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ABSTRACT OF THE DISSERTATION 

FUNDAMENTAL MECHANISTIC STUDIES ON THE ULTRASONIC TREATMENT 

OF PROBLEMATIC WATER POLLUTANTS AND TOXINS 

by 

Danni Cui 

Florida International University, 2018 

Miami, Florida 

Professor Kevin O’Shea, Major Professor 

Problematic organic pollutants in industrial and drinking water sources are a 

leading cause of water scarcity. Among the advanced oxidation processes, sonolytic 

degradation has received considerable attention because it combines oxidation processes 

initiated by reactive oxidant species and a pyrolysis processes associated with the high 

temperatures produced during cavitation.  

The degradation of the semi-volatile compound, MCHM, was rapid and followed 

pseudo-first order kinetics. The Freundlich kinetic model for heterogeneous systems was 

successfully applied to describe the non-uniform distribution of MCHM at the gas-liquid 

interface during ultrasonic treatment.  Two primary products were confirmed by GC-MS. 

Computational studies were also applied to assist in a better understanding of the 

conformational effects and the pyrolytic pathways.  

The first-generation antihistamine, diphenhydramine (DPH), was also readily 

degraded by ultrasound. The heterogeneous process was best fit to a Langmuir-

Hinshelwood kinetic model, which indicated a uniform partitioning at the gas-liquid 



 

viii 

 

interface. The degradation of DPH was achieved primarily via the addition reaction with 

hydroxyl radicals to the aromatic rings. Computational studies supported the observed 

products and the proposed reaction pathways for the pyrolytic and oxidation degradation 

pathways.  

Ultrasound was shown to be a rapid and effective method to remediate cetirizine 

(CET), a second-generation antihistamine. Addition of different hydroxyl radical 

scavengers into the solution prior to treatment as the competition studies indicated that 

CET reacted with hydroxyl radicals at the gas-liquid interface and the bulk solution. When 

the solution was saturated by O2, CET degraded the most rapidly. Degradation products 

were confirmed by LC-MS analyses.  

Treatment of the emerging problematic perfluorinated alkyl substance, “GenX” 

with steady state gamma-radiation under various conditions did not lead to significant 

degradation. However, “GenX” does react with eaq
- at near diffusion-controlled rate, k = 

5×1010 M-1·s-1. Titanium dioxide photocatalysis did not lead to appreciable degradation of 

“GenX” under a variety of conditions even in the presence of oxalic acid or ethanol as the 

valence band hole quencher. Sonolysis was a promising method and led to the effective 

mineralization of “GenX” under argon saturated conditions. A detailed computational 

study of the pyrolytic degradation pathways was carried out using density function in 

Gaussian 09.  
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1.1 Introduction of Water Crisis 

In the 21st century, people face serious environmental challenges related to water 

quality and quantity worldwide associated with the pollution from the spread of 

industrialization and urbanization [1]. Water scarcity has become a major issue in most 

countries. Industrial, agricultural, and daily usage are the main purposes of accessible 

freshwater consumption [2]. The increasing global population requires larger amounts of 

freshwater and an estimated 3 billion people will suffer from the lack of fresh water within 

10 years [3,4]. In response to the serious global water shortage, governments have made 

major recent efforts to address the shortages of clean water.  The demands for fresh water 

dramatically out-pace the availability of water, thus water conservation is critical to 

addressing the global water shortage. Effective water treatment and re-use strategies are an 

essential part of meeting the urgent need for clean water. 

Micro and macro-pollutants present in industrial and drinking water sources are not 

remediated by current water treatment processes [5]. Macro-pollutants, at the ppm level, 

are mainly composed of nutrients and natural organic matters [6,7]. Micro-pollutants are 

typically present at ppb to ppm levels, and often have pronounced toxic effects even at 

trace concentrations. The sources of micro-pollutants include agricultural inputs [8]; 

pharmaceutical and personal care products released into aqueous system through sewer 

effluents [9]; industrial wastewater and chemical spills [10,11]. 

The classification of PPCPs (pharmaceutical and personal care products) was first 

introduced by the U.S. Environmental Protection Agency (USEPA) [12,13]. 

Pharmaceutical and personal care products include a diverse group of regularly consumed 
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chemicals, such as prescription and over the counter drugs, fragrances and cosmetics [14]. 

Pharmaceutical and personal care products are released into water from individual 

households, sewer effluents and hospital waste discharges. Waste streams contain a mixture 

of original substrates and metabolic products [15]. In general, standard water treatment 

processes do not effectively degrade or remove PPCPs.  In addition, treated wastewater is 

often diluted with ground and surface water before discharge, leading to dilution, but not 

removal, of these biologically active contaminants, which are released into the environment. 

The discharged water contains residual PPCPs, which require advanced treatment to 

degrade and detoxify [16]. 

A large chemical spill of MCHM and PPH was released into the Elk River in West 

Virginia on January 14, 2014.  The main ingredient of this spill was coal-washing solvents, 

4-methylcyclohexanemethanol (MCHM) and 1-phenoxy-2-propanol (PPH). The 

biological activities and environmental impact of these compounds were relatively 

unknown. Following the spill, West Virginia Poison Center started to receive reports of 

rashes, nausea, vomiting, diarrhea, and other symptoms. As a result, approximately 

300,000 residents from West Virginia were notified not to drink, cook, or bathe with tap 

water.  The main spilled chemical was crude MCHM, however careful analysis of the 

contaminated water revealed the presence of 1-phenoxy-2-propanol (PPH) as a secondary 

pollutant. The Center of Disease Control and Prevention (CDC) had suggested a guideline 

of 1 ppm, but announced that MCHM should not be present in drinking water sources.  

Legacy perfluoroalkyl substances (PFASs) were widely used in aqueous 

firefighting foams, non-stick pans, food wrapping coating layers, and other purposes in the 

http://en.wikipedia.org/wiki/4-methylcyclohexanemethanol
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past few decades [17]. The stability of PFASs makes them highly resistant to a 

biodegradation process. The bio-accumulativity of PFASs resulted in human health effects. 

On the basis of these concerns, perfluorooctanoic acid (PFOA) and similar long-chain 

PFASs were banned in the US, as well as in some other countries. The emerging PFASs, 

including short-chain PFASs, and perfluoroether carboxylic acids (PFECA), were used as 

the replacement of the legacy PFASs [18]. Perfluoro(2-methyl-3-oxahexanoic) acid 

(“GenX”) was introduced in 2009 as a substitute for PFOA [19]. However, “GenX” had 

recently been detected in the drinking water sources and surface water in many places, such 

as Ohio and North Carolina[18]. Similar to PFOA, “GenX” is also resistant to bio-

degradation. The ether functionality increases the water solubility of “GenX,” and the short 

chain length enhances its mobility. Limited information was reported on the “GenX” 

human health impacts, however, the lab experiments of rats exposed to “GenX” indicated 

liver damage [20,21]. 

1.2 Background of Advanced Oxidation Processes (AOPs) 

Professor William Glaze was the first person to define advanced oxidation 

processes (AOPs) in 1987 [22] and the definition has rapidly evolved in subsequent 

decades. Advanced oxidation processes describe water treatment methods that employ 

primarily hydroxyl radicals (and related species) to degrade and mineralize pollutants to 

less toxic compounds, ideally CO2, water and mineral acids [23]. Characterized by 

producing the powerful oxidant, hydroxyl radical, AOPs involve a variety of different 

initiation processes, including photochemical and photocatalytic methods, chemical 

processes, sonolysis, γ-radiolysis among a wide variety of systems [24].  
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The hydroxyl radical with an oxidation potential of 2.8 eV is one of the most 

reactive oxidant species [25]. When the hydroxyl radical attacks an organic compound, 

there are three possible pathways: (1) addition (2) hydrogen abstraction (3) electron 

transfer [26,27]. Addition reactions commonly occur with the unsaturated compounds, 

especially aromatic systems to form unsaturated alcohols (Figure. 1.1 (a)).  The hydroxyl 

radical can also abstract a hydrogen from a C-H bond, leading to a carbon-centered 

radical(Figure.1.1 (b)) [26]. The product of electron transfer reaction could be an ion, an 

atom or a radical (Figure.1.1 (c)) [26]. In some cases, two hydroxyl radicals react with 

other to form hydrogen peroxide. The reaction rate of each pathway is the key factor that 

determines the reaction mechanism. The addition and abstraction pathways generally 

present faster reaction rates, which means that the electron transfer is less likely to occur 

[28].  

(a)

H OH

+ HO
 

 (b) HO∙ +CH3OH   →  H2O +   ∙CH2OH 

 (c) HO∙ + [Fe(CN)
6
]
4-

 → [Fe(CN)
6
]
3-

+OH
-
  

Figure. 1.1 Mechanisms for hydroxyl radical reaction with target compounds: (a) 

addition (b) Hydrogen abstraction (c) electron transfer [28]. 

1.2.1 UV/H2O2 Process 

 Photochemical processes decompose pollutants by the HO· generated from UV 

irradiation coupled with oxidants or catalysts. The advantages of photochemical 
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technologies are costs, efficiency, and ease-of-use in comparison to chemical processes.  

The production of hydroxyl radicals is achieved by radiating H2O2 using UV light (200 to 

300 nm), which leads to the homolytic cleavage of the O-O bond.  Following the initiation 

step, several reactions take place successively, as illustrated in Figure. 1.2.  

 H2O2+hv →  2 HO∙  

 H2O2+HO∙  → H2O+  HO2∙ 

 H2O2+ HO
2
∙  → HO∙ +H2O+  O2  

 HO∙+  HO2
-
→ HO2∙ +OH-  

             2 HO2∙  →  H2O2+  O2 

 HO∙ +  HO2∙  →  H2O +  O2   

 2 HO∙ → H2O2  

Figure. 1.2 Reactions of the photolysis of H2O2 

The production of the free radicals is closely related to the parameters of the UV 

lamp and the medium. Under alkali condition (pH > 10), the formation of HO2· from the 

ionized H2O2 can greatly increase the reaction rate.  The drawback of UV/H2O2 method is 

that a very high concentration of H2O2 is required because of the low molar absorption 

coefficient of H2O2 [23,29]. 
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1.2.2 TiO2 photocatalysis  

 Semiconductor materials have been widely applied as a result of their special 

properties related to the special electronic structure [30]. Titanium dioxide is one of the 

most stable, well-performed and inexpensive catalysts used in photocatalysis [31]. TiO2 

photocatalysis has been applied to remediate different types of compounds, such as 

pesticides, halocarbons, aromatic compounds and so on, to less toxic compounds even CO2 

and H2O [32]. The initiation of photocatalysis is to excite the TiO2 by photons with energies 

higher than the band gap to promote an electron eCB
-  from the filled valence band (VB) to 

the empty conduction band (CB) and leave a positively charged hole, h+ (as in Eq.1.1) [33]. 

The band gap of TiO2 is approximately 3 eV, which indicates that the excitation wavelength 

is in the UV region [34].  The holes at VB have strong oxidation potential and the electrons 

at CB are powerful reductants [30]. Redox reactions may occur when suitable scavengers 

are present to trap either the hole or the electron. The hole reacts with water and forms 

hydroxyl radicals, as in Eq.1.2. The electron reacts with oxygen and forms an oxidant, 

superoxide (Eq.1.3) [30]. 

TiO2+hv → h
+
+ eCB

-                                                                                                         Eq.1.1                                                                   

H2O +h
+
 →  HO∙ +H+    Eq.1.2 

 eCB
- +  O2 →  O2 

-∙
                                                                                           Eq.1.3 

TiO2 can be used in photocatalysis processes either dispersed as a suspension in 

solution, or made into a thin film on the supporting material [35]. The large surface area of 

the powdered TiO2 increases the catalyst efficiency which is easy to prepare at the same 
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time. The possibility of formation of a dark catalytic sludge that can lead to a decrease of 

the UV irradiation efficiency is a main drawback when using powdered TiO2. Even though 

the high stability and activity of the catalyst are required when the TiO2 thin film is applied, 

the elimination of the removal of the TiO2 particles after the reaction is a great advantage 

[36].  

1.2.3 Radiolysis  

Gamma-radiolysis has been successfully applied to decompose and disinfect many 

water pollutants without any addition of reagents or catalysts for decades [37,38]. One of 

the advantages of radiolysis is the fact that as a groundwater treatment method, the presence 

of solid suspended solids does not affect the degradation efficiency significantly [38]. The 

radiation of water by gamma ray or high energy electron beam leads to bond cleavage and 

forms many reactive species and molecular products. The number of produced or 

decomposed molecules per 100 eV absorbed is termed the G-value [39]. The cross reaction 

of water radiolysis is shown Eq.1.4, with the G-value at pH 7 given in parentheses [39].  

The fraction of the production of eaq
- is proportional to the energy absorbed by the aqueous 

solution, which also yields the production of primary reactive species.  Aqueous electrons, 

hydroxyl radicals and hydrogen atoms are all generated at high yield.  

H2O /\/\ → eaq
- (2.7) +·H (0.6) + HO· (2.8) +H2 (0.45) 

 + H2O2 (0.7) + Haq
+ (3.2) + OHaq

- (0.5)                                                            Eq.1.4 

eaq
- + N2O + H2O → N2 + HO- + HO·                                                             Eq.1.5   

H· + N2O → HO· + N2                                                                                     Eq.1.6  
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H· + O2 → HO·-                                                                                               Eq.1.7 

eaq
- + O2 → O2·

-                                                                                                                                                 Eq.1.8  

(CH3)2CHOH + HO· → (CH3)2C·OH + H2O                                                  Eq.1.9 

(CH3)2CHOH + H· → (CH3)2C·OH + H2                                                        Eq.1.10 

In the presence of O2 or N2O, the oxidation reaction is promoted by the elimination 

of the reducing species. Aqueous electrons and hydrogen atom are converted to O2·
- (Eq.1.8) 

and HO·- (Eq.1.7) by reaction with oxygen, or HO- and HO· by reacting with N2O (Eq.1.5 

~ 1.6).  Similarly, to study the reduction reaction of the aqueous electrons and the pollutants, 

isopropanol is added to the N2-saturated solution as the scavenger of HO· and H· (Eq.1.9 

~1.10). 

In recent years, abundant literature have been published on the application of 

removal of organic pollutants by radiolysis, which is among the most efficient advanced 

oxidation processes [40,41]. 

1.2.4 Sonolysis 

The focus of my dissertation is on the application of ultrasound. Ultrasound is 

defined as inaudible sound waves with the frequencies above 20 kHz, grouped into two 

categories: (1) high frequencies (2-10 MHz), mostly used in medical imagining or testing 

(2) low to medium frequencies (20 -1000 kHz), widely applied in industry, cleaning, sono-

chemistry and other areas [42]. Sonolysis is often used in the remediation processes of 

water pollutants using low to medium frequency ultrasound. The earliest reports of 

ultrasound can be traced back to the 1950s with the first application of ultrasound in water 
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treatment reported in the 1970s [43]. In the past few decades, ultrasound has matured and 

attracted significant interest for widespread water treatment because it has advantages over 

other methods. For example, it does not require chemical additives, it can be fast and 

effective for a variety of chemical contaminants and mixtures. One of the primary 

challenges of operating the sonolysis treatment is the cost  of converting electrical energy 

to ultrasonic waves [44]. 

Ultrasound remediation is caused by the propagation of sound waves through an 

elastic medium, such as water. The sound wave oscillation goes through compression and 

rarefaction cycles in the aqueous solution. The rarefaction cycle adds a negative pressure 

to the liquid and pulls the liquid apart, while the compression cycle adds a positive pressure 

and pushes the liquid together. Microbubbles are formed from the existing gaseous 

impurities, known as the “weak spots” [45]. There are two theories describing the 

formation of microbubbles: (1) there are gas bubbles trapped in the solid particles, (2) the 

existing gas bubbles are coated with the organic impurities [46]. The graphic summary 

illustrates the cavitation process clearly, as shown in Figure. 1.3 [46]. Under weak or 

moderate conditions, the term “stable cavitation” defines the phenomena that the bubble 

size decreases during the compression cycles and increases during the rarefaction cycles at 

an equilibrium rate [47]. The rates of the compression and rarefaction cycles are closely 

related to the properties of the medium, such as the density, viscosity and surface tension. 

Rectified diffusion is defined by the process that the bubble size goes up substantially 

during the rarefaction cycle due to the greater amount of the diffusing gas. When the bubble 

reaches the resonance size, which is determined by the applied frequency, and can no 

longer absorb any energy, the bubble becomes unstable and explodes. Stable cavitation 
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mostly occurs to small bubbles, and transient cavitation describes the process which applies 

to the large bubbles under the high intensity ultrasound. After several cycles, the bubble 

size goes up by tens to hundreds of times in a number of cycles then collapses violently 

during the compression cycle in an extremely short time [50]. In summary, the term 

“cavitation” describes a three-step process: formation, growth and collapse of the bubbles.  

 

Figure. 1.3 The graphic summary of the cavitation process [48]. 

Three regions are generated with the collapse of the bubbles: the hot-spot, the gas-

liquid interface and the bulk solution, shown in Figure. 1.3.  The hot-spot presents an 

extremely high temperature (> 5000 K) and a high pressure (> 500 atm) [49]. The gas-

liquid (g-l) interface with a high temperature (> 2000 K) and a high pressure (> 200 atm) 

satisfies the condition of supercritical water, thus, this region becomes hydrophobic rather 

than hydrophilic [50]. The bulk solution remains at near ambient temperature.   

The high temperature and high pressure create unique reaction conditions at the 

cavitation site. At the hot-spot and the g-l interface, the formation of hydroxyl radicals is 

initiated by the pyrolysis of water molecules, and followed by several secondary reactions 
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(Eq.1.11~1.14). Volatile compounds can diffuse to the hot-spot and be destructed under 

the high temperature as well. The hydroxyl radicals formed at the hot-spot and gas-liquid 

are released to the bulk solution and react with the compounds. The g-l interface is a distinct 

region, which localizes the hydroxyl radicals to react with the target compound, and also 

degrades the pollutants through thermal processes. Therefore, the combination of pyrolysis 

and oxidation of the target makes ultrasound-induced remediation of the pollutants an 

attractive water treatment method. 

 

 

 

 

 

 

 

Figure. 1.4 Graphic illustration of the cavitation site. 

H2O → H∙ + HO∙                                                                                               Eq.1.11  

              H2O →  H2+O                                                                                                             Eq.1.12 

H2O + O → HO∙ + HO∙                                                                                      Eq.1.13  

              H∙ + H2O →  HO∙ + H2                                                                                      Eq.1.14 

Ultrasound induced degradation has been successfully applied to manage many 

types of compounds. The properties of the target compounds, such as the octanol-water 

partition coefficient, Henry’s law constant, rate constant with HO·, and diffusivity, 

Hot-spot 

>5000 K, >500 atm; 

     pyrolysis 

Gas-liquid  

Interface (SFC) 

Free radicals 

   react with 

            pollutants; pyrolysis 

 Bulk solution:  

 Free radicals 

 react with  

pollutants. 
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significantly affect the degradation process. The compounds with a high hydrophobicity 

and a low diffusivity, or the opposite, tend to have additional time to partition to the gas-

liquid interface [51]. The volatile compounds tend to diffuse to the hot-spot, and are 

decomposed by the high temperature. For example, methyl tert-butyl ether (MTBE), a 

volatile and flammable liquid, was added to gasoline to assist combustion as a replacement 

of lead. Methyl tert-butyl ether was detected in 22 of 42 states and in 5 % of wells from 

1993 to 1998. The conventional methods, such as GAC adsorption, were not able to remove 

MTBE efficiently as a consequence of the high saturation rate. Advanced oxidation species, 

especially ultrasound, were proved to be one of the most useful methods to remediate 

MTBE in water [52].   

The massive toxic cyanobacteria blooms have become a serious issue in freshwater 

or coast area. The fresh microcystins are a group of potent toxins produced by different 

species cyanobacteria. Ultrasound successfully degraded the structure of microcystins, 

leading to a decrease of activity and bio-toxicity. The results indicated that ultrasound can 

detoxify the drinking water problem related to microcystins [53]. 

1.3 Objectives of Dissertation 

This dissertation project leads to a better fundamental understanding of ultrasound-

induced degradation of four problematic organic pollutants: 4-methylcyclohexane 

methanol (MCHM), the main component in the chemical spill in West Virginia,2014; 

diphenhydramine, an over-the-counter first-generation antihistamine; cetirizine, the 

second-generation antihistamine; and “GenX”, an emerging perfluorinated ether 

carboxylic acid.  The detailed kinetic and product studies will help in the development of 
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structure reactivity relationships among different classes of pollutants. These studies will 

provide in-depth knowledge about ultrasound induced degradation and are critical for 

advancing water treatment applications and technologies.  
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Chapter 2 Kinetic, product, and computational studies of the ultrasonic induced 

degradation of  4-methylcyclohexanemethanol (MCHM) 
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2.1 Abstract 

A massive spill of 4-methylcyclohexanemethanol (MCHM), a semi-volatile 

organic compound, contaminated the Elk river and forced the closure of tap water for 

nearly 300,000 residents. Typical water treatment methods are not effective for MCHM 

remediation, however, ultrasonic irradiation leads to its rapid pseudo-first order 

degradation. The degradation processes were effectively modeled employing 

heterogeneous kinetic models with the reaction surface corresponding to the gas-liquid 

interface of the cavitation bubble. The Freundlich model which takes into account non-

uniform distribution within the reactive zone showed the strongest correlation to the 

observed degradation kinetic data with R2 >0.99. Solute-solute clustering behavior is 

proposed to explain non-uniform distribution of MCHM. The results indicate the 

degradation occurs predominantly at the gas-liquid interface as a result of hydroxyl radical 

reactions and pyrolysis with primary reaction products, (4-methylcyclohexenyl) methanol 

and 4-methylcyclohexanone.  Computational methods using density functional B3YPL/6-

311G** calculations with Gaussian 09 provided insight into the hydroxyl radical and 

pyrolytic degradation pathways for the isomeric and conformational forms of MCHM. Our 

studies demonstrate that heterogeneous kinetic models and computational methods are 

important tools for the fundamental understanding and effective application of 

ultrasonically mediated degradation of MCHM which may be extended to a number of 

semi-volatile compounds. 
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2.2 Introduction 

The world faces serious environmental challenges related to water quality and 

quantity as a result of pollution from the spread of industrialization and urbanization. The 

daily demands for clean water dramatically outpace the availability of water, and while 

water conservation is critical to addressing the global water shortage, effective water 

treatment and re-use strategies are an essential part of meeting the urgent need for clean 

water.  With the scarcity of fresh water, reuse and purification are critical to address water 

storages [1,5]. 

   A variety of pollutants present in industrial waters and drinking water sources are 

not effectively treated by current water treatment processes. The sources of chemical 

pollutants include agricultural inputs [8]; pharmaceutical and personal care products 

released into aqueous systems through sewer effluents [9]; industrial wastewater and 

chemical spills, typically present at ppb to ppm level can have pronounced toxic effects 

even at trace concentrations [10,11]. 

A massive spill of the coal washing solvent, crude 4-methylcyclohexanemethanol 

(MCHM) (Figure. 2.1) [54] contaminated the tap water source for approximately 300,000 

residents, and the local poison control center received reports of rashes, nausea, vomiting, 

diarrhea, and other symptoms from residents using the contaminated drinking water [55,56]. 

4-methylcyclohexanemethanol, the main ingredient in the spill, was deemed responsible 

for the reported health problems. As a result the center for disease control and prevention 

(CDC) set a guideline maximum contamination level (MCL) for MCHM of 1 ppm in the 

drinking water, but alternative drinking water sources were still recommended even at 
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levels below the detection level [57]. 4-methylcyclohexanemethanol is a cyclic 

hydrocarbon bearing a single primary alcohol as the only functional group. 4-

methylcyclohexanemethanol is thus resistant to typical biological and environmental 

transformation processes. The absence of double bonds and chromophores make the 

compound also resistant to hydrolysis, photochemical transformation, and oxidation 

treatments such as ozonization [58].  The treatment of MCHM by biodegradation also has 

limited efficiency and is time consuming even at low initial concentration [59]. 

       

Figure. 2.1 Structures of trans- and cis- 4-methylcyclohexanemethanol. 

Advanced oxidation processes (AOPs) have been used to treat an extensive number 

of pollutants in a variety of water sources. Oxidative species produced during AOPs react 

with target pollutants leading to oxidative transformation and ultimately mineralization. 

Unlike most oxidative water treatment methods, ultrasound does not require the addition 

of oxidants or catalysts [60]. Ultrasonically induced degradation is achieved via a 

cavitation process upon irradiating with ultrasound at frequencies above 20 kHz. The 

cavitation process leads to the generation of three zones: a hot-spot located at the interior 

of the bubbles, a gas-liquid interface referred to as the reaction zone for the purposes of 

this paper, and the bulk solution [46,47,61]. 

At the interior of the bubble or hot spot, extreme high temperatures (above 5000 °C) 

and pressures (above 500 atm) can be reached during the collapse of the bubble general 
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[47]. Under such conditions, pyrolysis of H2O and O2 leads to the creation of reactive 

species, such as HO·, H·, HO2·, shown in Eq. 2.1-2.4  [47]. The free radicals generated at 

the hot spot and gas-liquid interfacial regions may diffuse into the bulk solution and react 

with dissolved substrate.                                                                    

                                                     H2O ))) → H∙ +HO∙                               Eq. 2.1                                                                    

                                                            O2 →2O                                                                   Eq. 2.2                

                                                     H∙ + O2 →HOO∙                                                     Eq. 2.3 

                                         O+H2O→2HO∙                                                       Eq. 2.4 

The interfacial region has unique properties and is often referred to as a supercritical 

(SC) fluid because both the high temperature and pressure from the cavitation event are 

above the critical point of water [47,62,63]. In the supercritical fluid state, water behaves 

as a hydrophobic solvent and thus can be an effective solvent for non-polar chemicals [43]. 

The local concentration or partitioning of non-polar (hydrophobic) solutes at the interfacial 

SC region may be higher than the bulk aqueous solution during ultrasound induced 

remediation [64]. The ultrasonically induced degradation reactions of target compounds in 

the bulk solution are generally considered as the result of HO· generated at the hot-spot 

and gas-liquid interfacial regions diffusing to bulk solution and reacting with target 

compounds [61,65]. 

Reported herein for the first time are detailed fundamental kinetic, product, and 

partitioning isotherm studies to assess MCHM degradation by ultrasonic irradiation. 

Computation studies using Gaussian 09 (software package) were used to elucidate 

degradation pathways. These results demonstrate effective application of heterogeneous 
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modeling of ultrasound induced degradation of MCHM, a semi-volatile substrate and 

effective prediction of the degradation pathways. 

2.3 Material and Methods 

2.3.1 Materials and Chemicals 

A cis- and trans- mixture of MCHM (Product 1412, Lot. RCGNA-PT, 5g, >98.0%) 

was purchased from the Tokyo Chemical Industry (TCI) company. All experiments were 

conducted using the mixture of cis and trans-MCHM. Individual isomers are not readily 

available from commercial sources and isomeric separation not practical. The manufacturer 

did not provide specific composition of the isomeric mixture but Foreman et al. reported 

the trans isomer was present in less than 50 % [66]. The peak areas and observed retention 

times from the GC-MS analysis of prepared samples indicated the trans-isomer was 40 % 

and cis was 60 %. The GC chromatograph (Figure. 2.2) shows two clearly resolved peaks 

with retention times of 9.62 and 9.86 min assigned to the cis- and trans-isomers 

respectively. Integration of the two peaks yields a ratio of 40:60 for the trans- and cis- ratio.  

The MS fragmentation patterns for the isomers were similar. The molecular weight of 

MCHM was 128.212 g/mol, and the MS of trans- and cis- isomers share m/z ions at 55.1, 

67.0, 81.0, 95.0, 97.0 and 110.0.  The 110 m/z peak corresponds to M-18, and is assigned 

to the loss of a water molecule from MCHM. The loss of H2O from a primary alcohol was 

fast and thus the molecular ion was not observed in the spectrum. The observed peaks 

matched the fragmentation mechanism of primary alcohols. 

We confirmed the composition by integration of unique peaks in H1 NMR spectra. 
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All MCHM solutions were prepared with millipore filtered water (18 MΩ.cm) and 

volumetric glassware. 

 

 

 

Figure. 2.2 The GC chromatograph of a 20 ppm MCHM solution. (1) The MS 

spectra of the cis-isomer; (2) The MS spectra of the trans-isomer. 

2.3.2 Analytical Method 

Gas chromatography–mass spectrometry (GC-MS) was chosen to monitor the 

concentration of MCHM as the quantitative method employing solid phase micro-

(1) cis 

(2) trans 

（1） （2） 
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extraction (SPME). Desorption was conducted from a solid micro fiber coated with 100 

µm PDMS as the absorbent material. The fiber was pre-heated in the GC for 5 min to 

remove any impurities. Extraction of MCHM from the solution was achieved by inserting 

the clean fiber into the MCHM solution at room temperature for 5 min. After extraction, 

the fiber was transferred into GC injection port at 40 ℃ for a 5-min desorption period.  

A Bruker Scion 436 GC equipped with a DB-225 (30 m × 0.25 mm, 0.25 µm 

thickness film) column and SQ series mass spectrometer as the detector was employed to 

monitor MCHM concentration and for product studies. The oven temperature was 40 ℃ 

initially, after 5 min hold time, the temperature was increased at the rate of 25 ℃/min to 

150 ℃  and held for 1 min, then increased to 240 ℃   at 25 ℃ /min. The carrier gas was 

helium at the flow rate of 1 mL/min.  

The concentration of MCHM was determined from a carefully constructed 

calibration curve. Solutions were prepared using volumetric glassware. The MCHM 

samples used in these studies are a mixture of cis and trans-isomers. Individual calibration 

plots were developed on the basis of the areas of the well-resolved cis and trans peaks. The 

calibration curves for the trans-isomer yields a slope of 478667 with R2= 0.9991, while the 

cis-isomer was yield a slope of 343112, with R2= 0.9944. Simply multiplying the area from 

a reactor solution by the slope where y represented the peak area and x was the 

concentration in the unit of µmol/L (Figure. 2.3).  
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Figure. 2.3 Calibration of trans- and cis- MCHM isomers of GC-MS. 

2.3.3 Ultrasound Reactor 

The ultrasound reactor consisted of an ultrasound generator, a transducer and a 580-

mL capacity energy-focusing glass vessel. The ultrasound generator was UES Model 15-

660, from Ultrasonic Energy System Company of Panama City, Florida. The vessel was 

placed into a 10-gallon water bath. The water temperature was maintained at 5-10 °C using 

a cooling bath. The aqueous solution containing the target compound was added into the 

reaction vessel, saturated by gentle bubbling with O2 for 15 min and applied ultrasound at 

396 W, 670 kHz. Samples were taken at specific treatment intervals to monitor the reaction. 

Samples were stored in the refrigerator until analyses.   

2.4 Results and Discussions 

2.4.1 Degradation kinetics and adsorption isotherm study 

The concentration of MCHM (mixture of cis and trans-isomers) was monitored as 

a function of treatment time over a range of initial concentrations as shown in Figure.2.4. 

The extent of degradation decreases with the increase in initial MCHM concentrations. 
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Within 30 min, greater than 50 % of trans- and cis-isomers were degraded for C0 ≤ 50 µM. 

Higher initial concentrations require longer treatment times to reduce the MCHM 

concentration to less than 50 %. The degradation rates and half-lives of the cis and trans- 

isomers, summarized in Table 2.1, are similar for similar initial concentrations. The 

degradation is likely the result of pyrolysis and reactive oxygen species, primarily HO ∙, 

which is produced during the cavitation collapse at the gas-liquid interfacial and hot-spot 

regions. 

 

 

Figure. 2.4 Degradation of different initial concentrations of trans- and cis- MCHM 

(670 kHz,396 W, 5 °C, O2 saturated). 
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The degradation of the MCHM isomeric mixture was conducted over a range of 

initial concentrations from 3.9 to 156.0 µmol/L, individually 1.2, 2.5, 5.0, 25.0, 49.9 

µmol/L for trans-MCHM, and 2.7, 5.3, 10.6, 53.0 and 106.1 µmol/L for cis-MCHM. The 

concentrations of cis- and trans- MCHM were monitored as a function of treatment time. 

The ultrasonically induced degradation kinetics of organic compounds at specific 

concentrations have been reported to exhibit pseudo-first order kinetic behavior (Eq. 2.5). 

[67,68] 

Table 2.1 The ultrasonic degradation of MCHM (670 kHz) half-lives and the 

pseudo-first order rate constants at different initial concentrations. a) The reproducibilities 

of trans- and cis-MCHM were ± 3 % and ± 5 % respectively on the basis of triplicate runs. 

    

            -
dCt

dt
=kct     ln(Ct) =kt+ ln(C0)   ln

[Ct]

[C0]
=-kt                                    Eq. 2.5 

The MCHM degradation profiles were fit to pseudo-first order kinetics by plotting 

ln
[Ct]

[C0]
 as a function of treatment time. Where C0 is the initial concentration and Ct is the 

concentration at time t. From the pseudo-first plots, the rate constants were obtained and 

summarized in Table 2.1. The degradation profiles of cis- and trans-MCHM yield excellent 

          trans-MCHM cis-MCHM 

Concentration 

(µM) 

t1/2 

(min) 

Pseudo-first order 

rate constant (a) 

(min-1) 

Concentration 

(µM) 

t1/2 

(min) 

Pseudo-first order 

rate constant (a) 

(min-1) 

1.3 8.9 0.10 2.7 8.2 0.12 

2.5 11.6 0.08 5.3 10.9 0.08 

5.0 13.1 0.06 10.6 13.0 0.06 

25.0 19.5 0.04 53.0 22.7 0.03 

49.9 28.6 0.02 106.0 32.5 0.02 
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linear fits to pseudo-first order kinetic models at each individual concentration, however 

the rate constants decreased 5 to 6 times with a 50-fold increase in initial concentration. 

Such changes in rate constants as a function of concentration are inconsistent with a true 

pseudo-first order process, which has been observed for a variety of heterogeneous 

processes [69,70]. Such kinetic anomalies have been attributed to mass transfer limitations 

at interface during cavitation (reaction zone) and saturation effects [71]. The target 

compound residing at or near the interface can react with reactive oxygen species, primarily 

·OH radicals or undergo pyrolysis.  Under the uniform conditions employed in the reported 

experiments the production of hydroxyl radicals and the volume of the reactive surface 

leading to pyrolytic degradation will be the constant and the limiting factors in the 

degradation. Thus, as the concentration of the target compound increases the extent of 

degradation decreased.  

To better understand the degradation kinetics, heterogeneous models were applied 

to simulate the degradation with the liquid-gas interface serving as the reactive surface 

where the reactions of target compound with reactive radical species can lead to the 

extensive degradation. At the gas-liquid interface, water exists in a supercritical state 

(supercritical water has 648 K and 218 atm) [72], and exhibits hydrophobic properties.  The 

supercritical fluid layer (SCF-L) or gas-liquid interface is thus modeled as a reactive 

surface where partitioning of the target compound and generation of radicals and high 

temperatures can lead to the extensive degradation [73]. To probe the partitioning of 

hydrophobic MCHM to the SCF interfacial region from the polar bulk aqueous solution 

[63], standard kinetic models for heterogeneous processes, Langmuir-Hinshelwood (L-H) 

and Freundlich isotherms were applied. L-H and Freundlich models have been applied for 
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an extensive number of heterogeneous processes including a limited number applied to 

ultrasonic degradation [43,74–76]. The partitioning of MCHM molecules to the gas-liquid 

interface can be considered an equilibrium adsorption process, where this reactive zone 

results in degradation because of high temperatures and reactive species namely HO· [77]. 

Okitsu et al. reported the Langmuir-Hinshelwood isotherm (Eq. 2.6) was effectively 

applied to the kinetics for the ultrasound induced degradation of several organic pollutants. 

[43,77,78] The effective modeling of the experimental data by L-H is consistent with the 

gas-liquid interface (reactive zone) acting as an adsorption layer critical to ultrasound 

degradation process [79,80]. The L-H kinetic model includes four assumptions: (1) all sites 

on the adsorption zone are equivalent (2) each site is occupied by one molecule with a 

uniform monolayer (Figure.2.5 (a))  (3) the molecules have no interactions with adjacent 

sites (4) the adsorption and desorption process is in an equilibrium [76,81].  

 Langmuir-Hinshelwood equation                  Eq. 2.6 

 

where r0 (µM·min-1) is the initial rate, C0 (µM) is the initial concentration, kr (µM/ 

min) is the reactivity constant and K (1/ µM) is the equilibrium constant. 

(a)      (b)       

Figure. 2.5 MCHM molecules partitioning on the gas-liquid interface following (a) 

Langmuir-Hinshelwood Model (b) Freundlich Model 
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The degradations of the MCHM mixture were performed over a range of 

concentrations 1.3 to 49.9 µM of trans- isomer and 2.7 to 106.0 µM of cis- isomer. The 

resulting kinetic data were used to construct the L-H plot (1/r0 vs 1/c0) (Figure. 2.6).  The 

L-H parameters, K and kr were determined from the intercept and slope of the L-H plot. 

The reactivity constants, kr, were 0.72 for the trans and 1.23 µM· min-1 for the cis, while 

the equilibrium constants K were 0.08 and 0.05 µM-1 respectively. The equilibrium 

constant, K, can be assigned to surface partitioning of MCHM at the interface and kr is a 

coefficient related to the reactivity of the target compound (susceptibility of MCHM to 

degradation) [82]. The results suggest that the trans-isomer may exhibit greater partitioning 

to the interface while the cis-isomer exhibits higher reactivity at the gas-liquid interfacial 

region. Trans-isomers are often less polar as individual molecular bond dipole moments 

can partially cancel while in the cis-isomers they can be additive. Less polar molecules, 

those with smaller overall dipole moments can partition to a greater extent to the less-polar 

SC interface. L-H model assumes uniform partitioning at the reactive zone (liquid-gas 

interface). Modest deviation from linearity of L-H plot is observed at the highest 

concentration which may be a result of MCHM saturation at the interface.  
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Figure. 2.6 Langmuir-Hinshelwood degradation isotherms of trans- and cis-

MCHM in aqueous media under ultrasonic irradiation (670 kHz, 396 W, 5 °C, O2 saturated). 

To consider non-uniform partitioning, the Freundlich model (Eq.2.7) was employed 

over a wide range of concentrations. We applied the Freundlich model to assess the non-

uniformity in distribution of MCHM in the reactive zone [83]. The Freundlich isotherm 

describes the adsorbent/adsorbate ratio (qe) as the function of the concentration at 

equilibrium, which can also represent the partitioning or disappearance of the adsorbent 

from the bulk solution. Cavitation bubble size is related to the applied frequency [84], 

therefore, the interface area and volume should remain relatively constant since the same 

frequency and experimental conditions were employed for the studies reported herein. The 
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amounts of molecules partitioning to the interface change with the initial concentration, 

and thus the degradation rate r0 replaces qe.  

       The Freundlich Isotherm:               log r
0

=
1

n
logC0+ log Kf                               Eq. 2.7 

where r0 (µM/min) is the initial rate, n is a factor related to the reactivity, C0 (µM) 

is the initial concentration, and Kf (µM) is the adsorption capacity. 

The Freundlich adsorption isotherm (Eq.2.7) for cis- and trans-isomers are 

illustrated in Figure.2.7 with R2 > 0.99. The factor n, indicating the adsorption intensity 

obtained from the plots were 1.42 and 1.56, and the adsorption capacity Kf values were 

0.058 and 0.083 for cis and trans- isomers respectively [83]. The results show that the cis- 

isomer has lower adsorption or partitioning capacity to the reactive zone than the trans-

isomer.  The superior fit of the observed data to the Freundlich model indicates the 

adsorption or partitioning isotherm possesses non-uniformity in comparison to the L-H 

model which assume of uniform partitioning (Figure.2.5 (b)). This observation is consistent 

with the properties of SCF where non-uniform distribution of solutes is reported, 

specifically referred to as solute-solute or solute-solvent clustering, a phenomenon unique 

to supercritical conditions [81]. For the case of MCHM at the SC interface it is reasonable 

to invision the individual MCHM molecules with primarily hydrocarbon character can 

have stronger Van der Waals interactions with other MCHM molecules than the water 

molecules composing the solvent thus leading to small clusters of MCHM molecules and 

higher local densities of MCHM molecules at the SC region.   
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Figure. 2.7 Freundlich degradation isotherms of trans- and cis-MCHM in aqueous 

media under ultrasonic irradiation (670 kHz, 396 W, 5 °C, O2 saturated). 

2.4.2 Degradation Product Study 

Although MCHM is readily degraded by ultrasonic treatment, it is also important 

to conduct product studies to understand better the reaction pathways involved in the 

degradation. The GC-MS analyses employing SPME techniques were used to conduct 

product studies for the ultrasonic degradation of MCHM. The cis- and trans- isomers have 

GC retention times of 9.62 and 9.85 min, respectively. After ultrasound treatment, two 

predominant GC peaks were observed with retention times of 8.80 and 9.01 min (Figure.2.8) 
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Figure. 2.8 The GC chromatograms of the starting MCHM and the reaction 

products and mass spectra of primary products (3) and (4).    

The chromatographic peak at 8.80 min has parent ion with the mass to charge ratio 

(m/z) of 126 which was on the basis of library match and fragmentation pattern has been 

assigned as 4-methylcyclohexenylmethanol. While 4-methylcyclohexanecarbaldehyde 

also has m/z = 126, and is a possible product of the oxidation of MCHM, careful analysis 

and the absence of M-29 and/or M-30 indicates the observed product does not contain an 

Starting MCHM  

(1) cis 

(2) trans 

Reaction products 

(3) (4-methylcyclohexenyl) methanol 

(4) 4-methylcyclohexanone 
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aldehyde functional group. The compound with a retention time of 9.01 min yields a m/z 

of 112 which after careful analysis of fragmentation pattern is assigned as 4-

methylcyclohexanone (Figure. 2.9). 

 

Figure. 2.9 Degradation products 4-methylcyclohexanone (1) and 4-methylcyclo-

hexenylmethanol (2) from ultrasonic treatment of MCHM (670 kHz, 396 W, 5 °C, O2 

saturated). 

2.4.3 Computational Study 

Ultrasonically induced degradation of MCHM can occur by hydroxyl radical 

mediated oxidation and pyrolysis. Density function theory (DFT) is a powerful tool in 

predicting geometries and energy barriers [85,86]. To assess the individual degradation 

pathways for MCHM, we have employed computational methods employing the DFT-

B3LYP method with the 6-311G** basis set, using Gaussian 09 program [87,88]. The cis- 

and trans-isomers can populate two cyclohexane chair conformations, illustrated in Eqs. 

2.8 and 2.9. 
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The reactivities of the cyclohexane hydrogens is dependent on residence at axial or 

equatorial positions. With this in mind, the energies of different chair conformers for the 

cis- and trans-isomers were calculated. The two stable chair conformers of trans-isomer 

include one with a significantly higher energy in which both substituents, CH3 and CH2OH 

occupy axial positions. In the lower energy conformation, both substituents occupy 

equatorial positions. For the cis-isomer, the two stable staggered conformers are similar in 

energy with each having one axial and one equatorial substituent. The percentage (ratio) of 

the higher energy conformer was calculated using the enthalpy difference, from ∆E given 

in Eqs.2.8 and 2.9.  The results calculated using Eq. 2.10 are summarized in Table 2. 2.  

                                        ∆E=∆H≈∆G , ∆G= -RTlnK                                            Eq. 2.10 

where ∆E (kcal/mol) is the relative energy, R (the gas constant) =0.001987 kcal/ 

(mol· K), T (K) is the phase temperature.  

The energy difference between two trans-isomer chair conformations is 4.5 

kcal/mol, while the energy between cis-isomer chair conformations is 0.2 kcal/mol, Eq.2.8 

and 2.9. 

The temperatures and pressures generated during cavitation vary depending on the 

reaction conditions, including solvent, saturating gas, and irradiating frequency. For the 

purpose of the studies herein specific temperatures were selected for the three cavitation 

regions on the basis of literature reports: bulk solution (283 °K), gas-liquid interface (~ 

CH3 (ax)

H

CH2OH (ax)

H

H

(eq) H3C

H

CH2OH(eq)

CH3(ax)

H

H

CH2OH(eq)

H

(eq)H3C

CH2OH (ax)

H
ΔEcis = - 0.2 kcal/mol        Eq. 2.9 

ΔEtrans = - 4.5 kcal/mol      Eq.2. 8 
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2000 °K) and hot spot (~ 5000 °K) [47,61]. The percentages of the different chair 

conformers calculated at these temperatures are summarized in Table 2.2. The fraction of 

the less stable isomer increases with temperature due to the rapid interconversion of the 

two chair conformations thus the hydrogen susceptible to hydroxyl radical attack 

(abstraction) can occur axial or equatorial. For the trans-isomer, there is a large energy 

difference between chair conformations, thus one conformer is predominant throughout the 

temperature range employed herein.  For the cis-isomer, the ΔE is small and thus for the 

cis-isomer the two conformations are similarly populated throughout the temperature range.  

Table 2.2 Composition of chair conformers under different temperatures. 

(According to the equation, ∆E=∆H≈∆G, ∆G= -RTlnK, where ∆E (kcal/mol) is the 

relative energy, R (the gas constant) =0.001987 kcal/(mol·K), T (K) is the phase 

temperature, (a) bulk solution, (b) interfacial region, (c) hot spot.) 

 

 

     

1.Higher energy chair conformation; 2. Lower energy chair conformation. 

The homolytic bond dissociation energies for the hydrogens in the cis- and trans-

isomers were also calculated using G-311** basis set for each MCHM hydrogen atom to 

represent the HO ∙   radical abstraction degradation pathways for respective conformers. 

The low dissociation energies correspond to high probability hydrogen abstraction 

degradation products. Among the 16 hydrogens in MCHM, 15 are bonded to sp3 hybridized 

carbon atoms and one hydrogen to an sp3 hybridized oxygen atom. The O-H bond is the 

MCHM Energy difference 

(kcal/mol) 

Isomer content (%) 

283° K (a) 2000° K (b) 5000° K (c) 

trans- ax-ax 1 4.5 0.03 24.13 38.74 

trans-eq-eq 2 99.97 75.87 61.26 

cis-ax-eq 1 0.2 41.71 48.82 49.53 

cis-eq-ax 2 58.29 51.18 50.47 
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strongest and least likely to undergo an abstraction reaction. The homolytic C-H 

dissociation energies calculated for the Csp3-H bonds in MCHM are summarized in Table 

2.3, along with the numbering of each hydrogen by position. On the basis of the 

computational results, abstraction of H2, and H3 and H8 require the least energy and thus 

are the most (reactive) likely hydrogens to be abstracted. The probability for the reaction 

to occur at one of these most reactive hydrogens is > 95%. We assumed that entropic factors 

in all considered channels are similar and hence the differences in Gibbs free energies ΔG 

were approximately taken to be equal to the differences in enthalpies ΔH. 

Table 2.3 Homolytic C-H bond dissociation energies (model for HO· abstraction 

pathway) in the unit of kcal/mol of trans- and cis- lower energy conformation. 

 

To simulate the HO· radical mediated hydrogen abstraction in bulk solution at a 

temperature of 283 °K, rate constants were calculated from the equation k = A 𝑒−
𝐸

𝑅𝑇  (the 

pre-exponential Arrhenius factor is assumed to be constant) [89]. Table 2.2 indicates the 

ratio of the two conformers for the cis- and trans-isomers at 283 K. Under the conditions 

the most stable conformation of trans-isomer of MCHM   accounts for 99.97 % with only 

H3

H8

H6

H7

H9
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H4

H2

H2

HO

H4

H5

H6

H7

H9

H9

Hydrogen 

Number 

H2 H3 H4 H5 H6 H7 H8 H9 

Dissociation  

Energy 

(kcal/mol) 

trans 90.0 94.0 94.1 94.2 94.2 94.2 91.2 97.8 

cis 90.0 92.0 94.4 93.7 94.1 93.7 88.8 96.5 
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0.03 % in higher energy conformer, while lower energy conformer of the cis-isomer 

accounts for 58.29 % with the higher energy conformer populated at 41.71 %. The 

calculation of the reactivities of these hydrogens in the cis- and trans- isomer including the 

proportion of each conformer are summarized in Table 2.4.  

Table 2.4 The most reactive hydrogens towards ·OH abstraction for different 

isomers and conformations based on relative homolytic dissociation energies in kcal/mol. 

 

The results indicated that at 283 K, 94.00 % hydrogen abstraction on trans-MCHM 

conformer occurs on H2, and 5.74 % occurs on H8 and all other hydrogens account for less 

than 0.5 % of the reaction pathways. For the cis-isomer under these conditions, 48.70 % of 

the abstraction occurs on H8, a tertiary hydrogen, 45.42 % on H2 and 5.79 % on H3. 

Computational results indicate reactions at the remaining hydrogens are insignificant (< 

0.5 %). Generally, tertiary hydrogens are more reactive than primary hydrogens. The H2 

atoms although 1°, are alpha to powerful electron withdrawing oxygen atom which 

inductively weakens the C-H bond making them more susceptible to hydrogen abstraction. 

Once abstraction occurs the resulting radical is stabilized by a resonance effect of the lone 

pairs of electrons on the adjacent oxygen atom.  The oxygen atom has kinetic and 

thermodynamic effects on hydrogen abstraction. The other hydrogens, 1° or 2° and without 

an adjacent oxygen atom, are much less reactive.  

                  Hydrogen 

T = 283 K 

H8 H3 H2 

trans-eq-eq 5.72 % 0.04 % 94.00 % 

trans-ax-ax 0.02 % 0.00 % 0.00 % 

total trans-(ax-ax+eq-eq) 5.74 % 0.04 % 94.00 % 

cis-eq-ax 47.50 % 0.15 % 10.61 % 

cis-ax-eq 1.20 % 5.64 % 34.81 % 

total cis-(eq-ax+ax-eq) 48.70 % 5.79% 45.42 % 
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In addition to the hydrogen abstraction degradation pathways, high temperatures 

produced during the cavitational collapse lead to pyrolytic degradation of organic 

compounds during ultrasonic irradiation. Pyrolysis generally occurs by homolytic cleavage 

and decreases with increasing bond strengths from least to most reactive H-O < C-O < C-

H < C-C. Electronic effects from the oxygen atom and substitution patterns (1°, 2°, 3°) can 

have a pronounced influence on the bond strengths and susceptibility towards pyrolysis. 

Homolysis of the weaker C-C bonds is expected to be predominant from pyrolysis 

pathways induced by ultrasound treatment (extreme temperatures). Homolytic cleavage 

results in carbon centered radicals which can undergo subsequent unimolecular 

fragmentation.  

The energy differences between starting material and products were calculated to 

determine the probability of pyrolytic bond cleavage of the different C-C bonds in MCHM. 

The results establish the most probable pyrolytic pathways process with energies 73.9 

kcal/mol leads to methyl-cyclohexane radical and methanol radical (Pathway A in Figure. 

2.10) during the pyrolysis for trans- and cis- MCHM. The formation of cyclohexane 

methanol and methyl radicals, another probable pyrolytic pathway, requires higher energies, 

79.0 and 76.7 kcal/mol for trans- and cis- isomers respectively (Pathway B in Figure. 2.10). 

On the basis of the energy differences, 78.01 % of trans-MCHM and 67.00 % of cis-

MCHM are calculated to form methyl-cyclohexane radical and methanol radical (Pathway 

A) at 2000 K (gas-liquid interface), and 62.40 % of trans-MCHM and 57.03 % of cis-

MCHM at 5000K (hot spot). The methyl-cyclohexane radical can readily form the 

observed product 4-methyl-cyclohexanone in the presence of oxygen.   
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The initial C-C homolytic bond cleavage results in the formation of carbon centered 

radicals, which can spontaneously undergo beta scission (a secondary C-C bond cleavage) 

as shown in Figure.2.10 [90]. The most energetically favorable products produced from the 

beta (secondary) C-C bond cleavage are 1-butene radical and propylene (Eq.2.11 in Figure. 

2.10). 1,5-hexadiene and methyl radicals will be formed in a less favorable competing 

pathway (Eq.2.12 in Figure.2.10). These competing reaction pathways depend on transition 

state (TS) energies and the different substitution on the cyclohexane ring. The 

computational results indicate the two most favorable pathways yield 1-butene radical (Eq. 

2.11) and 1, 5-hexadiene (Eq. 2.14). Propylene is unique for Pathway 1 while 2-propen-1-

ol is a unique product of Pathway 2.  

On the basis of the calculated energies of the formation of the products, 33.8 

kcal/mol is required to form 1-butene radical and propylene (Eq. 2.11) and 38.8 kcal/mol 

to form 1,5-hexadiene and methyl radical (Eq. 2.12) from methyl-cyclohexane radical in 

Pathway A. Therefore, formation of 1-butene radical and propylene is the more favorable 

reaction pathway from methyl-cyclohexane radical. In Pathway B, 35.8 kcal/mol is 

required to produce 1-butene radical and 3-propenol (Eq.2.13) while 33.7 kcal/mol to form 

1, 5-hexadiene and methanol radical from cyclohexane methanol radical (Eq.2.14). The 

low molecular weight hydrocarbons were not detected as they can undergo combustion 

under the reaction conditions and thus their detection is not plausible.  
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Figure. 2.10 Energetically favored MCHM C-C homolytic bond pyrolytic pathways 

on the basis of Gaussian 09 computations. 

2.5 Conclusions  

The ultrasonic treatment of the isomeric mixture of MCHM leads to rapid and 

extensive degradation by hydroxyl radical and pyrolytic processes. The degradation is 

accurately modeled by pseudo-first order kinetics. Within 30 min, more than 50% of both 

trans- and cis- MCHM is decomposed when the initial concentration was up to ~ 100 

μmol/L. The observed primary products, (4-methylcyclohexenyl) methanol and 4-

methylcyclohexanone, are consistent with hydroxyl radical mediated and pyrolytic reaction 

pathways.   

On the basis of excellent modeling of the experimental data over a range of 

concentrations using the heterogeneous Freundlich model it appears the degradation 

process occurs predominantly at the gas-liquid interface and involves non-uniform 

distribution of MCHM within this reactive indicative of solute-solute type clustering 

supercritical region.   

Eq.2.12 

  Eq.2.11 

Eq.2.13 

Eq.2.14 

Δ EA trans- = 73.9 Kcal/mol 

Δ EB trans- = 79.0 Kcal/mol 

Δ E11 = 33.8 Kcal/mol  

ΔE12 = 38.8 Kcal/mol  

Δ E13 = 35.8 Kcal/mol 

Δ E14 = 33.7 Kcal/mol  
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Computational studies provide support and insight about the energetics and 

partitioning of competing reaction processes. The most favorable pyrolytic products are 

1,5-hexadiene and methanol, other products such as 1-butene, 3-propenol, propylene and 

methane may also be produced during the pyrolysis but likely undergo combustion. The 

obtained results also suggest application of kinetic models can likely be extended for 

predicting ultrasonic treatment of a variety of hydrocarbon pollutants.  
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Chapter 3  Fundamental study of the ultrasonic induced degradation of the 

popular antihistamine, diphenhydramine (DPH) 
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3.1 Abstract 

Diphenhydramine (DPH) the active ingredient in Benadryl®, has been detected in 

streams, rivers and other surface water sources. As a bioactive compound, DPH impacts 

human health even at low concentrations. Ultrasonic irradiation at 640 kHz leads to the 

rapid degradation of DPH in aqueous solution. Radical scavenging experiments and 

detailed product studies indicate the DPH degradation involves direct pyrolysis and 

degradation reactions mediated by the hydroxyl radicals produced during cavitation. The 

degradation can be modeled by pseudo-first order kinetics yielding rate constants k of 

0.210, 0.130, 0.082, 0.050, 0.035, 0.023 min-1 at the initial concentrations of 2.8, 5.2, 13.9, 

27.0, 61.0, 160.0 µmol·L-1, respectively. The degradation process follows the Langmuir-

Hinshelwood (heterogeneous) model with a partition coefficient, KL-H = 0.06 µmol·L-1and 

reactivity constant kr = 1.96 µmol·min-1·L-1. A competition kinetic study conducted 

employing the hydroxyl radical trap, coumarin, illustrates that DPH was degraded 

primarily by hydroxyl radical mediated processes. Computational studies employing 

Gaussian 09 basis set provide fundamental insight into the partitioning of the reaction 

pathways and the degradation mechanisms. The study demonstrates the ultrasonic 

degradation of DPH is rapid, follows simple kinetic expressions and is accurately modeled 

using computational methods.  

3.2 Introduction 

One of the most widely used over the counter drugs, diphenhydramine (DPH) (2-

(diphenylmethoxy)-N,N-dimethylethanamine), is the active ingredient in Benadryl®. 

Diphenhydramine has been extensively used to treat allergies, hives, itching and insomnia 
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since 1946 and is regularly detected in natural water, treated water and wastewater effluent. 

[91] Diphenhydramine has also been detected in surface drinking water sources and treated 

water from wastewater treatment plants (WWTP) [92]. Kinney et al. reported DPH as one 

of the four most commonly detected pharmaceuticals in Colorado[93]. Diphenhydramine 

also has high persistence in soil[94]. Huerta et al. reported the presence of DPH in fish 

muscle [95]. The co-occurrence of DPH and other trace amounts of pharmaceuticals in 

water systems can have negative impacts on aqueous organisms [96]. 

Traditional wastewater treatment processes do not effectively remove DPH [92]. 

Adsorption and ion exchange methods often require extended contact times and are often 

cost prohibitive for removal of DPH from drinking water sources [92]. The UV treatment 

of DPH leads to only 26 % degradation at fluxes of 1272 mJ·cm-2 [97]. Photo-Fenton 

degradation of DPH can be effective, but requires careful preparation for optimization of 

the photo-catalyst [98].  

Advanced oxidation processes (AOPs) can effectively degrade a wide variety of 

pollutants [44]. The production of reactive species, primarily HO radicals with smaller 

amounts of oxidants, such as H2O2, O2
·- is central to the effectiveness of AOPs.  These 

reactive species lead to oxidative transformation and mineralization of the target pollutants. 

AOPs have shown tremendous promise for degradation of a wide variety of organic 

pollutants during water purification [23,99,100]. Ultrasonic irradiation is a unique AOPs 

as it generates hydroxyl radicals directly from water molecules and thus does not require 

addition of catalyst or oxidant common to the majority of AOPs [61,101]. Ultrasonic 

irradiation can penetrate and be used to treat turbid and highly colored solutions, while the 
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application of photochemical AOPs such as UV/peroxide is limited to relatively clear 

solutions which allow penetration of photons deep into the solution.  

As ultrasonic waves pass through a solution, gas bubbles undergo local expansion 

and compression cycles [102,103]. The size of the bubble increases with the number of 

expansion-compression cycles, leading to a pressure differential and eventually the bubbles 

collapse, a process referred to as cavitation [48]. At collapse, three zones have been defined: 

the region at the center of the cavitation site referred to as the hot-spot, the gas-liquid 

interface and the bulk solution. The hot-spot possesses extremely high temperatures (above 

5000 °C) and pressures (above 500 atm)[101–103] which leads to the pyrolysis of water 

vapor and produces hydroxyl radicals (HO·) as well as other oxidative species; the gas-

liquid interface has high temperatures (above 2000 °C) and high pressures (above 200 atm) 

leading to pyrolysis and generation of hydroxyl radicals and other oxidative species; the 

bulk solution possesses relatively mild conditions close to ambient temperature and 

pressure where target compounds are only transformed upon reaction with radical species 

that diffuse from the cavitation site [42,46,104–106]. Ultrasonic degradation of DPH has 

yet to be published.  Herein we report for the first time the fundamental kinetic studies, 

adsorption isotherms and the product studies of the ultrasonically induced decomposition 

of DPH. A computational method was also employed to complement product studies and 

established the partitioning of competing reaction pathways. Our study demonstrates that 

the ultrasonically induced degradation of DPH is rapid and the result of hydroxyl radical 

mediated and pyrolytic reaction pathways.   
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3.3 Materials and Experiments 

3.3.1 Chemicals 

The source of DPH was diphenhydramine hydrochloride, purchased from MP 

Biomedicals, LLC. Acetonitrile (HPLC grade) was purchased from Burdick& Jackson, 

while acetonitrile (optima LC/MS), ammonium formate (99 %) and formic acid (optima 

LC/MS) were purchased from Fisher Chemical. Coumarin was purchased from MP 

Biomedicals, LLC. NaH2PO4 (99 %) was purchased from Merck& Co. Inc and 7- 

hydroxycoumarin (99 %) purchased from Acros Organics. All aqueous solutions were 

prepared with millipore filtered water (18 MΩ.cm) and used at natural solution pH unless 

stated otherwise.   

3.3.2 Method and Experiments 

A pulsed mode ultrasonic transducer UES 1.5-660 Pulsar (Ultrasonic Energy 

Systems Inc., Panama City, Florida) equipped with disk shaped horn attached glass reactor 

(500 mL) was employed for all experiments. Operating conditions were previously 

optimized and set at pulse duration of 0.62 s, pulse repetition of 2.5 s and frequency of 

640 kHz under operational power of 396 W. Power density of the sonication was 

7.9 W/cm2 with ultrasonic horn diameter of 9 cm.  Ultrasound traveled through 5 cm of 

water and 38 μm of the polyethylene film to reach the 500 mL solution inside reaction 

vessel with 9 cm diameter.  The reactor was submerged in an ice bath and the monitored 

temperature range inside the reaction vessel was 10 ± 2 °C throughout the reaction. More 

details of the ultrasound equipment were described previously[107]. The aqueous solution 



 

47 

 

containing the target compound was added into the reaction vessel, saturated by gentle 

bubbling with O2 for 15 min. Samples were taken at specific treatment intervals and 

analyzed immediately or stored in the refrigerator until analyses. 

A Varian Pro star 210 HPLC with a diode array detector was employed to monitor 

the concentration of DPH. A 250×4.60 mm 5 µ C18 column (S.N.410920-29) using mobile 

phase A (acetonitrile (ACN)) and B (water, 20 mM NaH2PO4 at pH=2.8) (40:60 (v/v)) at 

a flow rate of 1 ml/min with the detection wavelength of 219 nm was used to monitor the 

concentration of DPH. Carefully prepared standards were employed to confirm the 

retention times and calibrate the HPLC. Agilent 6530 Accurate mass spectrometer 

equipped with an Agilent Infinity 1290 Infinity Binary Pump equipped with a 3.0×100 mm 

1.8 µ C18 column was used for the product studies. The mobile phase for the LC-MS 

product study was composed of solvent A (water, 5 mM ammonia formate, 0.1% (v/v) 

formic acid) and solvent B (acetonitrile /water, 0.1 % (v/v) formic acid 90:10 (v/v)) with a 

flow rate of 0.4 ml/min and a gradient program 0-1 min: 95% A; 1-10 min: from 95 to 5 % 

A. The column temperature was 30 °C. 

To monitor the concentration of DPH accurately, a calibration curve was carefully 

developed from 2 to 2000 µmol·L-1. A 1000 mg/L stock solution was prepared using 

volumetric flasks and stored in the refrigerator. Different concentration solutions were 

obtained from the dilution of stock solution employing adjustable pipettes and volumetric 

flasks. The DPH degradation was monitored over a range of initial DPH concentrations of 

2.8, 5.2, 14.0, 27.0, 62.0 and 160.0 µmol·L-1. The sampling times were adjusted according 

to the extent of degradation at different initial concentrations. For [DPH]0 = 2.8 and 5.2 
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µmol·L-1, samples were taken at 0, 1, 2, 3, 4, 6 and 8 mins of the treatment; [DPH]0 = 14.0 

and 27.0 µmol·L-1, samples were taken at 0, 2, 4, 6, 8 and 10 mins; for the 62.0 µmol·L-1, 

samples were taken at 0, 4, 8, 12 and 16 mins while for [DPH]0 = 160.0 µmol·L-1, samples 

were analyzed at 0, 5,10, 20 and 30 mins. Samples for the product studies using LC-MS 

were taken at 0 and 30 mins for the 14.0 µmol·L-1 DPH solution.  

3.4 Results and Discussions 

3.4.1 Degradation Kinetics  

The ultrasonically induced degradation of DPH was effective over a range of initial 

concentrations, from 2.8 to 160.0 µmol·L-1 under O2 saturation at ~5 °C. The degradations 

of DPH as a function of treatment time at different initial concentrations are illustrated in 

Figure.3.1. The extent of degradation decreases with increasing initial concentration. The 

treatment time required to degrade 50 % of the initial concentration varied from 3.9 to 33.3 

min for the initial DPH concentrations of 2.8 to 160.0 µmol·L-1, respectively. 

 

Figure. 3.1 Ultrasonically mediated degradation of DPH as a function of treatment 

time (640 kHz, 396 W, 5 °C, O2 saturated). 

0%

20%

40%

60%

80%

100%

0 10 20 30

[D
P

H
] t

/[
D

P
H

] 0

Time (min)

160.0 61.0

27.0 14.0

5.2 2.8

[DPH]: µmol/L 



 

49 

 

Previous studies have established that the ultrasonic mediated degradation of a 

variety of organic compounds follows pseudo-first kinetics at a given initial concentration. 

[52,62,108–110] Pseudo-first-order kinetics are represented by the mathematical equation 

ln
𝐶𝑡

𝐶0
= −𝑘𝑡 (k (min-1) where Ct and C0 (µmol·L-1) are the concentration at treatment time 

t and the initial concentration, respectively. The pseudo-first-order kinetic plot (Figure. 3.2) 

of the degradation of DPH yields rate constants of 0.21, 0.13, 0.082, 0.050, 0.035 and 0.023 

min-1 corresponding to the initial concentrations of 2.8, 5.2, 14.0, 27.0, 61.0 and 160.0 

µmol·L-1, respectively. The observed rate constants decreased by approximately 10-fold as 

the initial concentration increased by about 80 times. The rate constant does not change 

significantly with initial concentration for a true first order type reaction process. However, 

variations in the reaction rate constant as a function of initial concentration have been 

previously reported for heterogeneous processes [67,111].  The anomaly has been 

rationalized on the basis of mass transfer limitations and saturation effects for 

heterogeneous processes occurring at or near the gas-liquid interface [112].  

 

Figure. 3.2 Pseudo-first order kinetic plots of ultrasonically mediated degradation 

of DPH at different initial concentrations (640 kHz, 396 W, 5 °C, O2 saturated). 
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3.4.2 Heterogeneous Kinetic Modeling 

The ultrasonically mediated degradation of pollutants in aqueous media involves 

two primary processes, direct pyrolysis of target compounds and degradation mediated by 

the reactive species generated during cavitation. The extent of these degradation pathways 

is dependent on the partitioning of the target compounds to the gas, gas-liquid interface 

and bulk liquid regions [61,101]. Diphenhydramine has relatively low vapor pressure and 

is not expected to partition to the hot spot (gas region) during cavitation. The gas-liquid 

interface however also possesses high temperatures (>2000 K) and high pressures (>300 

atm) during cavitational collapse, above the supercritical points (680 K and 218 atm) for 

water and thus it exists in a supercritical state. [47,62,63] Water in the supercritical state 

exhibits hydrophobic rather than the hydrophilic solvation properties associated with water 

under ambient conditions. In general, ultrasonic mediated degradation is initiated by 

reactive oxygen species generated at the hot spot and G-L interfacial regions. Alternatively, 

neutral hydrophobic species can partition to the G-L interface where direct pyrolysis can 

occur because of the high temperatures produced during cavitation. Since the degradation 

reactions will primarily occur at or near the liquid-gas interface, the Langmuir-

Hinshelwood (L-H) kinetic model for heterogeneous reactions was employed (Eq. 3.1) to 

the degradation process. [51,77] For the purposes of kinetic modeling, we define the liquid-

gas interface as the reaction surface where DPH can partition to and from. The L-H model 

assumes (1) all sites on the surface (interface) are equivalent (2) each site is occupied by 

one molecule and forms a monolayer (uniform partitioning) (3) the molecules have no 
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interactions with the ones on the adjacent sites (4) the adsorption and desorption process is 

in an equilibrium.  

1

r0
=

1

krKL-Hc0
                                                                                                        Eq.3.1 

where r0 (µmol·(L-1·min-1)) is the initial rate, c0 (µmol·L-1) is the initial DPH 

concentration, kr (L·min·µmol-1) is the reactivity coefficient and KL-H (µmol·L-1) is the 

equilibrium constant.   

The initial rates of degradation were monitored over the initial 20 % of the 

degradation of DPH to minimize competition from the degradation products. The observed 

degradation rates as a function of initial concentrations (c0) were used to construct the L-

H plot, 1/r0 (min·L/µmol) as a function of 1/c0 (L/µmol) which yields a linear relationship 

as shown in Figure. 3.3(a). The intercept equals 1/kr and the slope is 1/(krKL-H). The L-H 

plot yields a reactivity constant kr = 1.96 µmol·min-1·L-1 and the partitioning constant KL-

H, was 0.06 µmol·L-1. The reactivity constant and partitioning constant are empirical values 

to describe the apparent reactivity and the partitioning factors according to the L-H model.  
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Figure. 3.3 Langmuir-Hinshelwood plot of DPH (a) and COU (b) degradation in 

aqueous media under ultrasonic irradiation (640 kHz, 396 W, 5 °C, O2 saturated). 

3.4.3 Hydroxyl Radical Competition Study  

Hydroxyl radicals produced during cavitation are critical to the effective 

degradation of organic compounds during ultrasonic treatment. To assess the role of HO· 

in the degradation of DPH, coumarin (COU), a hydroxyl radical trap, was added to the 

solution during the ultrasonic treatment of DPH. The rates of ultrasonic induced 

degradation of coumarin were monitored under different initial concentrations: 25, 40, 50, 

60, 80, and 100 μmol/L. The observed degradation rates as a function of initial 

concentrations were modeled using the Langmuir-Hinshelwood model described earlier.  

The L-H plot of the observed degradation of coumarin, illustrated in Figure. 3.3 (b), yields 

a linear relationship indicating the degradation occurs at or near the reaction surface (gas-

liquid interface). The slope and intercept of the L-H plot yield the following apparent 

kinetic parameters, reactivity constant kr = 3.71 µmol·min-1·L-1 and a partitioning constant 

KL-H = 0.26 µmol·L-1. By comparison the L-H kinetic parameters of COU were 

significantly higher than those observed for DPH under the same conditions. The 
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ultrasonically induced degradation of DPH and COU fit to the L-H model, however the 

better fit of DPH to the L-H indicates COU may not follow the specific L-H model 

assumptions as well. DPH and COU process hydrocarbon functionality and thus both can 

partition to the hydrophobic G-L interface. COU will be uncharged under the experimental 

conditions, while DPH possesses an aliphatic amine with pKa = 8.98 and thus exists in 

protonated (positive) form at neutral solution pH. [94] Since DPH is positively charged it 

is not expected to partition to the hydrophobic G-L interface like neutral COU.  Coumarin 

is neutral and thus more likely to partition to the G-L interface than the positively charged 

DPH.  In addition, COU is more volatile than DPH and more likely to partitioning to the 

hot spot region. Higher partitioning of COU to the G-L and hot spot regions is consistent 

with a larger observed KL-H compared to the less volatile charged DPH. Coumarin thus 

should exhibit greater partitioning to the hot spot and G-L interfacial regions, have greater 

L-H reactivity, and degrade faster than DPH. On the basis of these results, COU will be 

effective as a probe for the HO· mediated DPH degradation pathways.  

A kinetic competition study between DPH and COU was conducted.  The 

degradation of 0.1 mmol·L-1 DPH was monitored in both the absence and presence of an 

equimolar amount of COU, as illustrated in Figure. 3.4. The degradation rate of 0.1 

mmol·L-1 DPH in the absence of COU was 2.82 μmol·L-1·min-1. In the presence of an 

equimolar amount of COU the observe DPH degradation rate dropped 57.8 % to 1.19 

μmol·L-1·min-1. The observed rates of reaction of hydroxyl radical with COU and DPH 

also depend on the bimolecular rate constants. On the basis of replicate experiments, the 

reproducibility of the kinetic results is within 5-7 % experimental error.  The bimolecular 
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hydroxyl radical rate constants for HO·+ COU is kCOU + HO· = 1.05 × 1010 M−1s−1 and HO· + 

DPH is kDPH + HO· = 0.71 (± 0.2) × 1010 M−1 s−1. [113–115] The relative magnitude of the 

rate constants at a 1:1 ratio of COU to DPH in homogeneous solution COU would be 1.48 

times more reactive and a 59.7 % decrease of degradation rate is expected. The observation 

of a 57.8 % decrease corresponds to the theoretical value also indicates that the reaction 

between DPH and hydroxyl radical dominates the degradation process. The theoretical and 

experimental are in excellent agreement indicating the pyrolysis pathway is not affected by 

the HO· scavenger.  

 

Figure. 3.4 Degradation of DPH with and without the co-existence of the hydroxy 

radical scavenger, COU. (640 kHz, 396 W, 5 °C, O2 saturated). Linearity fit is represented 

by dotted line. 

3.4.4 pH effect on the degradation rate of DPH 

The ultrasonically induced degradation of DPH was run over a range of initial pH 

of 3.7, 5.7, 7.7, and 10.7. The pH of DPH solution prepared in pure Millipore water without 

adjustment was 7.7. The pH of the solutions was adjusted by addition of 1 mol/L HCl or 

NaOH to achieve the desired solution pH.  The degradation of DPH at each of the solution 

pH was monitored as a function of treatment time (Figure.3.5). The degradation of DPH 
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was fastest under acidic conditions (3.7 and 5.7), leading to 55 % degradation within15 

min, at pH = 7.7 ~ 40 % of the starting DPH was degraded within 15 mins and 35 % 

degradation within 15 mins at pH 10.7. The pKa of DPH is 8.7, which means under neutral 

or acidic conditions, DPH is protonated (positively charged) and less hydrophobic 

compared to the neutral form which is predominant under alkaline conditions. The 

protonated form of DPH exists under acidic and neutral conditions. In general, charged 

species are less likely to partition to the hydrophobic interfacial and hot-spot regions 

generated during cavitation where degradation pathways are prevalent.  Hydrophobic 

neutral species can exhibit enhanced degradation because of a tendency to localize near the 

hydrophobic interface where radical and pyrolytic processes can occur, however in the case 

of DPH the trend was opposite with an increase in the degradation under more acidic pH 

where the DPH exists in a more hydrophilic positively charged state.  We proposed that 

the charged DPH species may have enhanced reactivity with negatively charged reactive 

species generated during ultrasonic treatment, specifically superoxide anion radical, which 

can readily diffuse into the bulk solution to react with protonated DPH.  Differences in the 

production of reactive oxygen species at different solution pH could also lead to the 

observed differences in the degradation of DPH in the protonated and neutral species.   

Even though there was a difference between different initial pH, part of the 

degradation undergoes pyrolysis was not affected by pH. 
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Figure. 3.5 DPH degradation under different pH value. 

3.4.5 Product Study 

Hydroxyl radical mediated processes are central to the effective degradation of 

pollutants by ultrasonic treatment. Hydroxyl radicals react with organic pollutants through 

three possible pathways: hydroxyl radical addition, hydrogen abstraction and electron 

transfer.  Hydroxyl radical addition to electron rich aromatic systems is generally 10-100 

times faster than hydrogen abstraction, and electron transfer is uncommon except for 

exceedingly electron rich systems. Using relative reaction rates for these competing 

pathways hydroxyl radical will react primarily with DPH through addition and hydrogen 

abstraction pathways.  Product studies were completed by LC-MS after 90 % of the starting 

material was degraded. The retention time of DPH is 6.554 min with an accurate 

mass/charge ratio of 256.1623, corresponding to the molecular weight peak. (Figure.3.6) 

Although the LC/MS raw data represents accurate mass of the protonated species, m/z = 

M+1 values, for the purpose of this manuscript, we will refer the accurate mass as the 

molecular weight for the remainder of the paper. The total ion chromatogram exhibits 

several well resolved peaks indicative of degradation products. On the basis of the observed 
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accurate mass measurements and key fragmentations in the MS, specific structures were 

assigned to the reaction products as described herein.  

 

Figure. 3.6 DPH chromatograph and mass spectra of untreated solution. 

3.4.5.1 Hydroxyl Radical Addition Products 

Hydroxyl radical is a powerful electrophile and readily adds to aromatic rings. 

Hydroxyl radical addition to the aromatic ring with subsequent elimination of H· is a 

common reaction pathway for aromatic compounds (Figure. 3.7). The HO· addition can 

occur at meta, ortho and para positions [116]. Among the observed products are three 

clearly resolved peaks with identical molecular weights, m/z of 272.1693 and retention 

times of 5.665, 5.784 and 6.044 min, corresponding to the the mono-hydroxylation 

products. All three mass spectra exhibited fragment peaks at m/z = 183.08 indicating 

hydroxylation of the benzene ring and are assigned to para-, meta- and ortho- phenolic 

adducts. Aravindakumar’s group reported similar isomeric phenols for DPH and HO• 

generated by  UV/H2O2 [117]. 
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Figure. 3.7 a) Hydroxylation of DPH yielding mono and di-hydroxylation products. The 

o, m, p represent ortho, meta and para substitution; b) The chromatograph of mono-

hydroxylation of DPH and (A), (B), (C) are MS spectra of three isomers corresponding to 

the retention times of 5.665,5.784 and 6.044 min respectively; c). Chromatogram and MS 

spectra of di-hydroxylation products. (A’), (B’), (C’) and (D’) are MS spectra of four 

isomers corresponding to the retention times of 4.902,5.085, 5.277 and 5.605 min 

respectively.  
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Mono-hydroxylation increases the electron rich character of the aromatic ring 

making the product more reactive to a second electrophilic HO· addition reaction. Products 

with molecular weight (MW) 287.15 were also observed among the predominant products 

and correspond to di-hydroxylation products of DPH as shown in Figure. 3.7. Addition of 

the second HO· can occur at mono-hydroxylated ring leading to a di-hydroxylated benzene 

ring, while reaction at the phenyl ring (non-hydroxylated) will produce two mono-

hydroxylated benzene within one DPH molecule, as illustrated in Figure. 3.7. These 

products, constitutional isomers have identical molecular weights Three isomers were 

detected and reported in previous work [118]. However, for the dihydroxylation of single 

benzene ring in DPH there are seven possible constitutional isomers. Six constitutional 

isomers are possible from the mono-hydroxylated of the two benzene rings within DPH. 

Given the identical molecular weights and a large number of possible isomers for di-

hydroxylated DPH, it is difficult to separate, distinguish and assign the individual di-

hydroxylated isomers. However, four unique peaks with MW of 287.16 were observed in 

the product mixture corresponding to the di-hydroxylated products. The retention times of 

the resolved chromatographic peaks for the di-hydroxylated products were 4.908, 5.080, 

5.283 and 5.614 min. Given enhanced reactivity of the mono-hydroxylated aromatic ring 

(compared to non-hydroxylated aromatic ring), we expect dihydroxylation of a single 

aromatic ring will be dominant in the reaction mixture.  While specific assignment of these 

isomers is difficult, it is likely that additional dihydroxylation products are formed which 

are below the detection limit or overlapping with the observed peaks.   
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3.4.5.2 Hydrogen Abstraction Reaction Products 

While hydroxyl radical addition to the aromatic rings leading to phenolic products 

appears to be the predominant reaction pathway, hydroxyl abstract of the benzyl hydrogen 

is also possible.  

A DPH degradation product was observed with MW of 193.11 g/mol and a 

retention time at 4.823 min.  This product can be the result of a radical chain oxidation 

process at the highly reactive benzylic hydrogen (Figure.3.8). The fragments at m/z= 

105.04 and m/z = 121.03 are indicative of the ester group functionality the proposed 

product. A product with MW = 199.08 was observed and assigned as a dihydroxylation 

adduct of benzophenone, a secondary degradation product of DPH which could be 

produced by abstraction of the benzylic hydrogen. Such an adduct has been previously 

reported [118] 
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Figure. 3.8  The degradation pathway and mass spectra of the product with MW 

193.1102 g/mol  
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3.4.5.3 Pyrolysis Products  

With the high temperatures at the hot-spot and gas-liquid interfacial regions 

produced during cavitation, pyrolysis can also play a role in ultrasonically induced 

degradation processes. Given the low vapor pressure of DPH and positive charge under the 

experimental conditions, it is not expected to partition onto vapor phase (hot spot), but 

rather reside primarily in the G-L interface and/or bulk regions. Under the temperatures 

generated at the G-L interface homolytic bond cleavage can occur within the DPH 

molecule. The weakest bonds within DPH on the basis of typical homolytic bond cleavage 

energies are the alkyl Csp3-Csp3 bonds and the Csp3-Nsp3 bonds, compared to the Csp2-

Csp2 and Csp2-H bonds within the aromatic rings [119].  A product with MW 241.15 was 

observed with a retention time of 6.428 min which corresponds to M-14 indicative of loss 

of a CH2 and assigned to the conversion of the N-CH3 to N-H shown in Figure. 3.9. 
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Figure. 3.9 The degradation pathway and mass spectra yielding the product with 

MW 241.1466. 
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The product with MW = 182.07 is consistent with benzophenone containing 

characteristic fragments m/z=105.041 and [M-77] (Figure. 3.10). Among possible 

pathways the formation of benzophenone can also occur by hydroxyl mediated radical 

chain oxidation at the benzylic carbon [120].  
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Figure. 3.10 The pyrolysis pathway yielding benzophenone (MW 182.0731g/mol). 

3.4.6 Computational Study of Competing Degradation Pathways  

Detailed computational studies were performed at the B3LYP/6-311G** level of 

theory using the Gaussian 09 program package to have a better understanding of the 

pyrolysis and hydroxyl radical mediated degradation pathways.  On the basis of the product 

studies, the computational experiments focus on the hydroxyl radical addition and 

hydrogen atom abstraction reaction pathways to determine the energetics and partitioning 

of the DPH + HO· reaction pathways.  Computational studies were also carried-out to 
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correlate the energies required for homolytic bond cleavages for individual bonds in DPH 

to determine the partitioning of pyrolytic degradation pathways during ultrasonic treatment.  

3.4.6.1 Hydroxyl Radical Addition to Aromatic Ring 

The addition of hydroxyl radical to aromatic systems commonly occurs at near 

diffusion-controlled rates, with bimolecular rates constants of ~109 -1010 M-1sec-1.  The 

aromatic phenyl groups present in DPH are highly susceptible to addition by hydroxyl 

radical. DPH has two identical mono alkyl substituted benzene rings with addition possible 

at the ipso, ortho, meta, and para positions. Although hydroxylation at the ipso position is 

proposed for addition of water to the radical cation of DPH [118], direct addition of 

hydroxyl radical at the ipso position is generally not competitive with the ortho, meta, and 

para reaction pathways. Hydroxyl radical addition leading to hydroxylation of the aromatic 

rings in DPH has been reported [117] but isomers are difficult to distinguish by MS. 

Computational studies were conducted to identify the most probable sites on DPH for 

HO· radical addition to the aromatic rings.  In order to trace the reaction pathways between 

DPH and HO·, three series of separate calculations simulating HO· radical attack at ortho, 

meta, and para positions, were performed (Figure. 3.7). The initial reactants are DPH + 

HO·, the intermediates are HO· adducts and the final products are obtained by the loss of 

the hydrogen atom from the attacked position in the radical HO· adducts.  

The results of calculations of the transition state energies (TS) for formation of the 

HO· adducts are represented as the activation energy (Ea) and the adduct formation energy 

(ΔrH) calculated as 11.0, 13.0, 10.3 kcal·mol-1 for the o, m and the p-position. The 

activation barriers for the ortho and para postion are slightly lower than that for the meta 
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position, which means that the ortho and para additions are modestly favored for HO· 

addition. The ortho and para position are electron rich compared to the meta position 

because of the electron donating effect (directing) of the alkyl subsitutent. Since HO· is 

electrophilic the rate of reaction should be modestly faster at the more electron rich ortho 

and para postions consistent with the computation results.  The activation energies are 

similar for all three isomers indicating likely formation of all which is further supported by 

the LC-MS results which indicate the presence of three isomeric forms of mono-

hydroxylated DPH products during the degradation process.  

3.4.6.2.1 Hydrogen Abstraction Reaction Pathways 

Hydroxyl radical mediated hydrogen abstractions can occur at a number of sites 

within the DPH molecule. The aromatic rings present in DPH contain Csp2-H bonds which 

are significantly stronger than the aliphatic Csp3-H bonds. Given the Csp2-H bonds are 

dramatically less reactive towards hydrogen abstraction, they were not taken into 

consideration. Abstraction of the different Csp3-Hs will lead to four different radical 

products. The partitioning of these competing reaction pathways can be predicted on the 

basis of the homolytic bond dissociation energies (H-elimination). The relative reactivities 

calculated for Csp3-H DPH reaction sites are summarized in Figure. 3.11. The most 

reactive site towards hydrogen abstraction is C-H1, the benzylic hydrogen.  The benzylic 

properties and additional electron withdrawing effect of the oxygen atom alpha to the 

hydrogen weaken the C-H1 bond which has a calculated bond dissociation energy of 75.4 

kcal·mol-1. The calculated bond strengths for the Csp3-H2 bond α with O is 90.1 kcal·mol-

1 and the Csp3-H3 and Csp3-H4 bonds adjacent to nitrogen atom are 88.1 kcal·mol-1. The 
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calculated differences in the bond strengths for H2, H3, and H4 are within the expected 

margins of error of 3-4 kcal·mol-1 typical for B3LYP/6-311G** calculations. These 

reactions are assumed to have similar entropies since the transformations involve Csp3-H 

bonds and differ only by the position of abstraction. Since the H abstraction reactions 

proceed via loose variational transition states, relative yields of the radicals should be 

approximately proportional to e-E/RT, where E is the calculated C-H bond strength for 

each H elimination channel, R = 0.001987 kcal·mol-1· K-1 is the gas constant, and T (K) is 

the phase temperature[89]. On the basis of the computational results of the C-H bond 

energies the partitioning of the different hydrogen abstraction channels at the different 

regions within the cavitation site were determined.  In the bulk solution at 278 K the results 

indicate the abstraction occurs at H1. 
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 H1 H2 H3 H4 

278 K 100.00% 0.00 % 0.00 % 0.00 % 

2000 K 73.38 % 3.55 % 5.72 % 17.36 % 

5000 K 27.45 % 12.38 % 14.98 % 45.19 % 

 

Figure. 3.11 DPH molecule hydrogen abstraction energies (Δ E is given in 

kcal·mol-1) at 278 K, 2000 K and 5000 K. 
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The temperature can have a pronounced effect on the partitioning of the hydroxyl 

radical mediated reaction pathways. At the gas-liquid interfacial region of the cavitation 

site temperatures can reach 2000 K, yielding the following calculated partitioning of the 

hydrogen abstract pathways, 73.38 % occurs at H1, 3.55 % at H2 (two hydrogens), 5.72 % 

at H3 (two hydrogens) and 17.36 % involves H4 (six hydrogens). At the hot-spot with 

temperatures reaching 5000 K, 27.45 % of H abstraction involves H1, 12.38 % involve H2, 

14.98 % and H3, and the remaining 45.19 % involves H4. Since there are six identical 

hydrogens at H4 position, there is a higher possibility of the abstraction occurring at H4 

than H2 from the perspective of statistics. The homolytic bond dissociation (HBD) and H· 

abstraction (removal of H·) results in the same carbon centered radicals can also occur via 

H abstraction reactions, DPH + HO·  DPH· + H2O. Relative product yields for H 

abstraction pathways are likely thermodynamically controlled because the barriers for the 

H abstraction reactions by HO· are normally either very low or even submerged below the 

reactants. The H abstraction by HO· should be exothermic since the strength of the O-H 

bond formed, 117.6 kcal·mol-1, is higher than the strength of C-H bonds broken. In the case 

of the thermodynamic control, the relative yields of the radicals discussed above is 

determined by their relative energies and hence should be identical to the relative yields 

evaluated for the H homolytic bond dissociation.  

3.4.6.2.2 Fragmentation of Carbon Centered Radicals  

The carbon centered radicals produced by hydroxyl radical mediated hydrogen 

abstraction can undergo β-scission or react with O2 to produce peroxyl radicals. The 

unimolecular fragmentation channels for each of the carbon centered were calculated to 
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predict the most probable degradation pattern.  The benzylic radical produced by 

abstraction of H1 is predicted to undergo C-O bond fragmentation to yield benzophenone 

and a primary carbon center radical with Ea of 19.9 kcal·mol-1.  The primary radical can 

undergo β-scission to yield ethylene and a nitrogen centered radical.  These reaction 

pathways and relative energies are summarized in Figure. 3.12. The presence of 

benzophenone as a primary reaction product was confirmed by LC/MS.  The low molecular 

products are highly volatile and can readily escape solution under experimental conditions.  
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Reaction Pathway 1a 2a 2b 3a 3b 4a 4b 

Transition State Energy (ts)  19.9 18.3 9.8 24.5 10.6 26.9 26.4 

ΔE products- starting material 8.7 10.2 -16.3 11.2 10.5 14.8 14.5 

 

Figure. 3.12 Pyrolysis pathway for carbon centered radical intermediates 1,2,3 and 

4 formed by H-abstraction. Energies of transition states and products are shown in kcal/mol. 
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Computational studies indicate the carbon centered radical formed by extraction of 

H2 can undergo C-N fragmentation (β-scission, pathway 2a) leading to 

diphenyl(vinyloxy)methane and dimethylamine radical in competition with β-scission of 

the C-O bond (pathway 2b) yielding the diphenylmethyl radical and 2-dimethylamino 

acetaldehyde (Figure. 3.12). The activation energy for pathway 2a and 2b are 18.3 

kcal·mol-1 and 9.8 kcal·mol-1 respectively. The benzylic radical species formed in pathway 

2b, can react with molecular oxygen ultimately leading to benzophenone via radical chain 

oxidation pathways. According to the computational results pathway 2b is heavily favored 

over 2a. 

The carbon centered radical produced by abstraction of H3 is also subject to two 

competing β-scission pathways, first fragmentation of the C-N bond leading to imine and 

methyl radical products with Ea of 24.5 kcal·mol-1. In a favored process fragmentation of 

the C-O yields, and oxygen centered benzophenone radical and N, N-dimethyl-N-ethylene 

amine with Ea = 10.6 kcal·mol-1.  The oxygen centered radical undergoes rapid 1,2-

hydrogen shift to yield the favored benzyl radical which upon radical chain oxidation can 

readily produce benzophenone.  

The β-scission pathways for the carbon centered radical obtained from H4 both 

involve C-N bond fragmentation. The activation energy for the N-CH3 bond and N-CH2 

bond are nearly identical 26.9 and 26.4 kcal·mol-1 respectively. These competing pathways 

also produce energetically similar carbon centered radicals and imine products. The 

calculated barriers for the β-scission processes are quite low; thus, the unimolecular 

decomposition of the initial carbon centered radicals should be very fast at the temperatures 
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associated with cavitation. A number of predicted products were not observed in LC-MS. 

The reason these products escaped detection is attributed to low yields in a complex 

mixture of different pyrolysis and hydroxyl mediated reaction products, their rapid 

degradation and/or high volatility such that they escape as a gas.  

3.4.6.2 Computation of Pyrolytic Degradation Pathways 

The high temperatures produced during cavitation can lead to the pyrolysis by 

carbon-carbon (C-C), carbon-oxygen (C-O), or carbon-nitrogen (C-N) bond fragmentation 

pathways. The energies required for C-C, C-O, and C-N bond cleavage depends on bond 

strengths. C-H bond are stronger and less likely to go fragmentation.  The Csp2-Csp2 bonds 

in the aromatic rings are among the strongest in DPH and unlikely to undergo 

fragmentation.  The Csp2-Csp3 bonds are also relatively strong with a calculated activation 

energy of 73.8 kcal·mol-1 for their bond fragmentation. Even though C-O bonds are 

generally stronger than C-C bonds, the lowest activation energy is 55.4 kcal·mol-1 for the 

Cbenzylic-O bond cleavage leading to an oxygen centered radical and a highly stabilized 

resonance benzylic radical.  The other C-O bond fragmentation (non-benzylic carbon) 

required an activation energy of 74.0 kcal·mol-1. For competing C-N bond fragmentation 

pathways elimination of the methyl radical (66.8 kcal·mol-1) is slightly favored over 

elimination of the dimethylamine radical (68.4 kcal·mol-1). The activation energy required 

for Csp3-Csp3 fragmentation is 67.7 kcal·mol-1.  The computational results, summarized in 

Figure. 3.13, clearly indicate the fragmentation producing the diphenylmethyl (benzylic) 

radical species is a highly favored pathway in the direct pyrolysis of DPH which yields 

benzophenone(observed) in the presence of O2. 



 

71 

 

O

N

O

N

+ CH3

66.8

O + N

68.4

O

N
+

67.7

O

N

+

73.8

55.4

+
O

N
O

N

+

74.0

b
c

d e
f

a

 

Figure. 3.13 Direct pyrolysis pathway under high temperature. Relative energies of 

various species are shown in kcal·mol-1. 

3.5 Conclusions 

Diphenhydramine, the first-generation antihistamine, is commonly found in 

drinking water sources and treated waste waters.  The ultrasonic treatment of DPH leads to 

the rapid degradation and follows pseudo-first-order kinetics at a given initial concentration. 

The rate constant was observed to be dependent on the initial DPH concentration and 

decreased with increasing DPH concentration.  Such kinetic behavior is consistent with 

previous studies involving heterogeneous treatment systems.  The degradation was also 

accurately modeled by Langmuir-Hinshelwood kinetics. Diphenhydramine is effectively 

degraded by ultrasonic degradation even at high concentrations.  Detailed product studies 

illustrated mono-hydroxylation of the aromatic rings in DPH yields three isomers as a 
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primary degradation pathway. Subsequent hydroxylation leads to a mixture of di-

hydroxylated isomers. Benzophenone was also detected and likely produced from DPH as 

a favored pyrolytic reaction pathway. The computational studies are consistent with the 

product studies and provide additional insight relating to the competing reaction pathways.  

The results demonstrated ultrasound is an effective predictable method to degrade DPH 

from aqueous systems.  
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Chapter 4 Ultrasound-induced remediation of the second-generation 

antihistamine, Cetirizine 
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4.1 Abstract 

Cetirizine, a second-generation antihistamine, has been detected in surface water 

and wastewater treatment eluent. Ultrasonic induced degradation of cetirizine can be 

attributed to both pyrolysis and hydroxyl radical oxidation. Detailed kinetic studies of 

ultrasound induced degradation of cetirizine were conducted. The degradation process 

followed pseudo-first order kinetics. Modeling of the degradation process with the 

Langmuir-Hinshelwood heterogenous model yields a reactivity constant kr = 1.64 µmol· L-

1· min-1, and partitioning constant K= 0.10 L/µmol. A competition experiment between 

hydroxyl radical scavenger and cetirizine during ultrasound was conducted to study the 

hydroxyl radical in the degradation process. Saturation gas effect study of degradation rate 

showed that the was faster when the solution was saturated by Ar and O2 than air. The 

degradation reaction mechanism was proposed based on the degradation products were 

confirmed by LC-MS method.  We herein report that ultrasound remediation is a rapid and 

effective method to remove cetirizine from contaminated water.  

4.2 Introduction 

The natural occurrence of biologically active pharmaceuticals has drawn a lot of 

concern, especially since the 1990s [121,122]. Cetirizine HCl (CET), with a brand name 

“Zyrtec”, is a second-generation antihistamine. Cetirizine relieves the hypersensitivity 

reaction due to allergies [123,124]. However,  more than 80 % of cetirizine is excreted with 

urine and metabolites from human bodies due to the poor metabolism [125]. Cetirizine has 

already been detected in the eluent of wastewater plant, surface and groundwater , and even 

drinking water resources at different concentrations, from ppb to ppm level [126–128]. A 
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higher concentration of CET was detected in water during the spring when there was a 

higher occurrence of allergies [129]. The studies on exposing cetirizine in natural 

environments are not sufficient, as there are major concerns: 1) potential health effects on 

sensitive populations, such as children, pregnant women and fetuses; 2) the mixed effect 

when CET cooccurs with other  pollutants; 3) unknown environmental influence on aquatic 

systems [130].   

N

Cl
N

OH

O

O

 

Figure. 4.1 Structure of CET 

Conventional wastewater treatment plants are not able to remove CET efficiently 

[131]. Various methods had been used in the removal of CET from water. Adsorptive 

removal by activated carbon showed a short equilibrium time; however, the regeneration 

of adsorbent and further treatment of collected cetirizine need to be addressed [132]. Photo-

degradation of CET  strongly depends on the incoming irradiation wavelength, and the 

half-life is 30 h [133]. Ultrasound assisted enzyme catalyzed degradation of CET requires 

adjustment of the temperature, pH and other parameters to reach the optimum conditions, 

and the degradation half-life was more than 2 h at the initial concentration of 5 ppm [134]. 

Advanced oxidation processes (AOPs) are developed as promising and efficient 

methods which are widely used in the treatment of water pollutants. The generation of 

strong oxidants during different methods makes the remediation of persistent pollutants 
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plausible [36]. Compared to ozonolysis and photocatalysis, sonolysis is the most 

environmental friendly since no additional chemicals are necessary. The application of 

ultrasonically induced degradation is fulfilled by adding ultrasound to the solutions and 

producing acoustic cavitation [46]. Micro bubbles are formed during the oscillation of 

soundwaves, and the bubble size is changed along with the expansion and compression 

cycles, leading to the final collapse [46]. The collapse of cavitation bubbles generated three 

zones: hot-spot, gas-liquid interface and bulk solution. The high temperature and pressure 

of hot-spot vary according to the different solution and applied frequency. Generally, in 

aqueous solution, an excess of 5000 K and 1000 atm at the hot-spot has been reported 

[42,135]. The gas-liquid interface also generates high temperature ( > 2000 K) and pressure 

(>300 atm) which exceeds the water supercritical conditions. The hydrophobicity of super 

critical water has changed from hydrophilic to hydrophobic; therefore, this region provides 

a good surface for organic compounds to partition to. The bulk solution remains at ambient 

temperature. The hydroxyl radicals produced at the gas-liquid interface and in the hot-spot 

are released into bulk solution and react with the pollutants.  

In this paper, we focus on the fundamental studies of ultrasound degradation of 

CET, modeling the degradation kinetics with pseudo-first order kinetics and the Langmuir-

Hinshelwood model. A detailed competition study was conducted by adding hydroxyl 

radical scavengers to probe the role that hydroxyl radicals played in the degradation process. 

A saturated gas effect study was also performed. The product study was employed to 

predict the reaction mechanisms.   



 

77 

 

4.3 Experiments and Chemicals 

4.3.1 Chemicals 

Cetirizine dihydrochloride (5g, >99 %) was purchased from Alfa Aesar company 

and used without further purification. All aqueous solutions were prepared in Millipore 

water. 2-hydroxyterephthalic acid (1g, 98 %) was purchased from Ark Pharm. Terephthalic 

acid disodium salt (250 g, 96 %) was purchased from Aldrich Chemical Company. KH2PO4 

(500 g) was purchased from Fisher Scientific. Coumarin (50 g) was purchased from MP 

Biomedicals, LLC. 7- hydroxycoumarin (25 g, 99 %) was purchased from Acros Organics. 

4.3.2 Ultrasound Equipment 

A UES Model 15-660 ultrasound generator purchased from Ultrasonic Energy 

System Company of Panama City, Florida, was used for sonication. A 580mL glass vessel 

connecting to the generator was placed into a 10-gallon water cooling bath which 

maintained the temperature at 5-10 °C. The aqueous solutions containing the target 

compound were added into the reaction vessel, saturated by gentle bubbling with O2 for 15 

min and applied ultrasound at 396 W, 640 kHz. During sonication, 1.5 mL samples were 

taken from the reactor at different time intervals using a glass syringe for chemical analysis. 

Samples were stored in the refrigerator until analysis.  

4.3.3 Analytical Apparatus and Methods 

The HPLC system consisted of a Varian Pro star 210 pump with a diode array 

detector was used to monitor the concentration of CET. The separation was performed on 

a 250×4.60 mm 5 µ C18 column (S.N.410920-29) using mobile phase A (acetonitrile 



 

78 

 

(ACN)) and B (water, 50 mM KH2PO4 at pH=3.7) (40:60 (v/v)) at a flow rate of 1 ml·min-

1 with the detection wavelength of 205 nm.  

Agilent 6530 Accurate mass spectrometer combined with an Agilent Infinity 1290 

Infinity Binary Pump equipped with a 3.0×100 mm 1.8 µ C18 column were used for the 

product study. The mobile phase of LC-MS was composed A (water, 0.1% (v/v) formic 

acid) and B (acetonitrile) in a gradient program at a flow rate of 0.4 ml/min: 0-1 min: 95% 

A; 0.1-5.0 min: 95-0% A;5.1-6.0 min: 95% A. The column temperature was 30 ℃. [136] 

The samples were subjected to LC-MS analysis to obtain the chromatograph and MS 

spectra. 

A fluorometric method was used to monitor the production of 7-hydroxyl coumarin 

(7-OHC) ( λ (excitation) =342 nm, λ (emission) =455 nm) with Cary Eclipse Fluorescence 

Spectro-photometer from Agilent Technologies. [137] The production of 2-

hydroxyterephthalic acid (2-HTPA) was monitored by the fluorometer ( λ (excitation) =315 

nm, λ (emission) =425 nm) [138].  

4.4 Results and Discussions 

4.4.1 Effect of Initial CET Concentrations 

To study the effect of initial CET concentration on degradation, six initial 

concentrations, varying from 4.3 to 65.0 µmol/L, were selected. The percentage of the 

concentration of CET at time t over initial concentration was plotted as a function of 

treatment time and the result is demonstrated in Figure.4.2. The half-life time (time to 

achieve 50 % degradation of initial concentration) increases as the initial concentration 
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increases. When the initial concentrations of CET were below 21.7 µmol/L, the half-life 

time was less than 12 min. Only about 25 % CET was degraded within 15 min when the 

concentration was 65.0 µmol/L. 

 

Figure. 4.2 Degradation plots dependent of initial concentration. Triplicate trials 

were applied to 65.0 µmol/L solution and the reproducibility was ± 4 %. 

The reaction between the target compound and hydroxyl radicals in sonolysis is 

often modeled by pseudo-first order kinetic. [77,139] The kinetic of degradation of CET 

was plotted following Eq.4.1 as a function of time, and the rate constants were determined 

as the slope of the linear and are listed in Table 4.1. 

   
𝑙𝑛𝐶𝑡

𝑙𝑛𝐶0
= 𝑘𝑡                                                                                                       Eq. 4. 1  
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Table 4.1 Determine rate constant k (min-1) for ultrasonic degradation of CET. 

Initial Concentration 

(μmol/L) 

Rate Constant k 

(min-1) 

  4.3 0.1481 

10.8 0.1061 

12.8 0.0852 

21.7 0.0762 

44.6 0.0315 

65.0 0.0246 

 

The results in Table 4.1 indicated that the rate constant decreases as the initial 

concentration increases, which doesn’t follow the true pseudo-first order process. This 

behavior is related to the heterogeneous process occurring at or near the gas-liquid interface. 

The amount of produced hydroxyl radicals produced under the same ultrasound conditions 

is considered constant. The change of rate constant with different CET starting 

concentrations can be explained by saturation effect and mass transfer limitation.  

4.4.2 Heterogeneous Process Modeling by Langmuir-Hinshelwood Isotherm 

Under supercritical conditions, the gas-liquid interface is considered as a 

hydrophobic surface with high temperature. The high temperature leads to the pyrolysis of 

water molecules, as well as the pyrolytic degradation of the target compound. The hydroxyl 

radicals produced during cavitation process react with the compounds partitioned to the g-

l interface to achieve oxidative degradation.  To have an insight into the heterogenous 

process, Langmuir-Hinshelwood (L-H) kinetic was applied as a simulation of the 

partitioning of CET to the g-l interface [77,109]. The L-H model assumes that the g-l 

interface provides many equivalent sites; the partition of the target molecules forms a 
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monolayer; the molecule that occupies each site has no interaction with adjacent sites; the 

partition and desorption process is in an equilibrium. The Langmuir-Hinshelwood kinetic 

equation is shown in Eq.4.2.  

                                                                                                            Eq.4.2 

where r0 (µmol/(L·min)) is the initial rate, C0 ( µmol/L ) is the initial DPH 

concentration, kr (µmol /L·min) is the reactivity coefficient and K ( µmol/L ) is the 

equilibrium constant.   

The kinetic data obtained from the degradation of the concentrations of 4.3 to 65.0 

µmol·L-1 was plotted into L-H model with a R2 value of 0.99 (Figure.4.3). Calculated from 

the slope and intercept, the equilibrium constant was 0.10 µmol· L-1 and the reactivity 

coefficient was 1.64 µmol· L-1·min-1.  

 

Figure. 4.3 Langmuir-Hinshelwood kinetic plot of ultrasonic degradation of CET. 
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4.4.3 Effect of HO· on the Degradation Process  

As the major reactive oxidative species produced during cavitation, hydroxyl 

radicals play an important role during the degradation process. The short life-time (10 – 9
 s) 

makes it not plausible to directly measure the production of HO·. In recent years, many 

probes have been identified to scavenge the HO· using indirect detection methods. Two 

sensitive and specific scavengers, terephthalate (TPA) and coumarin (COU), were selected 

to assess the HO· at different cavitation regions. TPA and COU are barely fluorescent 

parent compounds, but yield highly fluorescent adducts upon reacting with HO· [140–142]. 

The production of HO· follows zero-order kinetic, and is not affected by the concentration 

of other compounds [143]. The hydroxyl radicals formed in the hot-spot and gas-liquid 

interface can react with the target compounds or other radicals that are also formed during 

cavitation, and the rest are released into the bulk solution. TPA, a dianion in the aqueous 

solution, resides in the hydrophilic area and captures only the hydroxyl radicals in the bulk 

solution [144]. The hydrophobic COU can partition to the g-l interface and react with the 

HO· [137,145].  

O

NaO

ONa

O

O

NaO

ONa

O

OHHO

TPA 2-HTPA
 

Figure. 4.4 Terephthalate reacts with HO· and forms 2-hydroxyterepthalate. 
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Figure. 4.5 Coumarin reacts with HO· and forms 7-hydroxycoumarin. 

4.4.3.1 HO· trapping study by coumarin (COU) 

An experiment was conducted to study the competition between COU and CET 

over HO· by monitoring the production of 7-OHC. A calibration curve of 7-OHC was 

carefully made from 0.01 to 2 µmol/L, as y = 291x + 3.2 with R2 = 0.9995, shown in 

Figure.4.6. Ultrasound was applied to a 0.1 mmol/L COU solution with and without the 

existence of 0.1 mmol/L CET, respectively. Samples were taken at specific time intervals. 

The concentrations of 7-OHC were plotted as a function of time, illustrated in Figure.4.7. 

The slopes of the plots described the formation rate of 7-OHC, which was 0.026 

µmol/(L·min) without CET and 0.014 µmol/(L·min) with CET. The addition of 0.1 

mmol/L CET to 0.1 mmol/L COU created a 1:1 ratio solution. For the COU mostly 

partitions and competes with CET at the g-l interface, The rate constant of COU and 

HO· was reported as 1.05 × 1010 M−1s−1[113,114]. A 46 % decrease of the formation of 7-

OHC was observed, which indicated that the rate constant of CET and HO· was 8.94 × 109 

M−1s−1.  
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Figure. 4.6 Calibration curve of 7-OHC was determined as y = 291x+ 3.27. 

 

Figure. 4.7 The production of 7-OHC in 0.1 mmol/L COU solution with and 

without 0.1 mmol/L CET. Triplicate experiments were conducted and the reproducibility 

was within ± 3 %. 

4.4.3.2 HO· trapping by terephthalic acid (TPA) 

Similar experiments were conducted using TPA as the HO· scavenger. The 

calibration curve of 2-HTPA was made and plotted in Figure. 4.8. The 2-HTPA was 

produced at the rate of 0.249 µmol/ (L· min) in the 0.1 mmol/L TPA solution in the 

sonication system at 640 kHz, 396 W (Figure. 4.9 )[140,146]. When the 0.1 mmol/L TPA 

was mixed with the 0.1 mmol/L CET solution, the production of 2-HTPA was 0.025 µmol/ 

(L· min). A nearly 90 % decrease was observed when TPA was used as the scavenger, 

indicating that 90 % HO· reacted with CET during the cavitation. As discussed above, CET 
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not only reacts with the HO· at g-l interface, but also competes with TPA over HO· in the 

bulk solution, which explains the observation of this significant decrease of 2-HTPA 

production.  

 

Figure. 4.8 Calibration curve of 2-HTPA 

 

Figure. 4.9 The production of 2-HTPA in 0.1 mmol/L TPA blank and in 0.1 mmol/L 

TPA and 0.1 mmol/L CET mixture solution (0.1 v 0.1). Triplicate experiments were 

applied and the reproducibility was within ± 4 %. 

4.4.4 Saturation Gas Effect  

The properties of saturation gas, such as the adiabatic ratio, thermal conductivity, 

solubility in water and the content of the gas, are closely related to the cavitation event, 
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which can lead to different degradation rates [80]. To have a better understanding of 

saturation gas effect on the degradation of CET, experiments were carried out by applying 

ultrasound (640 kHz, 396W) to 10 ppm CET solutions bubbled with Ar, air, N2 and O2, 

respectively. The properties of different gases are listed in Table 4.2.  The adiabatic ratio γ 

is an important factor that determines the temperature in the cavitation hot-spot. The hot-

spot temperature in the Ar-saturated solution (γ= 1.67) can be five times higher than in the 

N2 (γ= 1.40) under the same condition [147]. The heat in the hot-spot transduces through 

the bubble and is adsorbed during phase change and pyrolysis reactions. Thermal 

conductivity determines how fast the heat goes from the hot-spot to the bulk solution. The 

gas solubility has an effect on the bubble surface tension, which means the more soluble 

the gas is, the more nucleation sites are created and more cavitation are produced. [148] 

The degradation of CET under different saturation gases was plotted in Figure.4.10, 

indicating the percentage of remaining CET in the solution as a function of time. The results 

showed that the degradation rate of CET is the fastest under the O2-saturated solution, Ar 

is the second and N2 is the slowest.  

Table 4.2 Physical properties of saturation gases (at 1 atm, 300 K) [152] 

Saturation 

Gas 

Adiabatic Ratio 

 ( γ ) 
Thermal Conductivity 

 ( mW / mK) 

Solubility in Water 

(1atm, 293.15K, mole 

fraction) 

N2 1.40 26.0 1.274 × 10–5 

Air 1.39 26.3 / 

Ar 1.67 17.9 2.748 × 10–5 

O2 1.40 26.3 2.501 × 10–5 
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Figure. 4.10 Effect of different saturation gases on the degradation of CET. 

Argon has the highest specific heat ratio, lowest thermal conductivity and the 

highest solubility, which provides the best environment for pyrolytic remediation of CET. 

However, the O2-saturated solution has a faster degradation rate than Ar. The difference 

can be explained by the degradation related to the hydroxyl radical oxidation process. 

When the solution is saturated by O2, more HO· are produced and participate in the 

oxidation of CET. As discussed in 4.4.3, CET is not a volatile compound and the carboxylic 

tail of CET makes it partially hydrophilic and may reside in the bulk solution, therefore, 

the pyrolysis of CET mainly happens at the g-l interface, instead of the hot-spot. The CET 

in the bulk solution can only be decomposed by the produced radicals, which makes the 

degradation rate of O2 slightly higher than Ar. When the solution was saturated by N2, the 

hot-spot temperature was lower than Ar, while the formation of HO· was not comparable 

to O2. Therefore, the degradation rate was the slowest. Since air consists of 78% N2, 21 % 

O2 and other gases, the degradation of CET under air saturated environment is higher than 

N2, but not as fast as either Ar or O2.  
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4.4.5 Degradation Product Study 

Ultrasonic degradation of the target compound involves pyrolysis and oxidation 

reaction. The product study can help to predict the reaction mechanisms. Several by-

products were observed by LC-MS. The MW of CET was 388.1554, and the retention time 

was 3.725 min. A 1 ppm CET solution was used for product studies after a 10-min 

treatment. Generally, HO· attacks a compound through three different pathways, hydroxyl 

radical addition, hydrogen abstraction and electron transfer. Hydroxyl radical addition 

occurs much faster than the other two.   

4.4.5.1 Hydroxyl radical addition product  

There are two aromatic rings in CET, however, the deactivating group chlorine 

makes chlorobenzene react with hydroxyl radicals much slower than the benzene ring. 

Therefore, the hydroxyl radical was more likely to add to the benzene ring, shown in 

Figure.8. Three new peaks with [MW+H] + of 405.1557 were found in the products and 

the retention times were 3.109, 3.425 , and 3.581 min, which corresponded to the products 

of  addition at the para, meta, and ortho positions. The peak that appeared at 3.109 min 

was the smallest, and the one at 3.425 min was the largest. However, all three products 

have similar spectra, which makes it difficult to distinguish these isomers.  
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Figure. 4.11 Hydroxyl radical addition products 

4.4.5.2 Pyrolytic Products  

Cavitation-induced high temperature leads to the pyrolytic degradation of CET. 

The carboxylic group of CET makes it unlikely to evaporate to the hot-spot, however, the 

hydrophobicity of the two aromatic rings makes the CET partition to the g-l interface. The 

high temperature at g-l interface leading to the homolytic bond cleavage of C-C and C-O 

bond produces other products.  A MW of 330.1499 product was identified at the retention 

time of 3.536 min. The related reaction pathway is shown in Figure. 4.12.  
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Figure. 4.12 Pyrolytic product with MW of 330.1499 

Two other pyrolytic products with MW of 286.1237 and 188.1161 were found at 

the retention time of 3.570 and 1.319 min. These two compounds were both produced by 

C-N bond cleavage.  
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Figure. 4.13 Pyrolytic product with MW of 286.1237 
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Figure. 4.14 Pyrolytic product with MW of 188.1161 

4.5 Conclusions 

The second-generation antihistamine, Cetirizine, has been detected in surface water 

sources. Ultrasound is rapid and effective to remediate CET in water. The degradation 

process followed pseudo-first-order kinetic, and was modeled by Langmuir-Hinshelwood 

kinetic. The hydroxyl radical competition study showed that CET reacts with HO· at both 

the g-l interface and the bulk solution. Different saturation gases have an effect on the 

degradation rate. O2 saturated-solution showed the fastest degradation rate while N2 

showed the slowest rate. Product studies indicated that three isomers were formed by the 

hydroxyl radical addition to the aromatic ring, and pyrolytic products.  
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Chapter 5 An exploration of degradation of “GenX” using different 

oxidation/reduction methods 
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5.1 Abstract 

Perfluoro-2-propoxypropanoic acid (PFPrOPrA), known as ‘GenX’ and shown in 

Figure.1, is an alternative substance for the legacy perfluorinatedoctanoic acid (PFOA). 

The strong C-F bonds make “GenX” resistant to degradation and persistent in the 

environment.  Typical and advanced wastewater treatment methods are unable to remove 

effectively or degrade “GenX”. Different remediation methods were applied to degrade 

“GenX”. Pulse-radiolysis indicated a bimolecular rate constant of eaq
- and “GenX” of 5 × 

1010 M-1·s-1, however, less than 2 % degradation was observed after 8 hours radiation under 

a variety of conditions. Photocatalysis with TiO2 at 350 nm under alkali environment 

showed slow conversion and no defluorination. The ultrasonic decomposition of “GenX” 

was studied in an argon-saturated aqueous solution.  Upon irradiation, “GenX” at different 

initial concentrations, from 0.6 to 6 µmol/L at 670 Hz and 396 W, more than 80 % of 

starting concentration, was remediated within 60 min, and F- was detected as the major 

mineralization product. Since perfluorinated compounds generally have low reactivity 

towards hydroxyl radicals, we propose the ultrasonic-induced degradation of “GenX” is 

primarily by pyrolysis.  The reaction mechanisms and possible pyrolytic products were 

investigated using computational methods. Enthalpies of the initial C-C and C-O bond 

cleavages of GenX were calculated using density functional theory at the wb97xd/6-

311G** level using the Gaussian 09 package. Seven possible initial competing reaction 

pathways were considered, followed by beta-scission reaction pathways of the initial 

radical species. The results indicated that pyrolysis induced by ultrasound could be an 
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effective tool to remediate GenX. Similar bond cleavage/consecutive beta-scission 

mechanisms are also considered for related perfluorinated compounds. 

5.2 Introduction 

The legacy PFASs is a specific term that refers to the long-chain perfluoroalkyl 

substances (PFASs). PFASs describe a class of chemicals that use fluorine to replace some 

or all the hydrogens on the aliphatic carbon backbone to obtain desired physical, chemical 

and biological properties [17]. Over the past 60 years, legacy PFASs were widely used in 

the production of commercial products, food-wrapping paper coating materials, 

firefighting foams and so on. The extensive use of PFASs was resulted in the widespread 

occurrence of these chemicals in throughout environment and biological systems. The 

extremely persistent PFASs have been detected in drinking water sources related to 

industrial sites, military fire training areas, civilian airports, and waste water treatment 

plants [17,149–152]. With recent reports and increased incidents of negative  human health 

effects because of the exposure to PFASs,  the U.S. Environmental Protection Agency 

(USEPA) announced a life-time advisory level of  a sum of 70 ng/L perfluorooctanoic acid 

(PFOA) and perfluorooctane sulfonic acid (PFOS) in drinking water [153,154]. With 

restrictions of legacy PFASs, their uses were declined in the US, Europe and other 

countries. Alternative substances commonly referred to emerging PFASs were produced 

to replace the legacy PFASs. 

Perfluoro(2-methyl-3-oxahexanoic) acid (“PFProPrA”), Figure. 5.1, with the trade 

name of “GenX” was introduced by DuPont in 2009 as the sustainable replacement 

alternative of PFOA, and employed in the manufacturing of fluoropolymer resins and 
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Teflon [19]. “GenX” introduces ether functionality by inserting an oxygen atom to the 

carbon backbone while the perfluoro moiety is retained. While PFOA has hydrophobic and 

hydrophilic properties, the short chain “GenX” was expected to have higher mobility and 

be less fat soluble. The manufacturing uses of emerging PFASs are well documented, 

however, their presence in the environment was only recently reported. “GenX” was first 

detected in the downstream of the Cape Fear from Fayetteville Works in 2012 [155]. 

Reports of “GenX” presence in surface water creeks and streams in Ohio at the 

concentration of 100 ppt were reported. In the extreme, concentration as high as 4500 ppt 

in drinking water were detected in North Carolina. Lab experiments indicated that “GenX” 

could lead to liver damage [20]. While limited work has been published regarding the 

removal/remediation of “GenX”. Mary Jo Weiss-Errico et.al published their work using 

cyclodextrin to encapsulate emerging perfluoroethercarboxylic acids [156]. Their results 

showed that the branched head in “GenX” makes the carboxylic group hard to bond to 

cyclodextrin, which explained why the removal of “GenX” was more difficult than other 

emerging PFCs. 
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Figure. 5.1 Structure of “GenX” 

Conventional water treatment methods were applied to remove PFOA from 

contaminated water with limited success. Activated carbons (AC) have been approved as 

efficient adsorbents to remove PFOA and PFOS. Using granular activated carbon (GAC) 

can achieve an efficiency of 99%, and the efficiency of powdered activated carbon (PAC) 
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is even higher [157]. However, further treatment is still required to destroy the PFOA and 

PFOS accumulated and concentrated through the adsorption. Oxidative treatment methods, 

using ozone, hydrogen peroxide, and Fenton reagent, showed that degradation efficiency 

was closely related to the functional group. Therefore, whether chemical oxidation methods 

can remediate short-chain PFASs still remains untested [158].  

Given the resistance of “GenX” to oxidation and adsorption technologies, we chose 

to explore the use of gamma-radiolysis, TiO2 photocatalysis and sonolysis which can 

produce oxidation and reduction degradation processes. In addition, sonolytic degradation 

can be initiated by oxidation, reduction and pyrolysis reactions. These three remediation 

methods have been extensively used in water treatment. Radiolysis is a powerful method 

initiated involving irradiating the aqueous solution, which leads to the production of several 

reactive radicals [39]. The radiolysis of pure water is described in Eq.5.1 [159], where the 

numbers in parenthesis are the radiation chemical yields of these species (G-values) per 

100 eV absorbed energy.   

H2O /\/\/\ → eaq
- (0.27) + ·H (0.06) + ·OH (0.28) + 

H2 (0.05) + H2O2 (0.07) + Haq
+ (0.27)                                                                         Eq.5.1 

The production of eaq
- and H· can be powerful reducing agents which have been 

effective for reduction degradation of alkyl halides. (Eq.5.2)  

R-X + e- => R-X-• => R· + X-                                                                          Eq. 5.2 

The degradation of pollutants by TiO2 photocatalysis is initiated by eB
-, and hVB

+ or 

HO· produced during the photocatalysis process. When TiO2 is irradiated by UV light, 
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holes (h+) and electrons (e-) are formed at the valence band and the conduction band, 

respectively. The positively charged holes react with water and form a powerful oxidant, 

HO·. The degradation of PFOA by TiO2 with oxalic acid as the hole quencher has been 

reported [160]. 

Ultrasonic cavitation describes the process of formation, growth and collapse of gas 

bubbles by applying ultrasound waves to aqueous solutions [101–103]. The cavitation 

process generates three zones: 1) hot-spot, located at the interior of the cavitation bubble, 

which presents an extremely high temperature (> 5000 K) and high pressure (> 500 atm); 

2) gas-liquid interface, the boundary layer between the solution and hot-spot, this also 

presents high temperatures (> 2000 K) and high pressure (> 300 atm); 3) bulk solution, 

which remains at an ambient temperature and pressure. Hydroxyl radicals are produced by 

the pyrolysis of water molecules in the hot-spot and at the gas-liquid interface. The 

pollutants partition to the interface and diffuse to the hot-spot and are degraded by the 

thermal processes [53,105,106,109,144,161]. 

The ultrasonic and reductive transformation of a limited number of legacy PFAS 

have been reported [162–164], however we are unaware of any reports on the ultrasonic or 

reductive transformation of emerging PFAS. Herein, we reported the study of the 

transformation of “GenX” using radiolysis, TiO2 photocatalysis and sonolysis, and predict 

the reaction pathways of pyrolytic degradation of “GenX”.  

 



 

97 

 

5.3 Experiment Materials and Methods  

5.3.1 Materials  

PFPrOPrA (“GenX”) was purchased from Thermo Fisher Scientific (Waltham, 

MA). All solutions were prepared with millipore filtered water (18 MΩ.cm) and volumetric 

glassware.   

5.3.2 Methods 

A pulsed mode ultrasonic transducer UES 15-660 Pulsar (Ultrasonic Energy 

Systems Inc., Panama City, Florida) equipped with disk shaped horn attached glass reactor 

(500 mL) was employed for all experiments. Operating conditions were previously 

optimized and set at pulse duration of 0.62 s, pulse repetition of 2.5 s and frequency of 

650 kHz under operational power of 396 W. Power density of the sonication was 

7.9 W/cm2 with ultrasonic horn diameter of 9 cm. Ultrasound traveled through 5 cm of 

water and 38 μm of the polyethylene film to reach the 500 mL solution inside reaction 

vessel with 9 cm diameter. The reactor was submerged in an ice bath and the monitored 

temperature range inside the reaction vessel was 10 ± 2 °C throughout the reaction. The 

aqueous solution containing the target compound was added into the reaction vessel, 

saturated by gently bubbling with Ar for 15 min. Samples were taken at specific treatment 

intervals and analyzed immediately or stored in the refrigerator until analyses. 

F- analysis was conducted using Thermo Scientific Orion Fluoride Ion Selective 

Electrode connected to a Mettler Toledo ISE meter through BNC connection. A TISAB 

solution was pre-made to provide a constant background ionic strength while a low-level 



 

98 

 

Total Ionic Strength Adjustment Buffer (TISAB II) solution was used for lower 

concentration F-.   

The pulse radiolysis experiments were performed at Notre Dame Radiation 

Laboratory, US Department of Energy. An 8-MeV model TBS-8/16- 1S linear accelerator 

from Titan Beta corporation was employed to conduct the electron pulse radiolysis. More 

detailed information about this set can be found in the reference article. [165] All 

experiments were performed in static cells with an average of 8 replicate pulses. All 

solutions were pre-saturated with N2 at neutral pH for 5 min for eaq
- 

 measurement. To 

determine the rate constant of “GenX” and eaq
-, a direct absorption was monitored at 720 

nm.  

The steady-state gamma radiolysis studies were carried out using Shepherd & 

Associates Model 109-68R Irradiation 60Co source at the dose of 97.0 Gy/min calculated 

by Frike Dosimetry. The solutions were saturated with N2, N2O, O2 gases, respectively.  

The concentration of “GenX” was determined by UPLC-MS at Valparaiso University. The 

UPLC-MS consisted of an Aquity UPLC, QDa detector, and a sample manager. The mobile 

phase was 5 mmol/L ammonium acetate (water): 5 mmol/L ammonium acetate (80:20 = 

methanol: water) = 85:15 at a flow rate of 0.3 ml/min.  

The geometry optimization, frequency and the pyrolytic mechanisms calculations 

of “GenX” were carried out in wb97xd/6-311G** using density function method in 

Gaussian 09 program.  
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5.4 Results and Discussions 

5.4.1 Radiolysis of “GenX”  

5.4.1.1 Kinetic studies of reaction of “GenX” with aqueous electrons (eaq
-) 

Under pulse radiolysis, the rate constant of eaq
- and “GenX” was determined by 

plotting the data to exponential decay formula, then fit to pseudo-first order kinetics. [166] 

The exponential decay of eaq
- was monitored at the wavelength of 720 nm. The absorption 

decay of eaq
- under concentration of 100 to 500 µmol/L of “GenX” is shown in Figure. 5. 

2(a). The decay of eaq
- increases with the concentration of “GenX” (Eq.5.3), indicating a 

second-order kinetic process. From the pseudo-first order rate constants obtained in 

Figure.5.2 (a), a second-order linear relationship was plotted as a function of the 

concentration of “GenX” solutions, as shown in Figure.5.2 (b). 

                              eaq
-  + “GenX”            product                                                        Eq.5.3

 

Figure. 5.2 Determination of bimolecular rate constant for “GenX” and aqueous 

electrons. (a) Exponential decay of the absorption at 720 nm in the pulse radiolysis solution 

of 100 to 500 µM “GenX” solution. (b) Bimolecular rate constant determined as 5 × 1010 
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5.4.1.2 Gamma radiolysis steady-state irradiation 

To study the products of the degradation of “GenX”, steady-state radiolysis 

experiments were performed at 5 ppm aqueous solutions. Under N2-saturated conditions, 

eaq
- and HO· are the two dominant radicals produced during the radiation process. Samples 

were taken after 0,1, 2, 4, 8 hours radiation at the dosage rate of 97.0 Gy/min. The 

concentration of “GenX” in each sample was monitored by UPLC-MS. To measure the 

mineralization of “GenX”, the production of F- was monitored by a F- selective electrode. 

The degradation of “GenX” and F- production were plotted as a function of irradiation 

validation dose shown in Figure. 5.3. Although the k e + “GenX” was near diffusion controlled, 

after 8 hours irradiation (46560 Gy), 98.2 % of “GenX” remained in the solution, and only 

2.22 µmol/L F- (1.3 % of total fluoride) was detected. LC-MS analysis of the treated 

solutions did not show significant disapperance of the formation of measurable 

products.The results indicated that eaq
-
, HO·, O2

- do not lead to appreciable degradation of 

“GenX”. Therefore, to have a better understanding of the role of HO·, a 5 ppm “GenX” 

solution pre-saturated with N2O to eliminate eaq
-
 and O2

-.  

 Similar experiments were conducted, and the obtained results were plotted in 

Figure.5.4. After 8 hours of treatment, only 1 % “GenX” disappeared. The concentrations 

of F- of the 0, 1, 2, 4-hour samples were below the detection limit, and after 8 hours, 1.76 

μmol/L F- (1 % of total fluoride) was produced. Under N2O saturated aqueous solution 

condition, the production of HO· was 0.59 µmol/Gy. The dosage rate employed in this 

experiment was 97.0 Gy/min, which was 3.42 mmol/L HO· produced each hour. The 
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results demonstrated that HO· leading to slow and/or minimal degradation. Again, no 

intermediates were observed in LC-MS analysis of the treated solution.  

 

Figure. 5.3 The degradation of 5 ppm N2 saturated “GenX” solution and the 

production of F-. 

     

Figure. 5.4 The degradation of 5 ppm N2O and O2 saturated “GenX” solution. 
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-·
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is saturated with O2. A similar experiment was conducted to the NO2 -saturated solution to 

assess the role of O2
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N2O and O2 saturated conditions given no significant degradation of “GenX” (~ 1 %) , 

which indicated that neither HO· nor O2
-·

 were able to decompose “GenX” effectively.  

5.4.1.3 pH effect on the radiolysis degradation of “GenX” 

“GenX” consists of a hydrophobic carbon backbone and a hydrophilic carboxylic 

group, which is ionized at neutral pH. The degradations of “GenX” were carried out at 

acidic pH (pH = 5), neutral pH (pH = 7) and alkali condition (pH = 10). The degradation 

of “GenX” was monitored by UPLC-MS. The predicted pKa value of “GenX”  is -0.06 

while the experimental value is reported as 3.8 [167], which means under all three 

conditions, “GenX” was deprotonated. Three parallel experiments were done by saturating 

the solution with N2, N2O and O2, respectively. The concentration of “GenX” after 8 hours 

of radiation was compared to the 0 hour sample and plotted in Figure. 5.5.  The results 

showed that less than 2 % disappearance of starting material was observed under the three 

pH conditions and different saturation gases. The results indicated that pH did not have any 

significant effect on the degradation.  

   

Figure. 5.5 The degradation of “GenX” under different pH and different saturation 

gases. 
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As a summary, radiolysis could not effectively remediate “GenX” under either 

natural, neutral or alkali conditions. Neither oxidation reaction by HO· or O2
-·, or reduction 

reaction by eaq
- could effectively degrade or mineralize “GenX”.  

5.4.2 TiO2 photocatalysis degradation of “GenX”  

TiO2 photocatalysis involves an oxidation process by HO· produced by the hole 

oxidation of water, and a reduction process by e-
CB. When a hole quencher is added to the 

solution, the production of HO· can be reduced while promoting the reduction processes. 

Excess EtOH 10 % (2 mmol/L) was added as hole scavengers to a 1 ppm “GenX” solution 

with TiO2 concentration of 0.2 g/L. All solutions were gently bubbled with N2 to eliminate 

O2 to prevent e-
CB scavenging and the production of O2·-, then irradiated by 350 nm UV 

light. Samples were taken at prior t0 and 3 h after UV light irradiation. Another set of 

solutions were prepared under alkaline conditions (pH 10). The concentrations of “GenX” 

and F- under alkaline TiO2 were analyzed by UPLC-MS and fluoride electrode, 

respectively. The obtained data was plotted in Figure. 5. 6.  

  

Figure. 5.6 TiO2 photocatalytic degradation of “GenX” with oxalic acid and 10 % 

ethanol under acidic and alkaline conditions. 
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Under natural pH, no disappearance was observed when oxalic acid was added as 

the hole quencher, and approximately 6 % disappearance was observed when EtOH was 

added. While under the alkali condition, 8 % disappearance of the starting concentration 

(1ppm) was noted with oxalic acid as the hole quencher and 10 % disappearance with EtOH. 

No fluoride was detected in any samples. This result indicated that there was minimal 

degradation and no mineralization of “GenX” using the TiO2 photocatalysis under our 

experimental conditions.  

5.4.3 Sonolytic Degradation of “GenX” 

5.4.3.1 Kinetic studies of the degradation of “GenX” 

The degradation kinetic studies of sonolysis were conducted at different 

concentrations, 0.6, 1.5, 3.0, 6.1 µmol/L. The samples were taken at certain time intervals 

depending on the initial concentrations. The concentration of “GenX” at time t over the 

initial concentration was plotted as a function of time, as shown in Figure.5.7. The observed 

degradation rates are very similar regardless of initial concentration. The half-life of the 

four starting concentrations were less than 30 min. The structure of “GenX” is a 

combination of a hydrophobic head and a hydrophilic carboxylic group tail, therefore, 

“GenX” would partition at the g-l interface while the carboxylic group sticks out in the 

bulk solution. Although the initial concentrations of “GenX” varied 10 times fold, the 

observed degradation as a function of treatment time were similar. During ultrasound-

induced degradation, the g-l interface can be viewed as an interface with vacant equivalent 

absorption sites. When the solution was saturated with Argon, the temperature of cavitation 

sites increased and less hydroxyl radicals were produced and less competition occurred 
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between the low concentration of “GenX” and low concentration of HO·, which eliminated 

the saturation effect. In other words, there were plenty vacant sites for “GenX” to partition 

to and then go through the pyrolysis process.    

 

Figure. 5.7 Degradation of “GenX” at different initial concentrations. 

5.4.3.2 Thermal decomposition of “GenX”     

The sonolytic transformations of “GenX” were studied at the concentration range 

from 0.3 to 3.0 µmol/L, and the concentration of fluoride was plotted as a function of time 

as the illustrated in Figure. 5.8 (a). There are eleven fluorine atoms in each “GenX” 

molecule, therefore, the total fluoride concentration is eleven times higher than “GenX”. 

Samples were taken at different time intervals depending on the starting concentration. An 

increase of fluoride concentration was observed as the treatment time increased at all 

studied concentrations. The higher the concentration of the starting material, the more 

fluoride was produced. To determine the defluorination efficiency, the concentration of 

produced fluoride at time t was divided by the total fluorine and then plotted in the column 

chart, shown in Figure.5.8 (b). Within 30 min, approximately 50 % mineralization of 0.3 

µmol/L initial concentration was achieved, and more than 85 % was achieved after 120 

0%

20%

40%

60%

80%

100%

0 20 40 60

[G
en

X
]/

[G
en

X
]0

Time (min)

[“GenX”] μmol/L

0.6

1.5

3.0

6.1



 

106 

 

min. At higher concentration, greater than 60 % could be achieved by extended irradiation 

time.  The promising results of defluorination efficiency suggested that sonolysis is an 

effective method to mineralize “GenX” to F-.  

 

Figure. 5.8 (a) Production of fluoride at different starting concentrations of “GenX” 

under ultrasound (640 kHz, 396 W, Ar saturated). (b) Mineralization efficiency of “GenX”. 
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dissociation energies (BDE) of C-C, C-O, and C-F bonds involved in homolytic cleavage 

are listed in Table.5. 1. By comparing the BDE of bond a, b, c and d in two compounds, 

the results showed that the perfluorination of the parent compound strengthens both C-C 

and C-O bonds. In “GenX”, the BDE of bond f is 77.3 kcal/mol, which is the weakest 

among all seven bonds; the BDE of bond d and e are 80.0 and 79.3 kcal/mol, which are 

very close and lower than the others. Bond g is a 3° C-F bond, the strongest among all 

seven. During pyrolysis, bond f is the most likely to be cleaved, while bond d and e are the 

second most likely. Bond g is the most stable with the highest BDE. Only bond e is 

weakened by the fluorination effect in “GenX”. A patent published in 2015 reported that 

the carboxylic group is the most likely to dissociate in fluoroether carboxylic acid. [168] 

Even though the BDE of bond e was not the lowest and was only 2 kcal/mol lower than 

bond f, it was possible for bond e to be the weakest considering the calculation error in the 

computational method, typically about 3 kcal/mol.  

Table 5.1 The bond cleavage energies of “GenX” and its parent compound. 

H3C

H2
C

C
H2

O
C

CH3

H

OHO

a b c d

e
f

g

              

F3C

F2
C

C
F2

O
C

CF3

F

OHO

a b c d

e
f

g

 

bond a b c d e f g 

Parent Cpd 

(kcal/mol) 

88.9 84.6 83.7 71.1 84.8 75.5 81.7 

 

5.4.4.2 Pyrolysis mechanism of “GenX” following C-C, C-O bond cleavage 

Homolytic bond cleavage is the common pathway during pyrolysis, carbon 

centered radicals, are important intermediates during the pyrolysis. After the first step, 
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beta-scission of these radicals occurs immediately. The final products were predicted on 

the basis of β-scission of the carbon centered radicals, geometry optimization and the 

calculated transition states. The cleavage of bond a formed radical a1 and a2. As shown in 

Figure. 5.9, carbon centered radical a2 went through beta-scission, and formed 

tetrafluoroethylene (a2-p1) and radical a2-p2. No energy barrier was found for the beta-

scission of a2. For radical a2-p2, there were three beta-scission possibilities. The lowest 

energy barrier, 6 kcal/mol, calculated in the first pathway, and formed trifluoroacetyl 

fluoride and carboxylic acid radical. The second pathway required 10 kcal/mol, and formed 

trifluoromethyl radical and FCOCOOH. The highest energy barrier was 49.2 kcal/mol, and 

formed a fluorine atom and trifluoromethyl formate. The third pathway was the least 

favorable, thus, the first two pathways were more likely to occur.    

The pyrolytic pathways of bond b are illustrated in Figure.5.10. The cleavage of 

bond b produces a pentafluoroethyl radical (b1) and radical b2. Radical b2 produces 

carbonyl fluoride and product b2-p2 with an energy barrier of 12. 5 kcal/mol. No well-

defined transition state was discovered within the two possible continuous pyrolytic 

pathways of radical b2-p2.  
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Figure. 5.9 Pyrolytic pathway of bond a 

The pyrolytic mechanism of pathway 3 was illustrated in Figure.5.11. The two 

products, 3a and 3b, were formed by breaking bond c. Radical 3b was the same as radical 

a2-p2 and followed the same pyrolytic pathway. Radical 3a went through beta-scission and 

formed tetrafluoroethylene and trifluoromethyl radical with an energy barrier of 43.05 

kcal/mol.  
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Figure. 5.10 Pyrolytic pathways of bond b. 
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Figure. 5.11 Pyrolytic pathway of bond c. 
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Figure. 5.12 Pyrolytic pathway of bond d 

Pyrolytic pathway 4 is illustrated in Figure.5.12. Radical d1 went through an energy 

barrier of 2.9 kcal/mol, then formed carbonyl fluoride and p2 radical.  Radical d2 was the 

same as radical b2-p2 produced in pathway 2. When pathway 1,3 and 2,4 were compared, 

even though the initial steps were different and energy barriers were different, the final 

products were the same.   
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Figure. 5.13 Pyrolytic pathway of bond e. 

Radical e1 and e2 were produced by the cleavage of bond e.(Figure.5.13) There 

were two possible pathways for radical e1. The energy barrier of the first pathway was 18.2 

kcal/mol, and radical e1-p1(same as radical c1) and trifluoroacetyl fluoride were formed. 

No transition state was defined for the second pathway, which meant that 69.7 kcal/mol 

was needed to dissociate the fluorine atom from the trifluoromethyl group in radical e1to 

form product e1-p3.  

Radical f1 had two possible beta-scission pathways, as shown in Figure.5.14. 

Radical f2-p1 (same as radical c1) and CFOCOOH were formed following the first 

pathway with an energy barrier of 19.8 kcal/mol.  The energy barrier for the second 

pathway was 75.6 kcal/mol, and the dissociated hydroxyl radical and product f2-p3 formed 



 

113 

 

an intermediate, which was 0.4 kcal/mol lower than the transition state energy. The 

intermediate dissociated and formed product f2-p3 and hydroxyl radical when 2.6 kcal/mol 

energy was absorbed.  
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Figure. 5.14 Pyrolytic pathway of bond f. 

Radical g1, formed in the cleavage of bond g, and went through three different 

pyrolytic pathways. In the first pathway, an energy barrier of 27.7 kcal/mol was required 

to break the C-O bond and produce radical g1-p1(same as radical c1) and g1-p2. No energy 

barrier was defined in the second pathway to dissociate the fluorine from the 

trifluoromethyl group in radical g1-p1, and a direct energy difference 65.9 kcal/mol was 

calculated. In the third pathway, an energy barrier of 59.7 kcal/mol was determined, and 

an intermediate complex was formed 1.4 kcal/mol lower than the transition state.  
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Figure. 5.15 Pyrolytic pathway of bond g. 

No fluoride ions were formed during the calculated pyrolytic pathways; however, 

many products had the acyl fluoride functionality, which reacted with water immediately 

and released fluoride ions into the solution.  

5.5 Conclusions 

Our research was an exploration of the remediation of an emerging perfluorinated 

ether, “GenX”, using different methods, including sonolysis, gamma-radiolysis, and TiO2 

photocatalysis. Ultrasound-induced degradation was the most promising method to 

degrade “GenX”. Computational studies predicted the possible reaction pathways and 

suggested possible intermediates. The release of F- indicated that sonolysis was able to 

mineralize “GenX” in a short time. Further studies need to focus on searching for and 

confirming possible by-products.  
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The main component of the large chemical spill in West Virginia, crude MCHM, 

was degraded both rapidly and efficiently by ultrasound-induced degradation. The crude 

MCHM was a mixture of the trans- and cis- isomers, and the degradation of both isomers 

were modeled by pseudo-first order kinetics. When the concentration of starting material 

was less than 100 µmol/L, the half-life times of both isomers were less than 30 min. The 

Freundlich kinetic equation was used to model the heterogeneous process at the gas-liquid 

interface. The excellent fit indicated that the degradation involved a non-uniform 

distribution of the MCHM molecules. Two primary products, (4-methylcyclohexenyl) 

methanol and 4-methylcyclohexanone, were observed as the products of hydroxyl radical 

mediation and pyrolytic reaction. Detailed computational studies were applied to support 

the reaction processes. Some low molecular pyrolytic products, such as 1,5-hexadiene, 1-

butene and so on, may undergo combustion processes.    

The first-generation antihistamine, diphenhydramine, is a problematic water 

pollutant that has been detected in water sources. Ultrasound is shown as a promising 

remediation method to destroy DPH. Even though the degradation of DPH followed 

pseudo-first-order kinetics at a wide concentration range, the rate constant changed along 

with the initial DPH concentration, which was related to the heterogeneous process 

involving the hydroxyl radical remediation at the gas-liquid interface. This process was 

accurately modeled by Langmuir-Hinshelwood kinetics which indicated a uniform 

distribution. The pH value of the solutions did not have significant effect on the degradation 

process. Mono-hydroxylation of the aromatic rings in DPH created three isomeric products, 

leading to more di-hydroxylated isomeric products. Benzophenone and other products 
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were also formed by pyrolytic reaction pathways. The computational studies were carried 

out in Gaussian 09 to provide more details to support the reaction pathways.  

The natural occurrence of the second-generation antihistamine, cetirizine, has led 

to concerns about its human health effects. The ultrasound- degradation of CET was carried 

out at a wide concentration range of 4.3 to 65.0 µmol/L. The half-life time was less than 

15 min when the concentration was below 21.7 µmol/L. The degradation process was 

modeled by Langmuir-Hinshelwood kinetic with a R2 > 0.99. The partition coefficient was 

determined as 0.10 µmol/L while the reactivity was 1.64 µmol· L-1·min-1. Coumarin and 

terephthalate were added to the CET solution to quench the HO· at different cavitation 

regions.  The results indicated that CET reacted with HO· at the gas-liquid interface, as 

well as the bulk solution. Saturation gas has a significant effect on the degradation rate. 

Under O2-saturated condition, the degradation rate was almost twice than the N2-saturated 

condition. Several product studies were confirmed as hydroxylation and pyrolytic products.  

The emerging perfluoroalkyl substances have been the subject of recent scientific 

studies. “GenX” is a replacement of perfluorooctanoic acid. Gamma-radiolysis, TiO2 

photocatalysis and sonolysis were applied to remediate “GenX”.  A bimolecular rate 

constant of eaq
- and “GenX” was determined as 5 ×1010 M-1·s-1. Little conversion and 

mineralization was observed when steady-state radiolysis was used to irradiate the “GenX” 

solution under different pH condition and saturation gases. TiO2 photocatalysis with EtOH 

10 % and oxalic acid as hole quenchers showed a slow degradation of “GenX”. Ultrasound 

was applied to solutions from 0.6 to 6.1 µmol/L. The degradation rates were similar with 

half-lives of approximately 30 min. Fluoride was detected as the major product during the 
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degradation. Computational studies were conducted to predict the pyrolytic pathways. The 

results showed that ultrasound was a promising method to degrade “GenX” in aqueous 

solution.  
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