2.2 x 10-5 7 x 10-3 1.0 

SDM 2.3 x 10-5 5 x 10-3 1.0 

SMX 2.3 x 10-5 2 x 10-3 1.0 

TMP 2.6 x 10-5 6 x 10-3 1.0 

 

3.3 Conclusion 

This study was a modeling effort toward investigating the Fe(VI)-PAA system with and 

without micropollutant substrates. The focus was on the reaction of Fe(VI) with PAA to 

generate Fe(IV) and the degradation reactions of substrates by Fe(VI) and Fe(IV). 

Goodness-of-fit tests validate the kinetic model in consideration.  Although the formation 

of Fe(V) was much lower than Fe(IV) in this system, future work can study the Fe(V) 

generation and the impact it has on substrate degradation. In addition, quantum chemical 
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computation such as density functional theory calculations (DFT) should be conducted in 

the future to provide confirmation for the dominant role of Fe(IV) proposed by this study 

for the Fe(VI)-PAA system.  
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CHAPTER 4. FE(VI)–DMA SYSTEM 

4.1 Methodology 

4.1.1 Chemicals 

Amines (i.e., MMA, DMA, and TMA), hydroxylamine, methyl phenyl sulfoxide (PMSO), 

methyl phenyl sulfone (PMSO2), and Na2B4O7∙10H2O as well as methanol and phosphoric 

acid (85%) (high-performance liquid chromatography (HPLC) grades) were acquired from 

Fisher Scientific (Austin, Texas, USA) and were used without further purification. A wet 

chemical synthesis method was applied to synthesize potassium ferrate at a purity > 95%.37 

The stock solutions of FeVI, amines, PMSO, and hydroxylamine were prepared in 10.0 mM 

Na2B4O7 at pH 9.0. 

All chemicals were of 97% or greater purity and utilized without additional purification. 

Reagent – grade deionized water (DI) with a resistivity lesser than 18 mΩ-cm was used 

from a Nanopure Millipore (Billerica, MA) water purification system. 

All experimental data were obtained from Dr. Virender Sharma’s Laboratory at the Texas 

A&M University.  

4.1.2 Kinetic Modeling  

A modeling was attempted for the Fe(VI)–DMA system using the equations listed in Table 

7. The modeling was carried out to study the mechanism involved in the Fe(VI)–DMA–

substrate oxidation system. The Fe(VI) decay without the substrate was also monitored and 

modeled.  

4.2 Results and Discussion 

Experimental data for Fe(VI) decay in the presence of dimethylamine (DMA) were 

obtained at pH 9 from Dr. Sharma’s group. Fe(VI) decay by DMA was simulated for the 
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first 5 seconds of the reaction. Eqs. 1-12 in Table 9 were proposed to simulate the Fe(VI) 

decay. In this model, the self-decay reactions of Fe(VI) was described in Eqs. 1-10, as 

mentioned in the Fe(VI)-PAA section. Eqs 11 and 12 represent the two major reaction 

pathways from the impact of DMA, i.e., the reaction of Fe(VI) with DMA and the reaction 

of Fe(IV) with DMA, respectively.  

Table 9. Proposed reactions for the Fe(VI)-DMA system at pH 9. 

                              Reactions  k at pH 9.0 Reference 

[1]  FeVIO4
2- + H2O  FeIVO3

2- + H2O2   4.8 × 10-5 s-1 45 

[2]  FeVIO4
2- + H2O2  FeIVO3

2- + O2 + H2O     ~ 0 M-1s-1 38 

[3]  FeIVO3
2- + FeIVO3

2-  Fe2
IVO6

4- ~ 107  M-1s-1 39 

[4]  Fe2
IVO6

4- + 4 H2O + 4 H+  2 FeIII(OH)3(H2O) + 
H2O2  

 102 s-1 39 

[5]  FeIVO3
2- + H2O2 + 2 H+  FeII(OH)2(aq) + O2 + 

2 H2O     
 3.0 × 103 M-1s-

1 
39,40 

[6]  FeIVO3
2- + FeII(OH)2(aq) + 3 H2O  2 

FeIII(OH)3(aq) + 2 OH- 
~ 106  M-1s-1 39 

[7]  FeVIO4
2- + FeII(OH)2(aq) + H2O  HFeVO4

2- + 
FeIII(OH)3(aq)  

~ 105  M-1s-1 22,41 

[8]  FeII(OH)2(aq) + H2O2 + 2 OH-  FeIVO3
2- + 3 

H2O 
~ 103  M-1s-1 42 

[9a]  HFeVO4
2- + 2 H+ + 4 H2O  FeIII(OH)3(H2O)3 + 

H2O2  
   5.0 s-1 43 

[9b]  HFeVO4
2- + HFeVO4

2- + 4 H2O + 4 H+  2 
FeIII(OH)3(H2O) + 2 H2O2  

1.5 × 107 M-1s-

1 
44 
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Figure 9 shows the kinetic simulation of the experimental data of Fe(VI) decay during the 

first 0-5 s of the reaction using the kinetic model, which estimated k11 and k12 values of 13 

M-1s-1 and 50 M-1s-1, respectively.  

 

Figure 9. Experimental data and kinetic simulation of Fe(VI) decay in the Fe(VI)-DMA 
system for 5 seconds. Solid symbol: experimental data for Fe(VI) decay by DMA. 
Experimental conditions: [DMA]0 = 5.0 – 20.0 mM, [Fe(VI)]0 = 50.0 µM, pH =9.0, 10.0 
mM borate buffer. Line: model simulation.  

As seen in Figure 10, the experimental data show that Fe(VI) did not completely decay in 

12-30 seconds even in the presence of excess DMA (i.e., [DMA]o/[Fe(VI)]o = 100-400)., 

The current model overestimates the Fe(VI) decay in the longer time range as shown in 

[10]  HFeVO4
2- + H2O2 + H2O  FeIII(OH)3(aq) + O2 

+ 2 OH- 
4.0 × 105 M-1s-

1 
38 

[11]  FeVIO4
2- + DMA   FeIVO3

2- + P1 13  M-1s-1 Derived in the Fe(VI)-
DMA system  

[12]  FeIVO4
2- + DMA   FeIIO3

2- + P2 50  M-1s-1 Derived in the Fe(VI)-
DMA system  
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Figure 11,  since the proposed model does not contain any competitive reactions for DMA 

to be consumed before reacting with Fe(VI) completely.  

 

 

   

 

 

 

 

 

Figure 10. Experimental data of Fe(VI) decay in the Fe(VI)/DMA system for 30 seconds. 
(Experimental condition: [DMA]0 = 5.0 - 20.0 mM, [Fe(VI)] = 50.0 µM, pH =9.0, 10.0 
mM borate buffer). Note: The data appear as lines due to numerous data points collected 
frequently by the stopped-flow spectrometer.  

 

 

(B)(A)
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Figure 11. Kinetic Simulation of Fe(VI) decay at different DMA concentrations: A) 5mM 
B) 10mM C) 15mM D) 20mM. Solid symbol: experimental data for Fe(VI) decay by 
DMA. Line: model simulation. (Experimental condition: [DMA]0 = 5.0 - 20.0 mM, 
[Fe(VI)] = 50.0 µM, pH =9.0, 10.0 mM borate buffer). 

The above results show that the Fe(VI) decay by DMA can be reasonably well predicted 

by the proposed kinetic model for the first 5 seconds. However, the simulated data over a 

longer time period show a large deviation from the measured data. We hypothesize the 

following two potential causes for the discrepancy between the theoretical kinetic model 

calculation and the experimental data:   

1. Analytical interference: The Fe(VI) decay was measured using a stopped-flow 

spectrophotometer at 510 nm. Fe(III) formed from the decay of Fe(VI) has a weak 

absorbance at this wavelength. Furthermore, oxidation products of DMA and iron 

complexes of DMA and/or DMA products may contribute to absorbance in the 

same region of 510 nm. This analytical interference, if occurs, will lead to the 

appearance of incomplete decay of Fe(VI).  

2. Amine intermediate interference:  The oxidative intermediate of DMA may form 

complexes with Fe(VI) or Fe(IV) which may stabilize these species in the solution 

and result in the plateauing trend of Fe(VI) decay. A “stabilizing” effect of amine 

oxidation products for reactive iron species could be a possible explanation for the 

incomplete decay of Fe(VI).  

 

Figure 12 shows the enhanced degradation of TMP in the Fe(VI)-DMA system, compared 

to the degradation of TMP by Fe(VI) without the DMA activator. To model the enhanced 

(C) (D)
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TMP decay in the Fe(VI)-DMA-TMP system, the rate constant values of k11 and k12 

estimated for the 0-5 s were used. As Figure 12 shows, the model was not successful to 

capture the TMP’s decay trends.  This was likely due to the inability of the model to fully 

account for the possibly complicated effects of DMA.     

 

Figure 12. Experimental data and kinetic simulation of TMP decay in the Fe(VI)-DMA 
system at different DMA concentrations: A) 5 mM B) 10 mM C) 15 mM D) 20 mM. 
Solid symbol: experimental data for TMP decay by DMA. Line: model simulation. 
(Experimental condition: [DMA]0 = 5.0 - 20.0 mM, [Fe(VI)]0 = 50.0 µM, pH = 9.0, 10.0 
mM borate buffer). 

4.3 Conclusion 

This study was an effort to model the kinetics of the Fe(VI)-DMA-micropollutant system. 

The current model requires many improvements in order to address the limitations faced. 

Future research should be explored to resolve the possible causes for the changing kinetic 

behaviors of Fe(VI) decay in the presence of DMA over time, and to build a more 

comprehensive and robust model to predict the decay of Fe(VI) and contaminant in the 

presence of amine activators.  In addition, quantum chemical computation such as density 

functional theory calculations (DFT) could be used simultaneously to provide better clarity 

in the involvement of species in this complicated system.  
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APPENDIX A.  

Additional Experiments and Kinetic Modeling for the Fe(II)-PAA-ABTS system: 

The conditions where [PAA]o is equal to [Fe(II)]o and [PAA]o is lower than [Fe(II)]o, i.e., 

[PAA]o = 50 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM and [PAA]o = 25 µM, [Fe(II)]o = 

50 µM, [ABTS]o = 25 µM were also considered for this system. Experimental data were 

obtained using similar methods for the previous conditions and simulations were carried 

out using the same model with equations as listed in Chaper 2.  

The results of these systems were as shown in Figure below.  

  

 

 

(A) (B)
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Figure A.1. Experimental data and kinetic simulation of ABTS and ABTS●+
 at A), C) 120 

s B), D) 2s. Solid Symbol: ABTS and ABTS●+ experimental data points. Line: Model 
Simulation (Experimental Conditions:A) B) [PAA]o = 50 µM, [Fe(II)]o = 50 µM, 
[ABTS]o = 25 µM, [H2O2]o = 31 µM, C) D)[PAA]o = 25 µM, [Fe(II)]o = 50 µM, [ABTS]o 
= 25 µM, [H2O2]o = 31 µM 

 As seen from the results, the current model overestimates both the consumption of ABTS 

and the generation of ABTS●+
. Changing the ratio of the rate constants (k1a/k1b) results in 

a better fitting of the data but the reason to change the ratio is still not clear. More 

experiments are required to investigate the mechanisms involved in this system.  

In addition to the above trends, the PAA decay for different conditions were modeled to  

see if any other PAA sink was involved in the system. But results suggest that no other 

reaction was involved in PAA decay.  

(C) (D)
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Figure A. 2 Experimental data and kinetic simulation of PAA in reaction conditions, A: 
[PAA]o = 100 µM, [Fe(II)]o = 75, 60, 50, 40 µM, [ABTS]o = 25 µM, B: [PAA]o = 75 µM, 
[Fe(II)]o = 75, 60, 50, 40 µM, [ABTS]o = 25 µM. [H2O2]o = 31 µM for all. Solid Symbol: 
Experimental data. Line: Model Simulation 

 

 

 

 

(C)(D)
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Sensitivity Analysis Coefficients: The sensitivity coefficients of all conditions are tabulated here.  

     Table A.1. Sensitivity Coefficients at [PAA]o = 100 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM, t = 2 s 

Rate 
Constant 

Sensitivity Coefficient 

PAA Fe(II) Fe(IV) ABTS●+
   ABTS CH3CO2

● CH3COOO● Fe(OH)3 Overall 

k1a 0.18 4.7 5.0 0.93 0.9 2.8 4.8 0.2 19.5 

k1b 0.26 0.82 2.2 1.3 1.1 1.1 2.7 3.8×10-2 9.48 

k2 4.5×10-4 1.3×10-3 2.3×10-3 2.3×10-3 1.2×10-3 7.2×10-4 7.6 5.9×10-5 7.6 

k3 0.15 1.1 2.5 0.63 0.47 1.0 0.87 6.1×10-2 6.72 

k4 3.4×10-3 0.33 0.23 1.4×10-2 1.4×10-2 0.32 0.78 3.0×10-2 1.66 

k5 3.5×10-9 9.9×10-9 2.5×10-8 4.0×10-5 2.0×10-8 6.4×10-9 2.2 1.5×10-6 2.2 

k6 3.3×10-4 1.0×10-3 2.3×10-3 2.8×10-3 1.6×10-3 2.0 3.5 4.0×10-4 5.5 

k7 9.4×10-2 9.2×10-2 5.0×10-2 2.9×10-2 2.6×10-2 8.2×10-1 1.1 1.8×10-3 1.1 

k8 1.4×10-4 7.1×10-4 1.7×10-3 7.6×10-4 6.7×10-4 5.7×10-4 0.43 4.7×10-5 0.43 

k9 1.9×10-5 1.3×10-4 5.0×10-4 6.6×10-2 3.7×10-4 9.8×10-5 0.92 1.7×10-5 0.92 

k10 0.11 0.5 0.72 0.25 0.22 0.4 1.6 2.5×10-2 3.8 

k11 1.4×10-4 5.1×10-4 4.8×10-4 1.0×10-4 9.3×10-5 4.0×10-4 1.1 6.1×10-5 1.1 

k12 6.4×10-4 7.5×10-3 6.5×10-3 2.9×10-3 4.5×10-4 6.9×10-3 1.2 2.1×10-4 1.2 

k13 0.25 1.0 0.32 0.28 0.24 0.82 1.5 2.5×10-2 4.41 
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       Table A.2. Sensitivity Coefficients at [PAA]o = 100 µM, [Fe(II)]o = 50 µM, [ABTS]o = 25 µM, t = 2 s 

 

Rate 
Constant 

Sensitivity Coefficient 
PAA Fe(II) Fe(IV) ABTS●+   ABTS PAAr CH3COOOr Fe(OH)3 Overall 

k1a 11.3 35.4 74.9 36.7 75.6 103.0 390.3 2.0×10-1 727.2 

k1b 12.6 94.0 69.0 40.8 82.8 107.4 427.6 3.8×10-2 834.2 

k2 2.0 ×10-2 6.2 ×10-2 7.1×10-2 4.8×10-2 9.5×10-2 1.1×10-1 70.1 5.9×10-5 70.1 

k3 18.4 56.8 101.0 15.1 30.5 38.2 758.0 6.1×10-2 1018 

k4 11.0 75.8 103.0 22.2 58.5 64.9 7599.0 3.0×10-2 7934.4 

k5 5.4 ×10-5 2.0 ×10-3 4.7×10-3 6.2×10-4 1.6×10-3 1.8×10-2 4134.0 1.5×10-6 4134 

k6 7.5 ×10-2 0.4 1.5×10-1 2.8×10-1 5.5×10-1 119.5 91.9 4.0×10-4 211.8 

k7 1.2 4.8 3.9 1.1 2.3 5.9 3.6×105 1.9×10-3 19.2 

k8 7.0 ×10-3 3.8 ×10-2 1.9×10-2 2.4×10-2 4.8×10-1 6.8×10-1 13.8 4.7×10-5 13.8 

k9 1.5 ×10-3 3.0 ×10-2 1.0×10-2 1.7×10-2 3.4×10-2 1.9×10-1 198.7 1.7×10-5 198.7 

k10 7.9 7.9 9.1×10-3 8.1 16.3 15.7 111.0 2.5×10-2 166.9 

k11 1.7 ×10-2 7.2×10-3 4.9 5.3×10-3 1.0×10-2 7.1×10-2 47.2 6.0×10-5 52.1 

k12 8.4 ×10-2 3.0 ×10-1 4.0×10-2 2.0×10-1 6.7×10-2 2.2×10-1 73.0 2.1×10-4 73 

k13 24.0 50.0 18.9 9.2 18.8 25.5 174.6 2.5×10-2 321 
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Table A. 3 Sensitivity Coefficients at [PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 10 µM, t = 2 

 

Rate 
Constant 

Sensitivity Coefficient 

PAA Fe(II) Fe(IV) ABTS●+
   ABTS CH3CO2

● CH3COOO● Fe(OH)3 Overall 

k1a 1.5×10-1  5.6 5.2 1.0 6.9×10-1 12.0 4.9 2.2×10-1 29.8 

k1b 1.9×10-1 9.4×10-1 3.1 1.4 8.4×10-1 3.3 1.7 2.1×10-2 11.7 

k2 2.2×10-4 1.6×10-3 2.5×10-3 3.9×10-3 1.4×10-3 3.6×10-3 4.1 3.4×10-5 4.1 

k3 9.3×10-2 1.8 2.7 8.8×10-1 5.0×10-1 1.7 1.2 4.7×10-2 8.9 

k4 7.5×10-4 2.4×10-1 1.3×10-1 9.2×10-3 6.5×10-3 2.4×10-1 6.2×10-1 1.6×10-2 1.3 

k5 5.8×10-9 3.8×10-8 5.1×10-8 9.3×10-5 4.7×10-8 3.6×10-8 2.3 3.2×10-9 2.3 

k6 2.0×10-4 1.6×10-4 2.5×10-3 4.3×10-3 1.6×10-3 2.0 5.2 3.3×10-5 7.2 

k7 2.2×10-3 2.6×10-2 1.5×10-1 4.2×10-2 2.8×10-2 2.6×10-2 4.8×10-1 5.2×10-4 0.75 

k8 1.1×10-4 1.6×10-4 2.4×10-3 8.5×10-4 5.7×10-4 1.5×10-3 5.5×10-1 5.8×10-5 0.55 

k9 6.7×10-6 1.6×10-4 1.8×10-4 5.0×10-4 1.8×10-4 1.4×10-4 2.4×10-1 3.4×10-6 0.24 

k10 3.8×10-2 3.6×10-1 4.5×10-1 1.6×10-1 1.0×10-1 3.2×10-1 4.0×10-1 1.7×10-2 1.8 

k11 3.0×10-5 1.8×10-4 2.7×10-4 5.7×10-5 3.8×10-5 1.7×10-4 2.7×10-1 1.4×10-5 0.27 

k12 7.9×10-5 2.0×10-3 1.6×10-3 1.0×10-3 1.0×10-4 1.9×10-3 3.4×10-1 2.8×10-5 0.34 

k13 1.3×10-1 3.9×10-1 1.6 5.0×10-1 3.3×10-1 2.8×10-1 3.0 4.3×10-4 6.2 
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Table A. 4 Sensitivity Coefficients at [PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 10 µM, t = 120 s 

Rate 
Constant 

Sensitivity Coefficient 

PAA Fe(II) Fe(IV) ABTS●+
   ABTS CH3CO2

● CH3COOO● Fe(OH)3 Overall 

k1a 12.1 60.0 79.5 51.2 59.3 79.8 392.0 2.3×10-1 734.0 

k1b 13.2 68.5 74.9 55.9 65.4 81.7 450.0 2.6×10-2 809.5 

k2 1.0×10-4 1.4×10-2 1.9×10-2 1.4×10-2 1.3×10-2 4.6×10-2 135.6 1.4×10-5 135.7 

k3 9.1 52.1 85.0 28.5 32.7 46.7 259.0 5.8×10-2 513.0 

k4 2.8 95.6 104.5 20.6 27.7 93.0 1472.0 1.8×10-2 1816.2 

k5 9.4×10-5 1.8×10-3 6.2×10-3 3.1×10-4 2.7×10-4 1.7×10-3 753.4 1.0×10-6 753.5 

k6 1.1×10-2 7.8×10-2 4.4×10-2 8.7×10-2 9.9×10-2 120 23.9 4.5×10-5 144.0 

k7 2.0×10-1 3.5 3.9 2.0 2.4 3.3 11.6 7.5×10-4 26.9 

k8 8.9×10-3 3.2×10-2 1.9×10-2 3.8×10-2 4.3×10-2 13.3 171.5 6.4×10-5 184.8 

k9 1.4×10-3 2.0×10-2 1.0×10-2 1.9×10-2 2.2×10-2 3.9×10-1 897.6 6.8×10-6 898.0 

k10 2.3×10-4 5.0 3.2 7.1 8.1 8.7 659.3 1.7×10-2 691.5 

k11 2.8 7.8×10-4 1.5×10-3 1.4×10-3 1.5×10-3 6.0×10-2 3118.0 5.9×10-3 3121.0 

k12 8.2×10-3 7.2×10-2 8.0×10-2 6.7×10-2 7.8×10-3 6.6×10-2 35.5 4.3×10-5 35.6 

k13 10.7 45.5 35.0 23.4 27.0 34.9 68.5 8.2×10-4 245.0 
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Table A. 5 Sensitivity Coefficients at [PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 5 µM, t = 2s 

Rate 
Constant 

Sensitivity Coefficient 

PAA Fe(II) Fe(IV) ABTS●+
   ABTS CH3CO2

● CH3COOO● Fe(OH)3 Overall 

k1a 4.3×10-2 2.8 3.0 1.1 1.6×10-1 2.6 7.7 1.4×10-1 17.5 

k1b 5.0×10-2 1.4 8.7×10-1 1.3 1.8×10-4 1.5 2.4 4.0×10-2 7.50 

k2 1.5×10-4 2.1×10-4 2.5×10-4 1.8×10-3 2.1×10-4 6.1×10-4 10.6 1.0×10-6 10.6 

k3 4.5×10-2 3.4×10-1 2.2 3.2×10-1 3.7×10-2 2.9×10-1 3.3×10-1 2.4×10-2 3.50 

k4 4.0×10-3 1.1 1.0 4.8×10-2 7.3×10-3 1.0 1.8 1.8×10-3 5.0 

k5 1.4×10-10 5.3×10-10 9.6×10-9 1.3×10-5 1.0×10-9 7.5×10-10 2.6 1×10-10 2.6 

k6 1.3×10-4 1.9×10-4 2.6×10-4 3.0×10-3 3.5×10-4 2.0 15.2 7.0×10-6 17.2 

k7 1.7×10-3 2.1×10-2 1.0×10-2 1.2×10-2 1.7×10-3 1.9×10-2 6.0×10-1 4.2×10-4 0.7 

k8 3.5×10-6 1.5×10-5 4.5×10-5 1.2×10-4 1.7×10-5 2.1×10-5 4.5 2.0×10-6 4.5 

k9 1.7×10-6 7.6×10-5 7.6×10-5 1.2×10-3 1.4×10-4 5.4×10-4 5.0×10-1 9.7×10-7 0.5 

k10 8.8×10-3 3.4×10-2 4.6×10-2 7.7×10-2 1.0×10-2 3.3×10-2 3.6×10-2 3.5×10-3 0.25 

k11 2.3×10-5 8.7×10-5 8.3×10-5 6.2×10-5 9.0×10-6 8.4×10-5 3.5×10-1 1.0×10-5 0.35 

k12 1.1×10-4 1.8×10-3 1.7×10-3 1.3×10-3 4.4×10-5 1.7×10-3 2.5×10-1 3.2×10-5 0.25 

k13 5.2×10-2 3.0×10-1 1.3×10-1 1.6×10-1 2.2×10-2 2.5×10-1 2.1×10-1 6.3×10-3 1.2 
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Table A. 6 Sensitivity Coefficients at [PAA]o = 100 µM, [Fe(II)]o = 25 µM, [ABTS]o = 5 µM, t = 120s 

 

Rate 
Constant 

Sensitivity Coefficient 

PAA Fe(II) Fe(IV) ABTS●+
   ABTS CH3CO2

● CH3COOO● Fe(OH)3 Overall 

k1a 4.3×103 1.5×101 2.6×104 2.8×101 7.8×101 2.1×104 2.2×102 1.4×101 5.1×104 

k1b 3.9×103 1.8×101 1.0×103 3.3×101 9.2×101 7.2×102 6.0×102 1.7×101 6.3×103 

k2 1.7×102 4.1×10-3 5.8×102 1.7×10-1 3.2×10-1 1.1×101 6.8×101 4.0×10-3 8.3×102 

k3 2.2×102 5.4×10-1 3.0×102 5.6×101 9.3×101 3.7×102 1.1×103 5.1×10-1 2.2×103 

k4 2.7×102 1.4×10-1 3.2×102 2.9×101 1.2×102 4.9×102 2.1×103 1.4×10-1 3.3×103 

k5 7.5×101 7.5×10-5 1.4×102 9.5×10-2 4.3×10-2 2.6×102 1.5×103 7.2×10-5 1.9×103 

k6 5.9×101 2.5 1.6×101 2.3 5.4 2.3×102  1.3×102 2.4 4.4×102 

k7 9.8×101 1.0 1.3×102 9.5×10-1 2.9 5.8×102  2.1×102 9.5×10-1 1.0×103 

k8 1.5×102 2.3×10-2 5.3×101 5.9×10-2 1.0 4.0×105 1.2×105 2.2×10-2 5.2×105 

k9 4.0 9.3×10-4 2.2×102 4.6×10-2 5.7×10-2 1.8×101 1.7×101 8.8×10-4 2.6×102 

k10 1.2×102 3.8 7.1×103 6.0×101 8.8×102 2.8×102 8.3×102 3.7 9.2×103 

k11 1.4×101 2.6×10-2 3.3×102 4.8×10-2 2.9×10-2 1.8×102 1.5×101 2.5×10-2 5.4×102 

k12 1.7×102 7.6×10-1 1.1×102 1.6×102 7.8×10-1 1.7×102 3.5×101 7.3×10-1 6.4×102 

k13 6.5×101 5.7 1.3×102 5.9 1.5×101 1.5×103 1.1×102  5.4 1.8×103 
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