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Abstract 
 

Beyond the expected DBP exposure from drinking water, dermal from bathing, and inhalation, 

occurrence in food and beverage items can provide an additional occurrence pathway. Synthetic 

dyes are often added to beverages for aesthetic purposes and many are in the form of a reactive 

azo (-N=N-) dye or triarylmethane dye, both with a characteristic aromatic ring. The presence of 

dyes in beverages that are reconstituted with disinfected tap water pose the risk of reactions 

with the residual chlorine in the drinking water resulting in decolorization, and of greater 

concern, disinfection byproduct formation. Additionally, oral over-the-counter (OTC) 

medications contain chemical constituents that when reconstituted with tap water present a risk 

of DBP formation.  Several studies were performed to evaluate the kinetic decay rates of the dyes 

and drugs in disinfectants, and the effects of water quality conditions on DBP formation. 

Commercial beverage products and OTC medications were evaluated for the DBPs that were 

detected in the free chlorine-treated precursor samples. The dye and drugs precursors followed 

second order kinetics, with the fastest rates for brilliant blue and phenylephrine in chlorinated 

water. The effects of water properties on precursor degradation and DBP formation was complex 

due to the influence of characteristics of precursor molecules.  The cytotoxic and anti-estrogenic 

responses were measured in the dye and drug precursors and their respective beverages and 

OTC medications, to determine potential links.  Mio Energy showed estrogenic character and Alka 

Seltzer induced an anti-estrogenic and cytotoxic response, however there were no clear linkages 

between the beverage/ medication and their respective dye and drug precursors. 
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1. Water Use in Beverages and Over-the-Counter Medications 

1.1 Water Treatment Processes 

Conventionally, municipal and industrial wastewater undergo several treatment processes to 

include pretreatment, primary, secondary and tertiary treatment of discharge, also referred to 

as influent. Once the influent reaches the wastewater plant, large objects and grease are 

removed and water flow is equalized during pretreatment. The first stage of the process, primary 

treatment, forces suspended solids to settle and form a sludge that is later skimmed off the 

bottom of the tank. The water is transported to clarifiers for biological degradation, defined as 

secondary treatment. The final stage of the process, tertiary filtration, involves nutrient removal, 

advanced treatment and disinfection. The treated water is then discharged for reclamation 

through indirect potable reuse, industrial and domestic reuse, or agricultural reuse. The drinking 

water treatment process varies slightly from wastewater, particularly in the beginning and final 

stages of treatment. Water intake is typically received from surface water sources and finished 

water is usually placed in storage tanks prior to distribution for potable use. The treatment design 

is tailored to the source water type, end use, and local and federal regulations.  While the focus 

of treatment is on the removal of contaminants, the formation of unwanted compounds is also 

taken into consideration when selecting the best technologies. Figures 1.1a and b provide 

illustrations of conventional wastewater and drinking water treatment processes, respectively.  
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(a) 

 

(b) 

Figure 1.1 Illustration of Conventional (a) Wastewater and (b) Drinking Water Treatment Processes 
[Kruczynski et al., 2012; ECWA, 2016] 

 

In the early 1900s, water treatment facilities introduced disinfectants to reduce the transmission 

of pathogens such as Giardia and Cryptosporidium, which can potentially cause fatal waterborne 

diseases [Moudgal et al., 2000; Fristachi et al., 2007]. But even with the water disinfection stage 
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in the treatment process, there is a potential risk of microbial recontamination as treated water 

is transported through the pipe network to the tap. So the United States Environmental 

Protection Agency (U.S. EPA) mandates that a residual level of disinfectant is maintained 

throughout the drinking water distribution system to ensure continuous protection [Fristachi et 

al., 2007]. Therefore, disinfection technologies have been selected by facilities generally based 

on treatment objectives and regulatory requirements. 

1.2 Disinfection 

Chlorine has been predominantly used as the disinfectant of choice for over a century, but other 

alternative disinfectants such ozone, chlorine dioxide and/or chloramine are used by many plant  

[Richardson et al., 2000]. Owing to its economic feasibility and high effectiveness in the 

deactivation of pathogenic microorganisms, free chlorine is the most commonly used 

disinfectant worldwide [Roccaro et al., 2014; Krasner et al., 2009]. With a high oxidizing potential, 

free chlorine acts as an oxidizing agent when applied to water as chlorine gas or aqueous 

hypochlorous acid (HOCl). The chlorine undergoes a hydrolysis reaction and subsequent 

dissociation reaction, as expressed in the equations 1 and 2, respectively.  HOCl is weakly acidic 

with a pKa of 7.6 at 25 ˚C. HOCl is the more dominant disinfecting species, in comparison to OCl-

, so disinfection efficacy increases at a pH below 7.6 [White, 1992]. 

Cl2 + H2O -> HOCl + H+ + Cl- [Equation 1] 

HOCl <-> H+ + OCl- [Equation 2] 
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Chloramine is another disinfectant used to eliminate microbial contamination and is present in 

three forms, monochloramine, dichloramine, and nitrogen trichloride. Monochloramine is the 

most effective form of chloramine and is known to be stable and persistent, making it a good 

residual disinfectant. Monochloramine (NH2Cl) is formed through the instantaneous reaction of 

ammonia with aqueous chlorine, as shown in equation 3 [WHO, 2000]. For the application of 

monochloramine, the ratio of ammonia to chlorine varies between treatment facilities and tend 

to be 3:1 to 4:1 with excess ammonia [Pintar et al., 2003]. 

NH3 + HOCl -> NH2Cl + H2O [Equation 3] 

Dichoramine (NHCl2) and nitrogen trichloride (NCl3) are less powerful disinfectants formed during 

the chloramine reaction.  The formation of these competing reaction products can be controlled 

by adjusting the pH for the range of 6 to 8 and the chlorine to ammonia (Cl2 : N) mass ratio of less 

than 5:1, as depicted in Figures 1.2 and 1.3 [EPA Guidance Manual, 1999]. 

 

Figure 1.2. Distribution Diagram for Chloramine Speciation [EPA Guidance Manual, 1999] 
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Figure 1.3. Theoretical Chlorine-Chloramine Breakpoint Curve [EPA Guidance Manual, 1999] 
 

Chlorine treatment is scrutinized by regulatory agencies because of the formation of disinfection 

byproducts (DBPs) that pose a threat to human health [Christman et al., 1989; Chen et al., 2003; 

Roccaro et al., 2013]. In the 1930s and 1940s, water treatment facilities began introducing 

chloramination as an alternative treatment technology [EPA Guidance Manual, 1999]. 

Chloramine is believed to minimize disinfection byproducts, so some water treatment facilities 

use this technology for primary or secondary disinfection. 

Although monochloramine can potentially reduce the formation of regulated DBPs, such as THMs 

and HAAs, produced during chlorination, it has been shown to form other DBPs at higher levels 

[Mitch et al., 2003; Siddiqui et al., 2001; Choi et al., 2002]. Iodinated DBPs and nitrosamines are 

shown to form at higher levels with the use of monochloramine [Jones et al., 2012, Le Roux et 

al., 2012]. Also, monochloramine has poor removal of taste and odor compounds and behaves 
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as a weak oxidant, so longer contact times are required or additional oxidative processes may 

need to be supplemented [Singer, 1994]. 

Bromamine chemistry was introduced since the 1960s however little is known about the benefits 

due to limited data available [Galal-Gorchev and Morris, 1965]. Bromamines form by electrophilic 

substitution of a proton from the bromonium cation to the amine. At pH 7, reactions between 

hypobromous acid and amines are rapid (105- 106 M-1s-1) following second-order reaction rate 

laws [Heeb et al., 2014]. Bromamine is sometimes intentionally formed as an alternative 

disinfectant since it inhibits bromate formation during ozonation [Hofman and Andrews, 2001]. 

On the other hand, bromamine is unintentionally formed when bromide-containing influent 

passes through free chlorine and then ammonia in a 2-stage chloramination process, as indicated 

by equations 4 and 5 [Jolley, 1982].  

Br2 + H2O -> HOBr + H+ + Br- [Equation 4] 

HOBr + NH3 -> NH2Br + H2O [Equation 5] 

Some disadvantages of bromamine that should be considered is the potential formation of toxic 

byproducts as well as the consumption of residual chlorine or chloramine in the generation of 

bromamine [Diehl et al., 2000].  

There are three species of bromamine, monobromamine, dibromamine, and tribromamine, 

which the distribution is controlled by pH and Br2 : N ratio. The pKa of hypobromous acid is 8.7 

and it is a faster oxidizer than hypobromite so maximum oxidation is achieved at pH values lower 

than 8.7. The reaction is represented by Equation 6.  
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HOBr → H+ + OBr- [Equation 6] 

The rate of bromamine formation is dependent on the formation of free bromine and when 

hybochlorous acid is the dominant species. Of the bromamine species, tribromamine is the most 

reactive and is favored at low pH and high Br2 : N ratios. Therefore, momobromamine formation 

is favored under typical drinking water conditions. This is the same behavior that is exhibited by 

chloramines, with nitrogen trichloride being the most reactive species but less favored at pH 

levels of drinking water. However the Cl2 : N ratio has no effect on the bromamine formation 

given that it is below the breakpoint concentration [WRF et al., 2010]. 

 

Figure 1.4. Theoretical HOBr/ OBr- Breakpoint Curve [WRF et al., 2010] 
 

Other brominated species such as Br2, BrCl, BrOCl, and BrO2 can be neglected due to the 

disproportionately lower concentration compared to HOBr and OBr-. The reaction rate constant 

for bromamines was found to be 5 to 6 times greater than the chloramine rate constant [Heeb 

et al., 2014]. 

0%

20%

40%

60%

80%

100%

120%

0 5 10

%
 t

o
ta

l 
B

r

pH

OBr-

HOBr



18 
 

1.3 Disinfection Byproducts 

In the 1970’s, disinfection byproducts (DBPs) were discovered at trace levels due to requirements 

to eliminate microbes from drinking water [Moudgal et al., 2000].  DBPs are compounds formed 

by reactions between oxidants, namely ozone, chlorine and chloramine, and natural organic 

matter [Nan et al., 2009; Rock, 1974]. As illustrated in Figure 1.5, they are newly produced 

compounds that are sometimes more toxic than their precursor.  In 1974, a trihalomethane 

(THM), specifically chloroform, was identified in drinking water and was determined to be 

carcinogenic in 1976, resulting in growing concern over identified and unidentified disinfection 

byproducts [Rock, 1974; National Cancer Institute, 1976].  

 

Figure 1.5. Reaction schematic for the formation of DBPs 
 

U.S. waters are comprised of a complex mixture of disinfection byproducts with trihalomethanes, 

haloacetic acids (HAAs), haloacetonitriles (HANs), and halonitromethanes (HNMs) being most 

prevalent. In 2010, the U.S. study showed that trihalomethanes were produced in the highest 

abundance, making up 24.7% of the total DBPs. They were observed at concentrations up to 28.5 

ppb in Chinese finished wastewater monitored in 2010 [Xue et al., 2014]. The distribution of DBPs 

are illustrated in the pie diagram in Appendix A. It was noted that the allocation of DBP classes 

doesn’t reflect inorganic (chlorate, iodate, bromate) or nonhalogenated DBPs (nitrosamines). 
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Although there are increased efforts to identify disinfection byproducts, there is still a large 

proportion (approximately 41%) that remain unidentified [Pressman et al., 2010]. 

The formation of DBPs is controlled by the composition of the water and physical properties of 

the constituents. This is predominantly influenced by natural organic matter (NOM) content and 

reactivity, water pH and temperature, disinfectant concentration, and reducing and halogenated 

species present [Reckhow et al., 1990; Leenher et al., 2003; Cowman and Singer, 1996; Hua et 

al., 2006; Obelensky and Singer, 2008; Roccaro et al., 2008]. Therefore, it is necessary to account 

for water quality characteristics when disinfection byproduct formation is considered.  

1.3.1 Halide Incorporation in Disinfection Byproducts 

Halides have been found in high abundance in source waters due to natural occurrence, through 

seawater intrusion, brine, or produced water from unconventional hydraulic fracturing, with 

measured total dissolved salts concentrations as high 9000 parts per million (ppm) in effluent 

[Bichsel et al., 2000; Ding et al., 2009; Ding et al., 2013; Harkness et al., 2015]. Br- and I- are the 

most common halide species that exist in waters [Richardson et al., 2008].  Br- has been reported 

in the concentration range of 10 ppb to 2000 ppb in freshwater [Bond et al., 2014] and 24 ppb to 

1120 ppb in source waters. While I- concentrations in the measured freshwater has ranged from 

0.5 ppb to 212 ppb and measured source waters of 23 cities ranged from only 0.4 ppb to 104 ppb 

[Jones et al., 2012]. The Br- to I- ratio in source waters typically average 13:1, with Br- almost 

always being present at a higher concentration than I- [Richardson et al., 2008]. Halide ions 

present in water during disinfection oftentimes becomes incorporated in organic matter to form 
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brominated and iodinated disinfection byproducts [Hua et al., 2006]. It is a key contributor to the 

acceleration of the rate of disinfection byproduct formation when high levels of bromide are 

present in the water [Lee et al., 2009]. 

Numerous studies have shown that competition between the halide species and organic matter 

during oxidative treatment generates chlorinated DBPs (Cl-DBPs), brominated DBPs (Br-DBPs) 

and iodinated DBPs (I-DBPs), listed in order of increasing dominance.  The mechanism of 

chlorination and chloramination of NOM in bromide- and iodide-rich water undergoes two steps, 

producing inorganic and organic Br--containing and I--containing DBPs, each with differing levels 

of toxicity.  In the first step, chlorine can oxidize Br- and I- to form hypobromous acid (HBrO) and 

hypoiodous acid (HIO), which can subsequently react with NOM to form brominated and 

iodinated disinfection byproducts, respectively [Krasner et al., 1989]. Further oxidation of 

hypoiodous acid to iodate (IO3
-) in a second step would result in a nontoxic form of iodide, 

however the very slow reaction kinetics limits the transformation [Jones et al., 2012]. Iodinated 

DBPs also affect aesthetic conditions, by presenting taste and odor problems in the water [Hua 

et al., 2006]. However, when hypobromous acid is further oxidized, it results in bromate (BrO3
-), 

a known carcinogen. Therefore it is critical to regulate the oxidant contact time to control 

undesirable inorganic and organic halogenated byproducts in halide-rich water.  

1.3.2 Effects of pH 

There are very stringent requirements on the regulation of pH of discharged drinking water. The 

EPA mandates through the Secondary Drinking Water Regulations that drinking water facilities 
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maintain a pH range of 6.5 to 8.5 [EPA, 2013]. The pH can affect the growth of microbial species 

in the water, and alter the disinfectant strength and efficacy so it must be properly regulated 

[Marois-Fist et al., 2013]. Treatment facilities can limit DBP formation by controlling pH to limit 

precursor competition and optimize disinfection effectiveness. This is important since studies 

have shown that pH is a huge factor in the halide incorporation in DBPs.  There is minimal 

information available on the effects of pH on many DBPs, with most focused on the well-studied 

THMs and HAAs as well as nitrosamines.  

Bromine substitution is sensitive to pH changes as demonstrated when bromine substitution 

decreased in brominated THMs when the pH was increased from 5 to 7 to 10 [Hua et al., 2012]. 

It is suspected that this minor change in bromine substitution with increased pH is a result of the 

high dissociation constant (pKa = 8.7) for hypobromous acid (HOBr). Since HOBr is the dominant 

species in most of the bromine reactions regardless of pH, which differs in comparison to the 

bromine-free chlorination reactions where the dominant oxidant species is highly dependent on 

pH.   

In HAAs, chlorinated species are more sensitive to pH effects than brominated. Hua et al. (2012) 

also reported these changes, which are likely due to the moderate pKa of HOCl that leads to 

greater pH dependence on oxidant speciation and subsequent varied reactivity with NOM.  For 

chloramination of HAAs (DHAAs), a lower pH of 5 increases bromine substitution [Liu et al., 2013; 

Hua et al., 2012]. 
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Nitrosamine formation is strongly influenced by the pH of source waters, and can be favored at 

high pH levels between 8 and 9, dependent on the strength of the oxidant.  Nitrosamine 

formation is greatly reduced at a pH below 7 due to reduced effectiveness of chloramine below 

its optimal pH [Krasner et al., 2012]. 

1.3.3 Effects of Disinfectant Concentration 

The required disinfectant dose and contact time necessary to treat water is dependent on a 

number of factors, that include water composition, characteristics of the distribution system, and 

the desired residual concentration. Therefore, the chlorine dose can vary widely among 

treatment plants. Knowledge of the effluent’s organic matter content is necessary to predict the 

chlorine consumption. The effective chlorine dose is also affected by the age of the distribution 

system, due to the decay of chlorine when reducing agents such as iron are present throughout 

the system [Frateur et al., 1999]. A residual disinfectant level is typically maintained throughout 

the drinking water distribution systems and at the discharge point of reclamation facilities. The 

residual concentration is defined as the concentration of disinfectant added after breakpoint or 

chlorine demand is reached, as illustrated in Figure 1.6 below. The World Health Organization 

(WHO) recommends that facilities maintain a residual concentration greater than 0.2 ppm [WHO, 

1997]. In order to reach the desired residual concentration, the chlorine dose and contact time 

should be adequate to inactivate pathogens with excess chlorine available. The contact time is 

dependent on water pH, temperature and disinfectant dose, and calculated based on the time 

required to achieve a 3-log (99.9%) removal of Giardia and 4-log (99.99%) removal of viruses 

[EPA, 1991; EPA, 1999]. For example, water collected from a reclamation facility achieved 
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breakpoint at a mean concentration of 18.2 mg Cl2 L-1, with a minimum of 9.0 mg L-1 and 

maximum of 53.0 mg L-1. The residual chlorine concentration ranged from 0 mg L-1 to 20 mg L-1 

depending on the chlorine dose and the contact time [March et al., 2007]. As the contact time 

increased the residual concentration decreased. One hour contact time seemed to be adequate 

for inactivation of pathogens for each dosing. When residual chlorine levels were measured in 

drinking water at 150 households in a study there was significant variability, with the distribution 

of concentrations ranging from approximately 0.08 mg L-1 to 0.6 mg L-1 [Pieri et al., 2014]. It is 

important that facilities ensure adequate residual chlorination to prevent biofilm formation and 

potential pathogen survival [Mohamed et al., 2011]. 

 

Figure 1.6. Breakpoint Chlorination Curve [VCCS, 2016] 

Residual dose requirements are slightly different for chloramine (combined chlorine) since it is 

typically a weaker disinfectant. Monochloramine has maximum residual level of 4 ppm, but 

average municipal water systems average a residual of approximately 2 ppm. A maximum of 2 
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ppm free chlorine residual is permitted after 30 minutes of hypochlorite addition and a minimum 

of 0.2 ppm after 24 hours [WQA, 2013]. The use of chloramine has its disadvantage due to the 

challenge of effective inactivation of pathogens. Despite a high dose and contact time, the 

distribution system remains vulnerable to outbreaks [WHO, 1993; Propato et al., 2004]. 

1.4 Toxicity and Health Implications of Disinfection Byproducts 

The toxic effects of disinfection byproducts formed by chlorination is widely studied and 

researchers are beginning to study the toxicity of DBPs formed by the newer alternative 

disinfectants such as chloramine.  Many factors such as disinfectant type, the presence of halides, 

and organic matter composition all affect the toxicity of the formed disinfection byproducts. 

Iodinated byproducts have been shown to be more toxic than their chlorinated analogues, and 

are favored in the presence of ammonia, therefore they are a greater concern when chloramine 

disinfection is used [Allard et al., 2012; Jones et al., 2012; Bichsel et al., 2000; Richardson et al., 

2000; Yang et al., 2013]. In a Chinese hamster ovary cell study it was revealed that a significantly 

greater cytotoxicity and genotoxicity was induced by iodinated disinfection byproducts, followed 

by brominated then chlorinated [Plewa et al., 2004]. In a separate study involving marine 

polychaete Platynereis dumerilii, newly discovered halogenated aromatic disinfection 

byproducts exhibited greater toxicity than the well-known aliphatic compounds. Similarly to the 

common DBPs, their toxicity order was iodinated-DBPs > brominated-DBPs > chlorinated-DBPs 

[Yang et al., 2013]. 
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A number of animal and human studies have reported deleterious health effects associated with 

DBP exposure. Human exposure can occur via various routes- oral ingestion, dermal adsorption, 

and inhalation- with dermal and oral exposure posing the greatest risk of adverse health effects 

depending on DBP features such as volatility [Mishra et al., 2014; WHO, 2000]. Disinfection 

byproducts have been linked to bladder, colon, and rectal cancers, and birth abnormalities such 

as cardiac defects and low birth weight [Villanueva et al., 2004; Dodds et al., 2001; Hildesheim et 

al., 1997; Cedergren et al., 2002; Smith et al., 1989]. An epidemiological study on the long-term 

effects of exposure to DBPs in drinking water was conducted by The European Union in an 

attempt to correlate DBP concentrations and mammalian cell toxicity, but the results proved to 

be inconclusive [Jeong et al., 2012]. 

1.5 Regulation of Disinfection Byproducts 

With over 600 DBPs identified in treated waters since 2007, only 11 compounds are currently 

regulated in the United States [Richardson et al., 2007; Richardson et al., 2015, Richardson et al., 

2007, EPA, 2006; EPA, 2013]. The EPA has implemented the Stage 2 Disinfectants and Disinfection 

Byproducts rule to regulate DBPs of concern present in drinking water. The list includes four 

trihalomethanes, with a maximum concentration level (MCL) of 0.080 mg/L; five haloacetic acids, 

with an MCL of 0.060 mg/L; bromate, with an MCL of 0.010 mg/L; and chlorite, with an MCL of 1 

mg/L, as detailed in Table 1.1. The EPA also requires utilities serving greater than 100,000 to 

monitor a panel of contaminants through the Unregulated Contaminant Monitoring Rules 2 and 

3 (UCMR2 and UCMR3). The list includes volatile organic compounds (VOCs), nitrosamines, 

among other chemicals of concern [EPA, 2012]. 



26 
 

Table 1.1. Regulated DBPs 

Compound Name Class MCL 
(mg/L) 

Source 

Bromodichloromethane THM 0.080 1 
Bromoform THM 0.080 1 

Dibromochloromethane THM 0.080 1 
Chloroform THM 0.080 1 

Dichloroacetic acid HAA 0.060 1 
Trichloroacetic acid HAA 0.060 1 

Monochloroacetic acid HAA 0.060 1 
Bromoacetic acid HAA 0.060 1 

Dibromoacetic acid HAA 0.060 1 
Bromate  0.010 1 
Chlorite  1.0 1 

 

1 EPA, Basic Information about Disinfection Byproducts in Drinking Water: 
Total Trihalomethanes, Haloacetic Acids, Bromate, and Chlorite, Dec 13, 2013 

 

A complex mixture of disinfection byproducts exists in U.S. waters, comprised of many identified 

and unidentified components with trihalomethanes, haloacetic acids, haloacetonitriles, and 

halonitromethanes being the most prevalently detected of the identified byproducts. In 2010, a 

U.S. study showed that trihalomethanes were produced in the highest abundance, making up 

24.7% of the total DBPs. They were observed at concentrations up to 28.5 ppb in Chinese finished 

wastewater monitored in 2010 [Xue et al., 2014]. The distribution of DBPs are illustrated in the 

pie diagram in Figure 1.4. It was noted that the allocation of DBP classes do not reflect inorganic 

(chlorate, iodate, bromate) or nonhalogenated DBPs (nitrosamines). Although there are 

increased efforts to identify disinfection byproducts, there is still a large proportion 

(approximately 41%) that still remains unidentified [Pressman et al., 2010]. 
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1.6 Water Use in Beverages  

The Food and Drug Administration released a report that warned of the risks of exposure to 

disinfection byproducts when beverages are prepared from disinfected water and revealed the 

presence of carcinogenic compounds in beverages [Heikes et al., 1995]. Beyond the expected 

DBP exposure from drinking water, dermal from bathing, and inhalation, occurrence in food and 

beverage items can provide an additional occurrence pathway. Beverages come in various forms, 

to include concentrated fruit drinks, reconstituted fruit drinks, sodas, milk, infant formula, 

liqueur, wine, beer, hot cocoa, coffee and tea, and others. Behind water, tea is the second highest 

consumed beverage worldwide, while Coca Cola is the highest consumed soft drink. Both tea and 

Coca Cola have shown to accumulate disinfection byproducts through packaging, preparation 

with contaminated water, and reactions with residual disinfectants [National Geographic, 2014; 

Rayes, 2008; Entz et al., 1982; Daft et al., 1988; USFDA, 1999; Montesinos et al., 2014].  While 

drinking water is the primary source of DBP ingestion, two-thirds of all drinking water is 

consumed through beverage and food preparations [Montesinos et al., 2014]. Beverages are 

comprised of approximately 90% water so interactions between constituents of water and the 

chemical components of beverages contribute significantly to the contaminants found in 

reconstituted beverages [Ashurst, 2008].  

1.6.1 Influence of Organic Content 

The type of DBPs formed and the extent of formation is largely dependent on the composition of 

the beverage. Soft drinks, fruit juices, and other beverages can include, but aren’t limited to, a 
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combination of water, sugars, carbonation, caffeine, organic acids, acidifying agents, 

antioxidants, vitamins and dyes [Ashurst, 2005].  

Some beverages are rich in phenolic compounds that have similar chlorination potential as humic 

acids [Stevens, 1982]. Phenols and polyphenols, such as catechins and natural flavonoids that are 

found in certain beverages can serve as a toxicant or antioxidant, dependent on its isomeric form. 

Also the phenolic content of beverages determine the extent to which the oxidizing species can 

be scavenged. It is suspected that phenols and polyphenols are responsible for the formation of 

THMs, HAAs, and HANs.  In a separate study the phenolic compounds found in liqueurs exhibited 

antioxidant behavior that inhibited NDMA formation. In that study it was showed that mono- and 

dimeric flavanols have the ability to scavenge nitrogen species, which induced cell proliferation 

by the newly formed nitroso-flavanols [Bais et al., 2003; Lee et al., 2006; Mustafa et al., 2014; 

Wu et al., 1998; Shin et al., 2005]. So despite appearing to have protecting qualities, the nitrogen 

scavenging has negative effects.  

Organic content in beverages is available in the form of organic acids and sugars. High levels of 

citric acids were present in apple, lemon, and grapefruit juice, malic acid greatest in apple juice, 

tartaric acid greatest in grape juice, glucose greatest in orange and grape juice, fructose greatest 

in apple juice and sucrose greatest in lemon drink [LeThanh et al., 2000]. Appendix B provides a 

list of contaminants found in common beverages.  



29 
 

1.6.2 Trihalomethanes in Beverages 

Trihalomethanes have been detected in beverages such as canned sodas, juices, and 

reconstituted drinks at ppt to ppb concentrations [Silveira Dos Santos et al., 2011; Huang et al., 

2009]. Reported sources of contamination include reactions with residual chlorine in the water, 

interactions with detergents used on processing equipment, or THMs below-MCL levels that are 

present in water following treatment [Fukayama et al., 1986; Gilbert, 1982]. It is suspected that 

phenols and polyphenols are responsible for the formation of THMs, as well as other DBPs such 

as HAAs, and HANs, in beverages  [Bais et al., 2003; Lee et al., 2006; Mustafa et al., 2014; Wu et 

al., 1998; Shin et al., 2005]. Since beverages have a high organic content, it is possible that 

multiple components contribute to the THMs formed.  

THM formation in drinking water is controlled by several factors: organic matter content, water 

temperature, pH, chlorine dose and contact time, and bromide and iodide concentration. Studies 

have proven a positive relationship between those factors and THM formation.  In a tea study, it 

was shown that the chloroform concentration increased linearly as the free chlorine 

concentration [Huang et al., 2009]. In another study that investigated a series of water 

parameters- TOC, temperature, pH, and contact time- it was discovered that increasing each 

condition resulted in increases in THM formation [Saidan et al., 2015]. The published TOC results 

revealed a slight increase in THMs with marginal increases in organic carbon concentration. 

Particularly, after 1.8 ppm of TOC bromoform experienced a noticeable increase, 

dibromochloromethane experienced a slight decrease, while the other two regulated THMs 

almost remained constant. An explanation was not provided, however the difference may not be 
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statistically significant. The same study showed that increasing bromide concentration increases 

the formation of brominated THMs and in response decrease chloroform formation. Bromide has 

been shown to shift the reaction from forming chlorinated THMs to favoring mostly brominated 

THMs. The Br to Cl ratio are also very critical in the incorporation of bromide into the THMs. 

Additionally, the presence of ammonia inhibits the formation of THMs due to the kinetically 

favorable formation of chloramine as opposed to hypobromous acid.  

1.6.3 Dyes in Beverages 

Synthetic dyes are often added to beverages for aesthetic purposes and many are in the form of 

a reactive azo (-N=N-) dye or triarylmethane dye, both with a characteristic aromatic ring. The 

dyes are synthesized in many variations with the presence of different substituents. The most 

widely used synthetic dyes throughout the world in foods and beverages are tartrazine, allura 

red, sunset yellow, brilliant blue, and amaranth [Fallico et al., 2011; Rodriguez et al., 2015; Chen 

et al., 2014].  Another coloring agent that is used in high abundance is caramel colorant, which is 

found in cola soft drinks and other brown-colored beverages. Caramel is formed through 

controlled heating of sugar in the presence of reactants, to produce a mixture of organic 

compounds such as 4-methylimidazole (4-MeI), 2-acetyl-4(5)-tetrahydroxybutylimidazole (THI), 

and 5-hydroxymethyl-2-furaldehyde (5-HMF), which are known carcinogens [Cunha et al., 2011; 

Jensen et al., 1983]. Currently, the only dyes permitted in food and beverages in the U.S. are 

Brilliant Blue FCF, Indigotine, Fast Green FCF, Erythosine, Allura Red AC, Tartrazine, and Sunset 

Yellow. The use of Amaranth, Red No. 4, Red No. 2, Orange No. 1, Orange No. 2, Yellow No. 1, 2, 

3, and 4, and Violet No. 1 have been prohibited in the U.S.  [New York Times, 1954]. Researchers 



31 
 

have measured the concentrations of dyes present in beverages at substantial (ppm) levels, as 

summarized in Appendix C [Ivani de Andrade et al., 2014; Garcia-Falcon et al., 2005].  

1.7 Beverage Toxicity and Mutagenicity 

Despite the usefulness of dyes to improve the appearance of beverage products, an association 

with mutagenic effects when ingested was found. When the mutagenicity of a cola favored and 

grape flavored drink was evaluated, the cola flavored drink showed mutagenic effects in rodents, 

which was not shown in grape soda. The source of the mutagenicity can be determined with 

further investigation of the ingredients (i.e. cola nut extract, caffeine, caramel colorant, and 

phosphoric acid) that are unique to that specific cola drink. The ingredients present in the grape 

soda that proved to be non-cytotoxic and non-mutagenic were grape juice, citric acid, sodium 

benzoate, amaranth color, brilliant blue color, and tartrazine color. The ingredients were all 

tested as a mixture, in addition to individual testing of the dyes and sodium benzoate that also 

displayed the same non-cytotoxic and non-mutagenic behavior [Dusman et al., 2013]. 

1.8 Disinfection Byproduct Formation in Disinfected Dyes 

To evaluate the effects of dye chlorination in wastewater and drinking water, researchers 

performed studies using several dyes employed in commercial products. The treatment of 20 

ppm Blue 291 with 80 ppm active chlorine generated three unidentified chlorinated DBPs 

following 120 minute contact time. Despite minimal mineralization a reduction of only 8% total 

organic carbon was measured following treatment [Leite de Oliveira et al., 2012]. These results 

indicate that although chlorination may be adequate to decolorize dyes, additional treatment 
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processes are necessary for complete removal and to avoid formation of chlorinated byproducts. 

Similarly, the chlorination of 50 ppm Disperse Red No. 1 dye produced chlorinated byproducts, 

identified as 1-chloro-4-nitrobenzene, 2-((4-chlorophenyl)(ethylamino)ethanol, 2-((2,4-

dichlorophenyl)(ethyl)amino)ethanol, 2-(ethyl(2,4,6-trimethylphenyl)amino)-ethanol. 1-chloro-

4-nitrobenzene is the leading DBP, likely responsible for the mutagenic potency of the Red 

Disperse 1 chlorinated products. It should be noted that the dispersing agent of the dye can 

comprise a significant enough portion of the dye complex that it demonstrates a chlorination 

potential that can contribute to the chlorinated DBP’s mutagenicity [Vacchi et al., 2013]. 

Therefore the target dye compound as well as the dispersing agent in dispersed dyes should be 

considered when evaluating potential mutagenicity.  Additional research is necessary to 

determine how the differences in substituents and their position on the aromatic ring and amino 

nitrogen of the various azo dyes contribute to the differences in mutagenicity, and whether the 

mutagenic potency of structurally similar dyes can be predicted from a representative dye.  

1.9 Mutagenicity of Dye Disinfection Byproducts 

The presence of dyes in beverages that are reconstituted with tap water pose the risk of reactions 

with the residual chlorine in the drinking water resulting in decolorization, and of greater 

concern, alteration of cytotoxicity and estrogenic character. The primary mechanism of reaction 

between chlorine and an azo dye is electrophilic attack of the amino group that results in cleavage 

of the chromophore, which removes the color from the dye [Al-Sabti, 2000; Jager et al., 2004; 

Konstantinou et al., 2004; Wang et al., 2005; Bae et al., 2007; Sarasa et al., 1999; Umbuzeiro et 

al., 2005]. Cleavage of carbonyl moieties from triarylmethane dyes leads to irreversible 
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decolorization.  With this process, dye molecules are susceptible to transformation that may 

result in mutagenic compounds. The salmonella mutagenicity assay was used to evaluate the 

change in mutagenicity of untreated and chlorine gas-treated Disperse Orange 1 (10 mg/mL), 

Disperse Red 1 (1 mg/mL), Disperse Red 13 (10 mg/mL) and Blue 291 (20 mg/L) and untreated 

and 2 mg/L free chlorine-treated Black (1 mg/L; composed of Disperse Blue 373, Disperse Orange 

37, Disperse Violet 93) azo dyes that are structurally similar (Table 1). The Disperse Orange 1, 

Disperse Red 1, and Disperse Red 13 displayed little or no statistical difference in mutagenicity 

between the chlorinated and untreated dye. When mutagenicity was compared between two 

Salmonella strains, TA98 and YG1041 in the presence and absence of the S9 fraction of the 

activation system that measures metabolic stability, chlorinated Disperse Orange 1 and Disperse 

Red 1 increased in mutagenic potency with strain TA98 in both the presence and absences of S9. 

While a decrease (conflicting results between two studies are published for Disperse Red 1) in 

mutagenicity was observed with the YG1041 strain. Chlorinated Red 13 and Blue 291 dye 

experienced the opposite response, with an increase in mutagenicity with the YG1041 strain and 

a decrease with TA98, only in the presence of S9. An increase in mutagenic potency with both 

the TA98 and YG1041 strains in the absence of S9 was experienced with the chlorinated Black 

dye.  The mutagenicity results of the dyes using YG1041 strain indicate that the acting O-

acetyltransferase and nitroreductase enzymes display a lesser degree of mutagenicity of the 

chlorinated Orange 1 and Disperse Red 1 dye and a greater degree of mutagenicity of the 

chlorinated Red 13 and Blue 291 dyes [Oliveira et al., 2010; Leite de Oliveira et al., 2012; Vacchi 

et al., 2013; Oliveira et al., 2006]. The chlorination of dyes has been shown to produce 
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halogenated analogs with increased mutagenicity. Decolorization of the azo dye methyl orange 

by chlorine gas resulted in a mixture of a halogenated byproduct,   para-chloro-N,N-

dimethylaniline [Laitinen et al., 1972]. Additional research is necessary to determine how the 

differences in substituents and their position on the aromatic ring and amino nitrogen of the 

various azo dyes contribute to the differences in mutagenicity, and whether these four dyes can 

be used as a predictor of mutagenic potency of other structurally similar dyes.  

1.10 Health Implications and Regulations of Dyes 

Due to the potential toxicity to aquatic life and mutagenicity to humans, the regulatory agencies 

have established permissible levels for dyes in foods and beverages. The limits are specific to 

country and vary depending on dye toxicity and health and environmental implications (Appendix 

E). The mutagenicity of azo dyes can change dramatically depending on substituents. Azo dyes 

with bulky alkoxy groups tend to less mutagenic so it is important for manufactures to be 

cognizant of structural features of dyes and to monitor the potential health risks [Freeman et al., 

1990]. The byproduct of caramel colorant, 4-MEI, THI, and 5-HMF, have received attention by the 

public for hazardous effects associated with these compounds present in foods and beverages. 

The FDA claims that there is no cause for concern although 4-MEI has shown to cause cancer in 

mice and though the state of California has deemed it a probable carcinogen and some 

manufacturers have modified their processes to limit the levels of 4-MEI in their recipes [OEHHA, 

2011; Guardian, 2012; Cunha, 2011]. Reports indicate that THI has immunosuppressant effects 

in rats and 5-HMF is a known irritant to humans [Gobin et al., 1991; Cunha et al., 2011]. 

Regulatory agencies such as the Joint FAO and World Health Organization, European Union’s 
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Scientific Committee for Food, JECFA, National Standards and China, Official Mexican Standard, 

and ANVISA in Brazil have set manufacturing limits and recommended daily intakes for dyes and 

food colorant, as summarized in Appendix D.  The regulatory limits do not represent the potential 

toxicity of dyes and colorant when they interact with other components present in food and 

beverages.  

1.11 Pharmaceuticals in Over-the-Counter Reconstituted Medications 

Interactions between reconstituted pharmaceuticals and drinking water are important to 

consider when evaluating the implications of residual disinfectants. Pharmaceuticals are a class 

of chemicals that pose a threat to water sources and are considered contaminants of emerging 

concern (CEC) according to the EPA and the effects of oxidative water treatment have been 

studied [EPA, 2015; Papageorgiou et al., 2016; Sui et al., 2011; Loraine et al., 2006]. There is 

extensive research that investigate the presence of pharmaceuticals in drinking and wastewater 

and the negative health implications. These studies investigate removal methods such as 

disinfection and the potential disinfection byproducts that can result [Papageorgiou et al., 2016; 

Sui et al., 2011; Loraine et al., 2006]. However, few of the published reports consider the common 

OTC active ingredients considered in the current study.  To our knowledge there are no 

publications on the interactions between these drugs and residual disinfectant in drinking water.   

Alka Seltzer and other generic brands, are over-the-counter oral medications that are used for 

the treatment of cold and flu symptoms contain a mixture of drugs that are taken through 

preparations by reconstitution with tap water. A potential issue with these medications is the 
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formation of disinfection byproducts with exposure to residual disinfectant. The four active 

ingredients of Alka Seltzer Cold & Flu medication (dextromethorphan hydrobromide, doxylamine 

succinate, phenylephrine bitartrate, and aspirin or acetaminophen) have the potential to interact 

with residual disinfectant in drinking water.  Most active ingredients are present in mg doses, so 

they pose a risk of forming high levels of disinfection byproducts. If ingested, there is the 

potential for harmful effects from the mixtures of toxic compounds. Dextromethorphan is a 

cough suppressant with sedative properties and a known N-methyl-D-aspartate (NDMA) 

antagonist [Wong et al., 1988]. A mice study has shown that long-term (180 days) administration 

of dextromethorphan has been shown to induce cytotoxicity and disrupt beta cell functions [Kim 

et al., 1995]. It has been detected in surface waters in Colorado at concentrations 5-10 times 

lower than its glucuronide metabolite [Thurman et al., 2012].  Aspirin, also known as 

acetylsalicylic acid, is a non-steroidal anti-inflammatory drug (NSAID) that is administered for 

pain relief. It readily hydrolyzes and can be founds as its metabolites, salicylic acid and acetic acid. 

The metabolites have been shown to be toxic in daphnia and algal tests. The cytotoxicity is 

suspected to be related to the low pH of the carboxylic acid moiety and logKow (1.2) of salicylic 

acid [Cleuvers, 2004]. It has been detected in wastewater effluent as high as 1.5 µg L-1 [Ternes, 

1998]. Doxylamine succinate serves the purpose of antihistamine treatment but also has 

properties as a short-term sleeping agent and anti-nauseant medication for pregnant women.  A 

study has revealed that doxylamine exposure to nitrite at low pH form dimethylnitrosamine, 

which is a carcinogenic byproduct. The drug has been detected in wastewater at concentrations 

as high as 100 µg L-1 [Thompson et al., 1982]. The fourth active ingredient is phenylephrine, which 
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is a decongestant and a α1-adrenergic receptor agonist [Johnson et al, 1993]. There are no 

published reports on its presence in wastewater or drinking water or related toxic effects. There 

are also no reports on how these four drugs behave when present in combination. 

Objectives 

The objective of this study is to evaluate the potential formation of disinfection byproducts in 

beverages and effervescent medications through interactions between intrinsic dyes and the 

residual disinfectant of the treated drinking water used for preparation. Past studies have proven 

the formation of disinfection byproducts in beverages, but fail to identify potential precursors. 

So the linkage between disinfection formation from dyes and increased toxicity in beverages, 

that this study proposes to find, can provide evidence to consumers that pretreatment of water 

prior to use in beverages is essential. The results of the study can lead to stricter water quality 

regulations imposed by the food industry. The objective of this research is separated into five 

specific objectives:  

 To determine the reaction kinetics of treated dyes and drugs.  

 To identify and structurally elucidate dye and drug DBPs formed when fortified in 

residually disinfected drinking water.  

 To evaluate the effects of drinking water quality characteristics and treatment 

conditions on DBP formation.  

 To determine if dyes are a precursor of DBPs formed in beverage products. 
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 To assess the toxicity of beverages that contain dye DBPs and OTC medications that 

contain drug DBPs. 

Experimental Matrix 

The research objectives were investigated through several experiments according to the 

matrix in the figure below. Details of each experiment are provided throughout the 

dissertation. 

 

Figure 1.7. Experimental Matrix 



39 
 

Compound Selection 

All of the dye and colorant compounds selected for this study are frequently found in 

beverages and electrolytic drinks but none have been studied for its interactions with 

residual disinfectants in drinking water. Several are reactive with chlorine and should 

produce product molecules. The aim in selecting these compounds was to choose 

dyes that are representative of those found in soft drinks which consumers can use as 

an index of potential toxic byproduct formation during consumption.  Table 1.2 

provides the chemical structures, properties and brief descriptions of the chemicals 

used throughout the dissertation. 

 

 

 

 

 

 

 

 

 

 

 

 



40 
 

Table 1.2. Descriptions of Selected Dyes/ Colorants 

Allura Red AC (Red No. 40) 

 

 

Allura Red is an azo food dye that is soluble in 

water and is moderately reactive with 

chlorine as it contains both strongly activating 

and deactivating sites on the aromatic ring. 

pKa= 11.4, MW=492.42 g/mol 

Brilliant Blue FCF (Blue No. 1) 

 

 

 

Brilliant Blue is an azo food dye that lacks 

reactivity with chlorine due to its strongly 

deactivating groups.  

 

pKa1=5.83, pKa2=6.58, MW=792.85 g/mol 

4-methylimidazole (Caramel) 

 

 

 

 

 

Tartrazine (Yellow No. 1) 

 

 

 

Tartrazine is the least tolerated azo dye 

proven to be an allergen for asthmatics. 

[Arden, K.D. et al., 2001] It is easily chlorinated 
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4-Methylimidazole is found in caramel 

coloring when produced during ammonia-

based preparation processes. 

 

pKa= 7.51, MW=82.11 g/mol 

despite its moderately and strongly 

deactivating groups. 

 

 

pKa= 9.4, MW=534.3 g/mol 

 

All of the drug compounds selected for this study are found in the over-the-counter Alka Seltzer 

cold & flu medication. However, none of these compounds have studied for their interactions 

with residual disinfectants that are present in tap water. Some of the chemicals have, however, 

been studied for interactions during disinfection treatment of wastewater. Brief descriptions, 

properties and chemical structures for the selected drugs are provided in Table 1.3.  
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Table 1.3. Descriptions of Selected Drugs 

Dextromethorphan 

 
Dextromethorphan is a cough suppressant and has 
additional uses as a sedative or pain reliever.  
 
pKa= 9.85, MW= 271.40 g/mol 

Phenylephrine

 
Phenylephrine is a decongestant found in 
oral decongestant and nasal sprays. It is 
also used for pupil dilation. 
 
pKa= 8.97, MW= 167.205 g/mol 

Doxylamine 

 
 
Doxylamine is an anti-histimine and mild sedative 
found in night-time medication.  
 
pKa= 8.87, MW= 270.369 g/mol 

Aspirin 

 
Aspirin is also known as acetylsalicylic 
acid is a medication often used for pain 
relief. It undergoes rapid hydrolysis at 
low pH. [Edwards, 1952] 
 
pKa= 3.5, MW= 180.157 

 

The consumer items chosen for this study are beverages and electrolytic drinks with 

significant levels of dyes and over-the-counter medications with reactive drug components. 

They are often prepared from tap water by three major methods. The first method mixes 

soda syrup with tap water and carbonation (if it applies) to prepare fountain drinks in 

restaurants and similar establishments. The second method combines flavored powder with 

tap water to prepare single- and multi-serve beverages by consumers. The third method 

applies an effervescent tablet to tap water until complete dissolution. All methods pose the 
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risk of reactions with residual disinfectant that can ultimately form disinfection byproducts. 

The syrups, powders and tablets usually contain many ingredients, some which are 

proprietary, so each preparation behaves differently and should be studied to determine the 

potential effects. Table 1.4 lists the beverages and over-the-counter medications, and 

associated information about each that will be evaluated in this dissertation. 
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Table 1.4. Details on Selected Beverages and OTC Medication 

Coke 

Coke is a carbonated soft drink owned by Coca Cola® that contains carbonated water, 
sugar, caffeine, phosphoric acid, caramel color, and natural flavorings that are protected 
as a trade secret.  

Mountain Dew 

Mountain Dew is a carbonated soft drink owned by PepsiCo®, composed of carbonated 
water, high-fructose corn syrup, concentrated orange juice, citric acid, natural flavors, 
sodium benzoate, caffeine, sodium citrate, erythorbic acid, gumn Arabic, calcium 
disodium EDTA, brominated vegetable oil, and yellow 5.  

Koolaid  (Lemon) 

Koolaid is a beverage powder owned by Kraft Foods® that is prepared by mixing with water 
and sugar. The lemon flavor is composed of citric acid, calcium phosphate, salt, 
maltodextrin, natural flavor, lemon juice solids, ascorbic acid, vitamin c, artificial color, 
Yellow 5 Lake, Yellow 5, BHA, and preservatives.  

Koolaid® (Tropical Punch) 

Tropical punch flavored Koolaid lists the following as ingredients, high fructose corn syrup, 
less than 2% ascorbic acid (vitamin c), natural and artificial flavor, citric acid, blue 1, 
potassium sorbate, sodium hexametaphosphate, and calcium disodium EDTA for 
freshness.  

Crystal Light (Lemonade) 

Crystal Light is a powdered beverage manufactured by Kraft Foods®, similar to Koolaid. 
Depending on the product, the sweetening agent varies from aspartame, acesulfame 
potassium, sucralose and/or sugar. Lemonade flavor contains citric acid, potassium and 
sodium citrate, aspartame, maltodextrn, magnesium oxide, less than 2% of natural flavor, 
lemon juice solids, acesulfame potassium, soy lecithin, artificial color, yellow 5 lake, and 
BHA. 

Mio Energy  

Mio Energy (Green Thunder) is a Kraft Foods® liquid flavoring and energy concentrate. 
Ingredients may vary slightly between flavors but they typically include caffeine, 
propylene glycol, citric acid, malic acid, sucralose, acesulfame potassium, potassium 
citrate, Brilliant Blue FCF 1, Yellow 5, and potassium sorbate.  

Koolaid Liquid Drink 
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Koolaid Liquid Drink (blue raspberry) is a water enhancer manufactured by Kraft Foods®. 
The primary ingredients include water, malic acid, citric acid, sucralose, acesulfame 
potassium, potassium citrate, sucrose acetate isobutyrate, gum Arabic, Blue 1, sodium 
benzoate, and potassium sorbate.  

Pedialyte 

Pedialyte Powder Packs are on-the-go electrolyte dehydration remedies for kids and 
adults. They are manufactured by Abbott Laboratories. The main ingredients are dextrose, 
citric acid, malic acid, potassium citrate, sodium chloride, sodium citrate, sucralose, 
acesulfame, potassium, Red 40 and Blue 1.  

Alka Seltzer Cold & Flu Plus Medication 

Alka Seltzer Cold & Flu Plus is an over-the-counter medication manufactured by Bayer that 
consists of citrus-flavored effervescent tablets.  The active ingredients are aspirin (500 
mg), phenylephrine bitartrate (7.8 mg), dextromethorphan HBr (10 mg) and doxylamine 
succinate (6.25 mg). The inactive ingredients are acesulfame potassium, anhydrous citric 
acid, aspartame, calcium silicate, dimethylpolysiloxane, docusate, sodium, flavors, 
mannitol, povidone, sodium benzoate, and sodium bicarbonate.   
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2. Reaction Kinetics of Dye and Drug Chlorination 

2.1 Objective  

To determine the reaction kinetics of treated dyes and drugs.  

The fate of dyes and drugs in OTC medications when exposed to chlorinated and chloraminated 

water is determined by the reaction kinetics during disinfection, which is controlled by their 

chemical and physical properties. The degradation rate of each dye/ drug depends on the 

structural properties of the chemical and the type of disinfectant applied. The measured reaction 

rates can be used to help quantify concentrations as they change as chlorination and 

chloramination proceeds.  From the reaction rate, the extent of precursor degradation 

(transformation) can be predicted if the contact time is known. 

Specific Aims: 

What are the reaction rate constants for chlorination and chloramination of dyes and 

drugs? 

 How do the reaction kinetics effect disinfection byproduct formation? 

What relative changes in reaction rate occur when drugs are disinfected in mixtures? 
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2.2 Methods 

Materials and chemical reagents 

Individual stock standards of brilliant blue ac (Sigma-Aldrich, St. Louis, MO USA), allura red 

(Sigma-Aldrich, St. Louis, MO USA), dextromethorphan hydrobromide (Sigma-Aldrich), L-

phenylephrine (Santa Cruz Biotechnology), doxylamine succinate salt (Sigma-Aldrich), and aspirin 

(Fluka) were prepared in high performance liquid chromatography grade methanol (Fisher 

Scientific, Pittsburg, PA, USA) resulting in 1800 mg L-1 solutions. Intermediate solutions were 

prepared through dilution of stock standards deionized water to a concentration of 180 mg L-1. A 

9 point calibration curve was prepared in buffered DI water from 2.3x10-2 to 6.0 mg L-1. All 

standard solutions were stored at 4 ˚C. Sodium bisulfite (GFS Chemicals, Columbus, Ohio, USA) 

was used as a reducing agent to quench the oxidation reactions. Phosphate buffer solutions (pH 

3.5 and 7) were prepared with varying amounts of sodium phosphate monobasic monohydrate 

(Acros Organics, Pittsburg, PA, USA), sodium phosphate dibasic heptahydrate (Acros Organics, 

Pittsburg, PA, USA), and phosphoric acid (Sigma-Aldrich) to provide a buffer strength of 10 mM. 

Test water 

Deionized water and tap water were used for the lab-controlled experiments. The deionized 

water was collected in baked 1-L amber bottles and then buffered to pH 3.5 for dyes and 8.5 for 

drugs, to simulate the typical pH of beverages and alka seltzer medication, respectively.  The tap 

water used in this study was obtained from a tap water source in a University of Arizona 

laboratory, which is a blend of private well and Tucson city water. The tap water that was used 
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in this study was collected from the laboratory in 4-L amber bottles and left open to the 

atmosphere for a minimum of one week to undergo passive dechlorination prior to analysis. 

Preparations of free chlorine and monochloramine were made in-house using deionized water. 

A stock solution of free chlorine was prepared for chlorination in an amber bottle from a 10% 

sodium hypochlorite (NaClO) solution (Ricca Chemical Company, Arlington, TX, USA).    

Free chlorine concentration was measured by ultraviolet/ visible spectrophotometry using a 

molar absorptivity of 292 nm. Monochloramine solutions were prepared daily by adding sodium 

hypochlorite solution to aqueous solution of ammonium chloride (Fisher Scientific) adjusted to 

pH 8, with a Cl2-to-N ratio of 0.5 M/M.  Monochloramine and dichloramine concentrations were 

measured spectrophotometrically using the corresponding molar absorptivities of 245 nm and 

295 nm, respectively.  Free chlorine and monochloramine were added to the buffered test water 

to achieve a final dose of 4 mg L-1. The residual concentration was selected because it is the 

maximum allowable residual chlorine level permissible in drinking water by the EPA, and it 

produces disinfection byproducts that are in adequately high enough abundance for LCQTOF/MS 

detection. Test water was used for experimentation immediately. 

Analytical methods 

LC-QTOF/MS analysis 

The separation of brilliant blue and allura red was performed using an Agilent 1290 Infinity liquid 

chromatography system (Agilent Technologies, Palo Alto, CA, USA) equipped with an 

autosampler, binary pump, column compartment and vacuum degasser. For ESI negative mode, 
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a 2.1 x 100 mm Agilent Zorbax Extend C18 column with a packing size of 1.8 μm was selected for 

retention of analytes at high pH levels.  The mobile phase system consisted of water with 20mM 

ammonium formate with 0.1% formic acid (A) and 70% methanol and 30% acetonitrile (B) at a 

flow rate of 0.5 mL min-1. The chromatographic method was optimized with a gradient mobile 

phase composition, 98% A initially held constant for 1 minute, decreased to 0% at 4 minutes, 

then held to a constant 0% at 5.00 minutes, and increased to 98% at 5.10 minutes.  There was a 

2 minute post run for column equilibration, resulting in a total run time of 7.10 minutes. Column 

temperature was maintained at 25 ˚C. A sample volume of 20 µL was injected. The HPLC was 

coupled to an Agilent 6540 accurate-mass quadrupole time-of-flight mass spectrometer 

operated in negative ion mode with the following operation parameters: gas temp: 200 ̊ C; drying 

gas: 8 L min-1; nebulizer: 35 psig; sheath gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 

3500V; nozzle voltage: 100 V; fragmentor: 200 V; skimmer 50 V; oct 1 rf vpp: 750 V. Spectra were 

acquired across the range of 100 to 1600 m/z at 2 GHz. Data was processed using the MassHunter 

software. Accurate mass extracted ion chromatograms were obtained with the use of an 

integrated automated calibrant delivery system that introduces a calibrating solution with 

reference masses 119.036 and 966.007.  

The analysis of dextromethorphan, phenylephrine, and doxylamine was performed using a single 

LC-QTOF/MS method. Separation was performed on an Agilent Poroshell 120 EC-C18 column (4.6 

x 100 mm) with 2.7 micron packing size. Two reference masses (121.05090000 and 

922.00980000) were constantly infused into the ion source for mass calibration of each scan.  
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The mobile phases consisted of 0.1% formic acid in water (A) and 50% methanol & 50% 

acetonitrile (B). The method was optimized for a 20 mL injection volume, flow rate of 0.5 mL min-

1 and a step gradient mobile phase composition. Mobile phase A was initially held constant at 

98.0% for 1.00 minute, and then decreased to 65.0% at 3.00 minutes, decreased to 0.00% at 5.00 

minutes, then increased to 98.0% at 5.10 minutes. There was a post run of 2.00 minutes, for a 

total run time of 8.00 minutes.  

The mass spectrometer was operated in ESI positive mode and ions were generated using the 

following system parameters: gas temp: 200 ˚C; drying gas: 8 L min-1; nebulizer: 35 psig; sheath 

gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 3500V; nozzle voltage: 300 V; fragmentor: 

120 V; skimmer 65 V; oct 1 rf vpp: 750 V. Spectra were acquired across the range of 50 to 1600 

m/z at 2 GHz. Mass calibration of ion source was performed during each scan by monitoring an 

internal calibration standard at masses 121.05087300 and 922.00979800. Data was analyzed 

using Agilent’s Mass Hunter qualitative analysis software. 

Aspirin, the forth active ingredient of Alka Seltzer, was analyzed in a separate method from the 

other three drugs.  LC separation was performed on an Agilent Zorbax Eclipse Plus C18 Rapid 

Resolution HD 2.1 x 50 mm (1.8 micron packing size column. The samples were injected at a 

volume of 10 µL and the mobile phase consisted of 100% water (A) and 100% acetonitrile (B). 

The mobile phase had a flow rate was 0.5 mL min-1 and followed a step gradient with an initial 

composition of 95.00% A held for 1.00 minute, a decrease to 0.00% at 4.00 minutes, held at 0.00% 
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at 5.00 minutes, and then increased to 98.00% at 5.10 minutes. The post-run time was 2.00 

minutes for column equilibration, to provide a total run time of 7.50 minutes. 

Detection was carried out using electrospray negative ionization mode. The ion source 

parameters were set to the following: gas temp: 200 ˚C; drying gas: 8 L min-1; nebulizer: 35 psig; 

sheath gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 3500V; nozzle voltage: 300 V; 

fragmentor: 120 V; skimmer 65 V; oct 1 rf vpp: 750 V. Spectra were scanned across the range of 

50 to 1600 m/z at 2 GHz. Internal calibration standards at masses 112.98558700 and 

1033.98810900 were infused with each scan. Qualitative analysis was performed using the 

Agilent Mass Hunter software.  

All DBPs were separated and detected using the precursor method.  

Analysis of the samples that demonstrated rapid oxidation were analyzed on a Cary 50 UV/ Visible 

spectrophotometer. Brilliant blue, allura red and phenylephrine absorbances measurements 

were made at the wavelengths listed in the tables 2.1 and 2.2. The corresponding liquid 

chromatography method was used for the detection of the DBPs.  

Analysis was performed in singlicate due to the sample load.  
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Table 2.1. Absorbance Wavelengths of Dyes. 

Dye Wavelength (nm) 

Allura red 508 

Brilliant blue 630 

 

Table 2.2. Absorbance Wavelengths of Drugs. 

Drug Wavelength (nm) 

Phenylephrine 273 

 

2.3 Experimental Conditions 

Kinetics experiments were carried out in buffered DI water and buffered tap water matrices 

under the same conditions. Reaction solutions were prepared by the transfer of 10 mL of each 

test water to a 20 mL scintillation vial and subsequent spiking of intermediate dye solutions to a 

concentration of 3 mg L-1. The specified concentration was selected since dye concentration vary 

dramatically among beverages and can be found as high as hundreds of mg L-1 levels, so the 

selected concentration was a mid-level representative concentration. Additionally, the 

concentration must be sufficient for detection of its disinfection byproducts, which can have an 

abundance of less than 10% of the precursor.  The chlorination and chloramination reactions 

occurred at room temperature and were quenched with sodium bisulfite at seven time points: 

0.1, 1, 5, 15, 30, 240, and 1440 minutes. All samples were reacted at room temperature and 

stored in the dark at 4 ˚C until analysis.  
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All samples were analyzed by LC-QTOF/MS for precursor decay and disinfection byproduct 

formation measurements and the determination of kinetic rates. Additional analysis was 

performed by UV/Vis spectrophotometry on samples that underwent rapid degradation.  The 

kinetic decay rates for brilliant blue and allura red were calculated through measurement of the 

reactant concentration at the ten time points that were collected during the continuous two 

minute UV/ Visible spectrophotometer scan.  The results will provide insight into the interactions 

between dyes with residual chlorine and monochloramine and the potential for the formation of 

disinfection byproducts. 

2.4 Results and Discussion 

Representative dyes/ colorants that were selected for the kinetics study were an azoa dye, a 

triarylmethaneb dye, and imidazolec colorant which contain a substituted benzenea,b or 

imadazolec structure, which are all aromatics. The chlorination potential of aromatic compounds 

is highly dependent on the substituents present and their effects on electrophilic substitution. 

Nitration reactions can occur in the presence of chloramine and have a greater reactivity but 

lesser selectivity than chlorine [Reusch, 2013]. However, free chlorine is known to be a more 

powerful oxidant with a higher disinfecting potential than monochloramine, so it is expected to 

be more reactive. 

As demonstrated in table 2.3, higher kinetics rates were observed for the dyes when exposed to 

chlorinated water at pH 3.5, compared to chloraminated water at the same pH.  These results 

show that the differences in speciation of free chlorine and monochloramine at lower pH levels 
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has influenced the rate of oxidation of the dyes. The predominant species of free chlorine at pH 

3.5 is hypochlorous acid, which has a higher oxidizing potential than hypochlorite. So it is also 

typically a more powerful oxidant than monochloramine, an oxidant that is more effective at 

higher pH levels.   

Allura red contains an azo group bound to a sulfonated benzene ring and a naphthalene group 

with lateral hydroxyl and sulfonyl groups. Cleavage of the azo group results in decolorization. The 

oxidation rate of the dyes was determined to be second order so the apparent rate equations 

and constants were as indicated in table 2.3. The chlorination in DI water was moderate, 

k=0.0103 M-1s-1. The azo bond, sulfonyl and methoxy groups on the benzene rings are electron 

rich and preferentially electron donating and contributes to the chlorination potential. This 

increase in resonance of the benzene ring ultimately increases the reactivity of allura red with 

free chlorine. Despite the moderately fast reaction rate of allura red in free chlorine, a slower 

reaction rate was observed compared to allura red tap water. Acceleration of the reaction of 

allura red in tap water is possibly due to the bromide and iodide species that are present in tap 

water, in which hypobromous acid is formed and is known to be more reactive than hypochlorous 

acid (free chlorine).  

The reaction rate for brilliant blue in chlorinated DI waster is approximately 350 times faster than 

allura red. Brilliant blue is a triarylmethane dye with three sulfonyl groups, a tertiary nitrogen, 

and a trimethylammonium ion. Under acidic conditions, brilliant blue readily chlorinates which is 

attributed to the increased resonance by the lone pair electrons at the tertiary nitrogen. A high 
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reaction potential is expected to be observed through the rapid decolorization of the dye 

solution.  The kinetic rate of brilliant blue in chlorinated DI water was estimated to be 100 times 

greater than the decay rate in monochloraminated tap water. The rapid chlorination of brilliant 

blue is supported by a study performed on its analog, brilliant blue coomassie. As a variation of 

brilliant blue, it contains an additional amine and ether group. The results of the study revealed 

that when reacted with free chlorine, cleavage of the molecular ion produced chlorinated 

byproducts [Nadupalli et al., 2015]. The additional electrons provided by the amine contributed 

to the conjugated pi system that favored electrophilic substitution. Hence, through chlorine 

substitution on the benzene ring a byproduct was formed. Figure 2.1 shows the spectra for the 

degradation of brilliant blue and simultaneous formation of DBPs in chlorinated DI water at the 

various time points. An explanation for the minimal degradation and chlorination of brilliant blue 

by monochloramine is the weaker oxidizing potential of monochloramine, especially at low pH 

levels, which contributes to the slow rate of decay.   
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Figure 2.1. Spectra for Brilliant Blue Kinetics Study. 
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Table 2.3. Kinetics Reaction Rate Constants for Dyes. 

Dye (A) Oxidant (B) Matrix Rate Law Rate Constant (k) Order 

Allura Red Free Chlorine DI 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

0.010 M-1s-1 2nd order 

Free Chlorine Tap 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

0.48 M-1s-1 2nd order 

Brilliant Blue Free Chlorine DI 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

35 M-1s-1 2nd order 

Monochloramine Tap 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

0.21 M-1s-1 2nd order 

 

The chlorine decay curve for phenylephrine provided inconclusive data due to the interference 

from phenylephrine. Phenylephrine has an absorbance maximum at 273 nm, however the 

degradation products of phenylephrine have absorbance maxima at approximately 245 and 295 

nm. So there is overlap with free chlorine that has an absorbance maximum at 292. The phenol 

group on the phenylephrine is extremely reactive to electrophilic substitution. Therefore, the 

reaction between free chlorine and phenylephrine in DI water followed second order reaction 

kinetics with first order decay each for phenylephrine and free chlorine. The chlorination of 

phenylephrine resulted in the formation of many disinfection byproducts, which is illustrated in 

the spectra in Figure 2.2.  Since there are reactions continually taking place, the byproducts can 

increase and decrease in response throughout the reaction time. Tap water rates were not 

determined due the presence of interferences at the absorption maximum of phenylephrine 

during UV/Visible analysis, and LC analysis was not a feasible method due to the rapid decay of 
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phenylephrine that requires real time analysis. The measured reaction rate constant was 0.1825 

s-1 at pH 8.5 with greater than 99% degradation after 15 minutes of reaction. A possible 

explanation for the negligible degradation of phenylephrine by monochloramine is the weaker 

electrophilic character of monochloramine in comparison to free chlorine.   

 

Figure 2.2. Spectra for Phenylephrine Kinetics Study. 

Dextromethorphan had the second greatest reaction kinetics with free chlorine of the alka seltzer 

drugs. Dextromethorphan is usually prepared in a hydrobromide salt, which has the potential to 

form hypobromite under the appropriate conditions and accelerate the chlorination process. In 

the 24 hours of reaction time, chlorine decay was minimal for the initial 43 seconds of contact 

with dextromethorphan, and then experienced a 6% reduction in concentration after 5 minutes 

of contact time.  Chlorination of dextromethorphan followed a second order reaction rate, first 

order for dextromethorphan concentration and chlorine concentration. Similar to phenylephrine 
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chlorination, dextromethorphan experienced a fast decay (k= 5.9045 M-1s-1) rate. The greatest 

degradation occurred prior to 1 minute, and then there were marginal differences between 30 

minutes and 4 hours. After 24 hours of contact with free chlorine, dextromethorphan degraded 

to 22% of the initial concentration. When the dextromethorphan was exposed to 

monochloraminated DI water, degradation of the target analyte was observed after 24 hours at 

a nominal 7% reduction.  

Doxylamine and aspirin, the two remaining drug components of the Alka Seltzer medication, 

experienced a much slower reaction rate when exposed to free chlorine. Doxylamine contains a 

pyridine, benzene, and an aliphatic chain with an ether and amine group that each have electron 

donating capacity. This would contribute to its reactivity with oxidative species. The rate of 

chlorination of doxylamine was slower in tap water and was likely a result of reactions with 

materials present in the water. However, for chloramination, the water type (DI or tap) had no 

influence on the degradation rate of doxylamine. The identical decay rates for doxylamine 

reactions in chloraminated DI water and chloraminated tap water may be explained by the weak 

oxidation potential by monochloramine. So the rate is less sensitive to secondary constituents 

(i.e. natural organic matter) that may be present in tap water, thus results in negligible rate 

changes. The first order rate of doxylamine chlorination in DI water was nearly twice as fast (k= 

0.024 s-1) as in tap water (k= 0.0132 s-1).  Chloramination was approximately 250 times slower 

process than chlorination, with a reduced rate constant of 0.0001 s-1. 
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In the case of aspirin, also referred to as acetylsalicylic acid, it consists of a benzene with 

carboxylic acid and ester functional groups.  It is a monoprotic acid and has a pKa of 3.5. Under 

extremely alkaline conditions, aspirin can completely hydrolyze in as little as 3 minutes to an 

hour. As the pH decreases, hydrolysis slows to a reaction time of greater than 1 hour which is still 

extremely fast [Edwards, 1952]. The rate of decay was controlled by two competing processes, 

oxidation and hydrolysis.  Hydrolysis of aspirin is a 2nd order reaction and is dependent on solution 

pH. The degradation products of the hydrolysis are salicylic acid and acetic acid, and published 

reports indicate a reaction rate of 0.357x10-8 Ms-1 [Khamis et al., 2011]. Approximately 2% 

reduction in aspirin was observed over a 24 hour period in water. So it is expected that over short 

periods of time (less than 1 day), minimal hydrolysis should be observed. However, the results of 

our study are contradictory showing nearly 100% hydrolysis after 24 hours.  Therefore, the kinetic 

study produced inconclusive results for the reaction kinetics of aspirin in free chlorine- and 

monochloramine-treated water.  

All of the reaction rates for the drugs are listed in Table 2.4.  
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Table 2.4. Kinetics Reaction Rate Constants for Drugs. 

Drug (A) Oxidant (B) Matrix Rate Law Rate Constant 

(k) 

Order 

Dextromethorphan Free Chlorine DI 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

1.7 M-1s-1 2nd order 

Monochloramine DI 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

8.0 e-5 M-1s-1 2nd order 

Free Chlorine Tap 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

0.17 M-1s-1 2nd order 

Doxylamine Free Chlorine DI 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

0.02 M-1s-1 2nd order 

Monochloramine DI 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

1.0 x 10-4 M-1s-1 2nd order 

Monochloramine Tap 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴][𝐵] 

1.0 x 10-4 M-1s-1 2nd order 

Phenylephrine Free Chlorine DI 𝑑𝑐

𝑑𝑇
= 𝑘[𝐴] 

27.87 M-1s-1 2nd order 

Aspirin - - - - - 

All coefficients of determination (R2) values are greater than 0.9 

 

The possibility of competition between analytes exists when present together in oxidative 

environments. Simultaneous interactions between dextromethorphan and phenylephrine, both 

exhibiting rapid decay rates in free chlorine, will compete for the consumption of free chlorine 
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and ultimately limit the availability of free chlorine to other constituents.  When 

dextromethorphan, phenylephrine, doxylamine and aspirin were present in a mixture in 

chlorinated water, the reaction kinetics were controlled by the rate of consumption by 

phenylephrine. When Doxylamine is independently present in chlorinated water, it reached 

complete degradation after 24 hours of contact time although it experienced a slow degradation. 

However, when in the four-drug mixture, doxylamine degradation was negligible until the fourth 

hour of contact with chlorinated DI water. Only a total decay of 5% occurred even after the entire 

24 hours of exposure. Dextromethorphan, experienced rapid degradation independently and 

resulted in approximately 85% decay after exposure to chlorinated water for 24 hours. However, 

when present with the other drug components in chlorinated water, only 9% degradation was 

observed. On the other hand, phenylephrine degradation is accelerated when in the mixture and 

showed almost complete degradation upon immediate interaction with chlorine. The presence 

of one or several of the drugs (dextromethorphan, doxylamine, aspirin) seems to catalyze the 

degradation of phenylephrine.  

Dyes are sometimes added as mixtures to beverages to achieve a desired appearance, but an 

associated consequence is the change in behavior due to interactions between the dyes.  

Tartrazine and brilliant blue are commonly combined to create a green color, as in the Mio Energy 

drink. Reaction kinetics are potentially influenced by highly reactive dye species and introduce 

the possibility of the formation of new, more toxic analogs of dye species.  In the four dye/ 

colorant mixture, allura red and brilliant blue were the selected for evaluation of mixture-related 

degradation. Allura red showed a similar decay pattern when reacted independently with 
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chlorinated water or reacted as a mixture. Allura red required 30 minutes to reach near-complete 

decay when present solely in the water. The time increases to 24 hour when present with the 

other dye species. Brilliant blue was completely degraded within 1 minute of exposure to free 

chlorine, when in combination with the other dyes/ colorant. However, brilliant blue experienced 

a much steeper decay rate when individually in chlorinated water as compared to the decay rate 

when present in the mixture. The actual decay rate of allura red and brilliant blue in the mixture 

was not measured due to limitations of the available equipment.   

2.5 Conclusion and Future Direction 

The kinetics study showed that the degradation of dyes and drugs are dependent on the 

properties of each chemical, water and disinfectant. Even though the oxidant was provided at 

high concentrations, most of the chemicals resulted in a 2nd order decay during oxidation due to 

the rapid consumption by the high concentrations of the target molecules. Most the chemicals 

analyzed showed increased rates of decay in chlorinated water as compared to in chloraminated 

water. Also, the bromide and iodide present in tap water is expected to accelerate degradation. 

However, the organic matter that is present in the tap water can consume the available oxidant 

and result in a slower rate of decay for the target chemical. Brilliant blue and phenylephrine were 

the dye and drug with the highest reaction rates, respectively. Brilliant blue and phenylephrine 

both contain aromatic groups that are capable of resonance, thus are reactive to electrophilic 

attack and extremely oxidizable.   
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Quantitative measurements by targeted analysis should be made to better understand the 

behavior of the dyes (and drugs) in mixtures. Measurement of the dye mixtures required real-

time analysis to capture the rapid decay, since delayed analysis was not possible with the lag time 

of the sodium bisulfite quenching agent. Therefore, UV/Vis spectrophotometric analysis was 

ideal, given the time-delayed LCQTOF/MS method would not accurately measure the response 

in short intervals. However, UV/Vis spectrophotometric method was not feasible since there is 

overlap between the absorbance bands of several of the dyes in the mixture. 
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3. Identification of DBPs 

3.1 Objective  

To identify and structurally elucidate dye and drug DBPs formed in fortified residually-

disinfected drinking water.  

The high resolution liquid chromatography time-of-flight mass spectrometry (LC-QToF/MS) is an 

ideal analytical platform for the detection of highly polar, high molecular weight dyes and drugs. 

Its high mass accuracy allows for easy ionization of molecules in complex matrices and maintains 

data integrity.  

Specific Aims: 

Are any disinfection byproducts formed when disinfected water is fortified with dyes/ 

drugs?  

How do the reaction kinetics effect disinfection byproduct formation? 

Can these byproducts be structurally elucidated? 

Are there any connections between the formation of THMs and more complex DBPs. 

3.2 Methods 

Materials and chemical reagents 

 Individual stock standards of tartrazine (Sigma-Aldrich, St. Louis, MO USA), brilliant blue ac 

(Sigma-Aldrich, St. Louis, MO USA), allura red (Sigma-Aldrich, St. Louis, MO USA), 
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dextromethorphan hydrobromide (Sigma-Aldrich), L-phenylephrine (Santa Cruz Biotechnology, 

Dallas, TX, USA), doxylamine (Sigma-Aldrich), and aspirin (Fluka) were prepared in high 

performance liquid chromatography grade methanol (Fisher Scientific, Pittsburg, PA, USA ) 

resulting in 1800 mg L-1 solutions. Intermediate solutions were prepared through dilution of stock 

standards deionized water to a concentration of 180 mg L-1. All standard solutions were stored 

at 4 ˚C. Individual stock solutions of the 4 regulated THMs (200 μg/ mL chloroform (Supelco, 

Bellefonte, PA, USA), 5000 μg/ mL bromoform (Supelco), 200 μg/ mL bromodichloromethane 

(Supelco), 200 μg/ mL dibromochloromethane (Supelco) and one iodinated THM (neat iodoform 

(Supelco)) were prepared in methyl tert-butyl ether (MTBE). A 9 point calibration curve from 100 

ppt to 250 ppb was prepared in MTBE. All stock and calibration standards were stored in a freezer 

at -18 ˚C until usage. A bromide and iodide mixture solution was prepared in deionized water 

from 1000 mg L-1 individual stock solutions (Inorganic Ventures, Christiansburg, VA, USA) to 

concentrations of 50 mg L-1 and 10 mg L-1, respectively. A solution was prepared with deionized 

water to a concentration 10 times the oxidant concentration. Sodium bisulfite (GFS Chemicals, 

Columbus, Ohio, USA) was used as a reducing agent to quench the oxidation reactions. Phosphate 

buffer solutions (pH 3.5 and 7) were prepared with varying amounts of sodium phosphate 

monobasic monohydrate (Acros Organics, Pittsburg, PA, USA), sodium phosphate dibasic 

heptahydrate (Acros Organics, Pittsburg, PA, USA), and phosphoric acid (Sigma-Aldrich) to 

provide a buffer strength of 10 mM. 
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Test Water 

Deionized water and tap water were used for the lab-controlled and ambient experiments. The 

deionized water was collected in baked 1-L amber bottles and buffered to pH 3.5 for dyes and pH 

8.5 for drugs to simulate the typical pH of beverages and alka seltzer medication, respectively.  

The tap water used in this study was obtained from a University of Arizona laboratory source, 

which is a blend of private well and Tucson city water. Water used for lab-controlled studies was 

collected from the laboratory in 4-L amber bottles and left open to the atmosphere for a 

minimum of one week to undergo passive dechlorination prior to usage. Preparations of free 

chlorine and monochloramine were made in-house using deionized water. A stock solution of 

free chlorine was prepared for chlorination in an amber bottle from a 10% sodium hypochlorite 

(NaClO) solution (Ricca, Arlington, TX, USA).   

Free Chlorine and Monochloramine Measurement 

Free chlorine concentration was determined by spectrophotometric measurement using molar 

absorptivity of 292 nm. Monochloramine solutions were prepared daily by adding sodium 

hypochlorite solution to an aqueous solution of ammonium chloride (Fisher Scientific) adjusted 

to pH 8, with a Cl2-to-N ratio of 0.5 M/M.  Monochloramine and dichloramine concentrations 

were measured spectrophotometrically using the corresponding molar absorptivities of 245 nm 

and 295 nm, respectively.  Free chlorine and monochloramine were added to the buffered test 

water to achieve a final dose of 4 mg L-1. The selected dose serves a dual purpose in that it will 

provide an understanding of the effects of the highest dose of residual disinfectants and also 
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support the detection of the low abundance disinfection byproducts. Experiments were 

immediately conducted with the water.  

Untargeted Analysis 

LCQTOF/MS Analysis 

The separation of brilliant blue and allura red was performed on using an Agilent 1290 Infinity 

liquid chromatography system (Agilent Technologies, Palo Alto, CA, USA) equipped with an 

autosampler, binary pump, column compartment and vacuum degasser. For ESI negative mode, 

a 2.1 x 100 mm Agilent Zorbax Extend C18 column with a packing size of 1.8 μm was selected for 

retention of analytes at high pH levels.  The mobile phase system consisted of water with 20mM 

ammonium formate with 0.1% formic acid (A) and 70% methanol and 30% acetonitrile (B) at a 

flow rate of 0.5 mL min-1. The chromatographic method was optimized with a gradient mobile 

phase composition, 98% A initially held constant for 1 minute, decreased to to 0% at 4 minutes, 

then held to a constant 0% at 5.00 minutes, and increased to 98% at 5.10 minutes.  There was a 

2 minute post run for column equilibration, resulting in a total run time of 7.10 minutes. Column 

temperature was maintained at 25 ˚C. A sample volume of 20 µL was injected. The HPLC was 

coupled to an Agilent 6540 accurate-mass quadrupole time-of-flight mass spectrometer 

operated in negative ion mode with the following operation parameters: gas temp: 200 ̊ C; drying 

gas: 8 L min-1; nebulizer: 35 psig; sheath gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 

3500V; nozzle voltage: 100 V; fragmentor: 200 V; skimmer 50 V; oct 1 rf vpp: 750 V. Spectra were 

acquired across the range of 100 to 1600 m/z at 2 GHz. Data was processed using the MassHunter 
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software. Accurate mass extracted ion chromatograms were obtained with the use of an 

integrated automated calibrant delivery system that introduces a calibrating solution with 

reference masses 119.036 and 966.007.  

The analysis of dextromethorphan, phenylephrine, and doxylamine was performed using a single 

LC-QTOF/MS. Separation was performed on an Agilent Poroshell 120 EC-C18 column (4.6 x 100 

mm) with 2.7 micron packing size. Two reference masses (121.05090000 and 922.00980000) 

were constantly infused into the ion source for mass calibration of each scan.  

The mobile phases consisted of 0.1% formic acid in water (A) and 50% methanol & 50% 

acetonitrile (B). The method was optimized for a 20 mL injection volume, flow rate of 0.5 mL min-

1 and a step gradient mobile phase composition. Mobile phase A was initially held constant at 

98.0% for 1.00 minute, and then decreased to 65.0% at 3.00 minutes, decreased to 0.00% at 5.00 

minutes, then increased to 98.0% at 5.10 minutes. There was a post run of 2.00 minutes, for a 

total run time of 8.00 minutes.  

The mass spectrometer was operated in ESI positive mode and ions were generated using the 

following system parameters: gas temp: 200 ˚C; drying gas: 8 L min-1; nebulizer: 35 psig; sheath 

gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 3500V; nozzle voltage: 300 V; fragmentor: 

120 V; skimmer 65 V; oct 1 rf vpp: 750 V. Spectra were acquired across the range of 50 to 1600 

m/z at 2 GHz. Mass calibration of ion source was performed during each scan by monitoring an 

internal calibration standard at masses 121.05087300 and 922.00979800. Data was analyzed 

using Agilent’s Mass Hunter qualitative analysis software. 
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Aspirin was analyzed in a separate method from the other three drugs. The separation was 

performed on an Agilent Zorbax Eclipse Plus C18 Rapid Resolution HD 2.1 x 50 mm (1.8 micron 

packing size column. The samples were injected at a volume of 10 µL and the mobile phase 

consisted of 100% water (A) and 100% acetonitrile (B). The mobile phase had a flow rate was 0.5 

mL min-1 and followed a step gradient with an initial composition of 95.00% A held for 1.00 

minute, a decrease to 0.00% at 4.00 minutes, held at 0.00% at 5.00 minutes, and then increased 

to 98.00% at 5.10 minutes. The post-run time was 2.00 minutes for column equilibration, to 

provide a total run time of 7.50 minutes. 

Detection was carried out using electrospray negative ionization mode. The ion source 

parameters were set to the following: gas temp: 200 ˚C; drying gas: 8 L min-1; nebulizer: 35 psig; 

sheath gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 3500V; nozzle voltage: 300 V; 

fragmentor: 120 V; skimmer 65 V; oct 1 rf vpp: 750 V. Spectra were scanned across the range of 

50 to 1600 m/z at 2 GHz. Internal calibration standards at masses 112.98558700 and 

1033.98810900 were infused with each scan. Qualitative analysis was performed using the 

Agilent Mass Hunter software.  

All disinfection byproducts were separated and detected with the associated method applied for 

its precursor.  

Trihalomethane Analysis 

Trihalomethane measurements were made using an Agilent 6890N gas chromatography system 

interfaced with an electron capture detection system and equipped with an automated sampling 
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system. Separations were carried out with helium carrier gas at a flow rate of 4 mL min-1 through 

a 30 m x 0.25 mm ID x 32 μm OD HP-5 column. A 45 minute method was developed and optimized 

to achieve optimal separation and low detection limits for analytes in complex matrices. Sample 

volume of 2 µL was injected into the inlet heated at 250 ˚C and operated in splitless mode. The 

oven program was as follows: initial rate of 35 ˚C held for 22 minutes, then increased 10 ˚C min-

1 to 120 ˚C and held for 0 minutes and then ramped 20 ˚C min-1 to 300 ˚C and held for 5 minutes. 

Data acquisition and reduction was achieved using Agilent Chemstation. 

3.3 Experimental 

Unknown Analysis 

The DBP formation of dyes and drugs was evaluated from the samples used in the kinetics study 

that is detailed in Chapter 2. The brilliant blue and allura red dyes and dextromethorphan, 

phenylephrine, and doxylamine drugs were selected for analysis. The experiment was performed 

in buffered DI and tap water chlorinated and chloraminated to a concentration of 4 mg L-1 in 

solution. Reaction solutions were prepared through the addition of the intermediate solution of 

dye or drug to a concentration of 3 mg L-1 in a 10 mL solution of the test water. Preparation 

occurred in a 20 mL scintillation vial.  The dye concentration was selected to reflect a realistic dye 

concentration found in beverages. The active drug concentration in Alka Seltzer varies so some 

of the drugs the selected concentration is mid-level. All samples were prepared in triplicate and 

stored in the dark at 4 ˚C until analysis. The study will investigate the presence of unknown DBPs 

using the LC-QTOF/MS. 
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The four drugs are all present in Alka Seltzer so the mixture effects on drug decay was 

investigated. In one 20 mL scintillation vial, phenylephrine, dextromethorphan, doxylamine and 

aspirin were each added to chlorinated DI water at 3 mg L-1 to make a 10 mL solution. The 

analytes reacted for 24 hours and then quenched with sodium bisulfite at 10X the concentration 

of the analytes. The samples were stored with the individual samples until analysis.   

Trihalomethane Analysis 

Two dyes (brilliant blue and tartrazine) and two drugs (dextromethorphan and phenylephrine) 

with known high chlorine reactivity were selected for trihalomethane analysis due to their higher 

chlorination potential compared to the other analytes of interest.  The study was performed with 

the purpose to demonstrate the formation of THMs when analytes are exposed to residually 

treated tap water. The study should also provide insight into the connection between the 

formation of trihalomethanes and unknown DBPs. Our controlled experiment evaluated the 

effects of two treatment processes, chlorination and chloramination. The second objective of the 

study was to access the influence of bromide- and iodide- presence in water.   

The free chlorine and monochloramine were dosed in DI water at 4 ppm, the EPA-mandated 

maximum allowable residual concentration, to ensure adequate reaction with the analyte. A 

bromide concentration of 0.5 ppm and iodide concentration of 0.1 ppm were added to the DI 

water to form bromide- and iodide- rich water prior to treatment. The dyes and drugs were added 

to 10 mL of water to a concentration of 3 ppm. After a 24 hour reaction time at room 

temperature, all samples were quenched with sodium bisulfite. Two surrogates, bromo-chloro-
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iodobenzene and bromofluorobenzene, were added to all samples at a final concentration (after 

the concentration step) of 320 ppb each.  All samples were refrigerated at 4 ˚C in dark storage 

until extraction. The samples were extracted by liquid-liquid extraction using MTBE. A volume of 

5 mL of MTBE was added to each sample then vortexed for 15 seconds and allowed a 30 minute 

contact time before being vortexed a second time for 5 seconds. Following phase separation, the 

organic phase was removed and dried through sodium sulfate and then the sodium sulfate was 

flushed with 2 mL of MTBE and concentrated to 350 µL under a gentle stream of nitrogen. 

Samples were stored at -18 ˚C until analysis. Targeted THM analysis was performed on the GC-

ED within the EPA’s recommended maximum sample hold time.  

3.4 Results and Discussion 

Unknown Analysis 

Brilliant blue was ionized in negative mode and the structure of the molecular ion had sodium 

ions replaced with hydrogen ions, as determined by Feng et al. (2011) in their characterization of 

dye molecules. The disinfection byproducts were elucidated using the same sodium replacement. 

Brilliant blue chlorination and chloramination produced a mixture of monochlorinated, 

dichlorinated, and trichlorinated disinfection byproducts.  They were each present as 

unfragmented precursor molecules with single, double or triple chlorine atom substitution.  The 

molecular ions of monochlorinated, dichlorinated, and trichlorinated brilliant blue were of the 

form [M-H]-  with m/z values of 781.1115, 815.0725, and 849.0335, respectively. The proposed 

chemical formulas of each are C37H35ClN2O9S3 (monosubstituted), C37H34Cl2N2O9S3 
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(disubstituted), and C37H33Cl3N2O9S3 (trisubstituted). The findings of the DBP study are listed in 

Table 3.1. Similar DBPs (as shown in Figures 3.1 and 3.3) were formed during the chlorination of 

brilliant blue in DI and tap water. The tap water sample produced a trichlorinated DBP, which 

wasn’t found in the DI sample. This is possibly associated with the NOM found in the tap water. 

The same behavior was exhibited in the chloraminated water, the tap water produced an 

additional trichlorinated DBP that wasn’t found in the DI water. Of course the samples off Brilliant 

blue in the chlorinated water produced more byproducts than the target chemicals in 

chloraminated water. A few unidentified byproducts without proposed structures were detected 

during analysis. The corresponding m/z values are 156.9985, 184.993, and 256.9109 and neither 

of them show the presence of the characteristic chlorine isotopic pattern. The unidentified 

byproducts were formed from fragments of brilliant blue. All of the byproducts are listed in Table 

3.1.  

It is possible that the DBPs formed from the fragmentation of brilliant blue follow the reaction 

scheme proposed for the chlorination of structurally similar Coomassie Brilliant Blue. [Nadupalli 

et al., 2015]  The lone electrons on the tertiary nitrogen will transfer to the para position of the 

cyclohexadiene, resulting in hydroxyl addition and subsequent cyclopropane ring formation at 

the alkene. The cation on the cyclopropane will be attacked by a hydroxyl molecule which 

transfers the electrons to the diammonium salt. This reaction induces simultaneous ring opening 

of the cyclopropane and formation of a carbonyl, followed by subsequent ring cleavage at that 

bond. Further reaction with the hypochlorous acid results in cationic diammonium salt formation 

at the amine by hydroxylation, and benzenesulfonate cleavage. The intermediate molecule will 
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undergo further reaction with hypochlorous acid with attack by the lone electrons in the tertiary 

nitrogen to result in hydroxyl addition on the nitrogen. This will lead to carbonyl formation and 

chlorine addition at the pi bond on the ring. Although not proposed by Nadupalli (2015), 

chlorination of brilliant blue may be plausible at earlier stages of the reaction scheme where 

electron transfer occurs. 

 

 

Figure 3.1 Kinetic Decay of Brilliant Blue and DBP Formation in Chlorinated DI Water 
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Figure 3.2 Kinetic of Brilliant Blue and DBP Formation in Chloraminated DI Water 
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Figure 3.3 Kinetic Decay of Brilliant Blue and DBP Formation in Chlorinated Tap Water. 
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Figure 3.4 Kinetic decay of Brilliant Blue and DBP formation in Chloraminated Tap water 
 

Allura red demonstrated rapid chlorination under acid condition but to a lesser degree than 

brilliant blue. The azo chromophore N=N is the color component of the molecule so destruction 

of the bond results in decolorization.  Cleavage at the azo bond would result in two structures, a 

diazo product C8H8SO4N2
+ and a sulfonated 2-Naphthol C10H6SO4. During chlorination, the 

chlorine may attack the cation on the diazo product with the concomitant loss of the azo group. 

Chlorine addition should also occur at sites that were electron rich, even prior to cleavage of the 

azo bond.  

Allura red strongly ionized in negative mode and the sodium ions were replaced with hydrogen 

ions of the molecular ion during the ionization process. The molecular ions were of the form [M-
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H]-. The interactions of allura red samples with chlorinated DI water, chlorinated tap water and 

chloraminated tap water all resulted in cleavage of azo bond from the molecule. This also caused 

decolorization of the species and simultaneous formation of the chlorinated byproduct.  The 

nitrogen atoms on the azo bond were eliminated from the major byproduct fragment during 

oxidation. The resulting byproduct yielded a molecular ion of 256.9677, in which C10H7ClO4S was 

determined as a feasible molecular formula. In comparison to a different oxidative treatment of 

allura red, a photoelectron-Fenton process that utilizes a boron-doped diamond anodic reactor 

under sodium chloride conditions degraded allura red and produced three primary chlorinated 

byproducts, 4-chlorocatechol (m/z 144), 2,5-dichloro-1-methoxy-4-methylbenzene (m/z 190), 

and 34-dichlorobenzoic acid (m/z 190). Almost complete mineralization of allura red was 

attributed to a high hydroxyl radical during the electrochemical oxidative treatment [Thiam et 

al., 2015]. This discovery reveals that chlorination of allura red and other dyes becomes an 

increased concern in drinking water when reducing agents (i.e. ascorbic acid) are present in 

beverages and react with metal ions such copper ions leached from pipes [Asplund et al., 2002]. 
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Table 3.1. List of Dye Disinfection Byproducts. 

Dye DI Tap 

 Free Chlorine 

(m/z) 

Monochloramine 

(m/z) 

Free Chlorine 

(m/z) 

Monochloramine 

(m/z) 

Allura Red 256.9677 

270.9618 

270.9618 256.9677 

270.9618 

256.9677 

270.9618 

Brilliant Blue 156.9985 

184.993 

256.9109 

520.9123 

781.1115 

815.0725 

156.9985 

184.993 

781.1115 

156.9985 

184.993 

256.9109 

520.9123 

781.1115 

815.0725 

849.0335 

156.9985 

184.993 

781.1115 

839.0224 

 

Phenylephrine is a phenylalkylamine with a phenol moiety on the benzene ring and a hydroxyl 

and amine groups on the aliphatic chain. All of the groups are electron donating, with the group 

on the ring contributing to the electron richness, increasing its reactivity. Phenylephrine is highly 

reactivity in free chlorine and shows reactivity in monochloramine, forming several disinfection 

byproducts. In a study by O’Connell et al. (2006), phenylalkylamines form chloramines as 

intermediates during chlorination. Our UV/ Vis absorbance data shown in Figure3.5 revealed the 

formation of two byproducts during the chlorination of phenylephrine, at the absorbance 

maxima of 245 and 295, corresponding to the maxima of monochloramine and dichloramine.  
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Figure 3.5. Absorption of Phenylephrine Decay and DBP Formation in Chlorinated DI Water. 
 

Thee high reactivity of phenylephrine with free chlorine in DI water has resulted in the formation 

of many halogenated DBPs. Mono-, di-, and tri-chlorinated DBPs were found in the phenylephrine 

samples. The trinochloramine DBP (m/z 269.985) increased in abundance with increased time 

and was most abundant of all of the DBPs after 30 minutes.  The other DBPs appeared to peak 

after 1-5 minutes of exposure. These DBPs included the monochlorinated (m/z 202.029) 

dichlorinated (m/z 236.0239) DBPs. Phenylephrine in monochloramine-treated DI water 

produced similar DBPs as in the chlorinated water, mono-, d-, and tri-substituted compounds. 

However, many of the DBPs were generated at very low abundance (less than 10% of the highest 

abundant DBP). Two of the DBPs became most abundant after 15 minutes, both 

monochlorinated DBPs. The behavior of phenylephrine in DI and tap water was very comparable. 

The trichlorinated DBP increased in abundance, but showed a steep increase between 4 hours 
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and 24 hours. Also, the other DBPs experienced a maximum around 1 and 5 minutes, with the 

trichlorinated DBP exhibiting the highest response. The chlorinated tap water formed a DBP (m/z 

582.9129) in relatively high abundance, in addition to the mono-, di-, and trichlorinated DBPs 

that were formed in the DI water. The behavior of phenylephrine in chloramine-treated tap water 

was very similar to the chloramine-treated tap water, but producing fewer DBPs. The two 

monochlorinated DBPs continually increased after 30 minutes becoming the most dominant 

DBPs. The 582.9129 DBP that formed in the chlorinated tap water, also formed in the chloramine-

treated tap water. The proposed formulas for the halogenated DBPs are C9H12ClNO2, 

C9H11Cl2NO2, C9H10Cl3NO2. Phenylephrine was completely degraded after 15 minutes in the 

chlorinated DI and tap water. The monochloramine-treated water never completely degraded 

phenylephrine. It was also observed that phenylephrine was relatively unstable in both the DI 

and tap water matrices. The abundance of the precursor molecule remained steady for 4 hours 

and then experienced a dramatic increase in abundance at 24 hours.  

Dextromethorphan has a phenanthrene core structure with a strongly electron-substitution 

activating methoxy group and weakly electron substitution-activating methylated epinoethano 

bridge. At a pH of 8.5 the methoxy moiety is deprotonated and the methylated epinoethano 

group protonated so electron donation is moderately favorable. Furthermore, under basic 

conditions hypochlorous acid is less effective. This contributed to the slower rate of chlorination 

and negligible reaction of chloramine as compared to phenylephrine. Dextromethorphan 

undergoes positive ionization and the molecular ions of the DBPs are of the form [M+H]+. The 

chlorinated DBPs of dextromethorphan have m/z values of 271.1803 and 340.1229. The 
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proposed structure for the 340 byproduct is C18H23Cl2NO, a disubstituted molecule with the 

characteristic chlorine cluster and isotopic ratio. The other chlorinated byproduct (271) is 

produced by the cleavage of the bicyclic precursor molecule at the bridge carbons and addition 

of the chlorine. A reasonable composition is C16H27ClO. Reports indicate that rapid reaction of 

chlorine with nitrogenous compounds occurs at a rate dependent on the N: HOCl ratio [Heeb et 

al., 2014]. When the ratio is less than 1:1, formation of dihalogenated compounds is favored and 

at ratios equal to or greater than 1:1, monohalogenated compounds are formed through 

continuous reaction. The disubstituted byproduct was formed in chlorinated DI water and the 

monosubstituted DBP was formed in the chloraminated DI water. The results of the chlorination 

experiment are supported by the results of Heeb (2014). A possible explanation for the 

monochlorinated DBP formed from exposure to chloramine-treated water is less substitution due 

to the weaker oxidation potential.  Figures 3.6 to 3.9 show the degradation of dextromethorphan 

and the changes in DBPs formed throughout the 24 hour exposure time.  
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Figure 3.6. Kinetic Decay of Dextromethorphan and DBP Formation in Chlorinated DI Water. 
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Figure 3.7. Kinetic Decay of Dextromethorphan and DBP Formation in Chloraminated DI Water 
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Figure 3.8. Kinetic Decay of Dextromethorphan and DBP Formation in Chlorinated Tap Water. 
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Figure 3.9. Kinetic Decay of Dextromethorphan and DBP Formation in Chloraminated Tap water. 
 

Doxylamine consists of a phenyl group, pyridine group and an ether and amine moiety on an 

aliphatic chain. The nitrogen on pyridine of doxylamine is electron withdrawing and does not 

participate in the pi electron system, therefore it reduces its reactivity for electrophilic 

substitution. At a pH of 8.5, the molecule is partially deprotonated and protonated, given its pKa 

of 8.87. So electron donation is possible and contributes to the chlorination potential. In a 

previous study of doxylamine oxidation by UV/chloramine processes, the electron substitution 

occurred at the phenyl ring which, is more reactive than the pyridine ring [Farre et al., 2012]. So 

the partial protonation at the amine as well as the formation of a cation on the pyridine ring can 

lead to a reduction in reactivity with free chlorine. However, reaction can be forced with excess 
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oxidant and long contact times. The chlorinated DBP generated after doxylamine exposure to 

treated water were consisted of one unfragmented monosubstituted precursor molecule. The 

proposed molecular ion and chemical formula is 305.1415 and C17H21ClN2O. Oxidation of 

doxylamine by both free chlorine and monochloramine resulted in fragmentation of the 

precursor molecule without chlorine substitution. The molecular ions of the two fragmented 

doxylamine molecules, m/z 182.0977 and 257.152, were present with significant peak responses.  

The molecular ion corresponds to [M+H]+ so the m/z at 257.1652 corresponded to the loss of 

water [M+H-H2O]+.  Suspected cleavage of the doxylamine at the ether group produced the 

fragmented molecular ion 182.0977, with a proposed composition of C13H11N.  Doxylamine was 

found to form a greater number of DBPs in monochloramine than in free chlorine. As 

demonstrated by Mitch et al. (2002, 2012), the amine containing compound may produce amine-

based DBPs during chloramination not otherwise produced through chlorination.  

The polar functional groups on aspirin make it very susceptible to hydrogen bonding and 

therefore undergoes rapid hydrolysis. Under basic conditions, aspirin is typically more soluble. 

This poses a challenge for the analysis of aspirin in water, due to its tendency to rapidly hydrolyze 

to salicylic acid and acetic acid. Due to rapid hydrolysis that was experienced with aspirin, no 

chlorination occurred and it was absent of DBP formation after exposure to free chlorine and 

monochloramine. Another explanation for reduced susceptibility of the Aspirin molecule to 

chlorination is the deprotonation of carboxylic acid functional group of aspirin at pH 8.5. 

Additionally, the carboxylic acid and ester groups are both weakly to moderately deactivating, so 

chlorination reactions are less favorable under ambient conditions.   
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The DBPs produced during reactions between the drugs and oxidants are listed in Table 3.2. 

Proposed structures for the chlorine substituted precursor molecules are illustrated in Appendix 

I.  

The behavior of the drugs in a mixture was different than when present individually. Doxylamine 

usually degrades completely and dextromethorphan usually degrades almost completely when 

present individually in chlorinated water. However, dextromethorphan and doxylamine 

experienced minimal decay (less than 10%) in then chlorinated water when present in a mixture. 

Phenylephrine usually completely degrades within 15 minutes of exposure when individually in 

chlorinated water. When in the mixture, it degrades within 1 to 5 minutes. This acceleration of 

phenylephrine decay is possibly due to one of the other drugs behaving as a catalyst. The minimal 

decay of the other drugs may be attributed to the rapid consumption of chlorine by 

phenylephrine.  The forth drug, Aspirin, was not measured due to challenges with rapid 

hydrolysis. However, there was minimal degradation on an individual basis so it can be assumed 

that the degradation was negligible in a mixture. The decay curves for the four drugs that were 

independently exposed to treated water can be found in Figure 3.10. The relative decay rates can 

be compared to those experienced when the four drugs were exposed to treated water as a drug 

mixture, as shown in Figure 3.11.  
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Figure 3.10. Decay Curves of Four Alka Seltzer Drugs Independently Exposed to Chlorinated DI Water 
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Figure 3.11. Decay Curves of Three Out Of Four Alka Seltzer Drugs 

Exposed As a Mixture to Chlorinated DI Water 

 

The study also revealed the need for high resolution mass spectrometry for identification of the 

precursors and DBPs of the Alka Seltzer drug components. The dextromethorphan precursor and 

doxylamine disinfection byproduct both produced the same molecular ion of m/z 271 at nearby 

retention times. Therefore, high resolution spectral determination is needed to accurately 

identify the molecule of interest. When these capabilities are not available analyte separation 

can be achieved by other solutions such as separation by orthogonal techniques or increased 

chromatographic run time.  
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Table 3.2 List of Drug Disinfection Byproducts. 

Drug DI Tap 

 Free Chlorine 

(m/z) 

Monochloramine 

(m/z) 

Free Chlorine 

(m/z) 

Monochloramine 

(m/z) 

Dextromethorphan 340.1229 - 340.1229 - 

Phenylephrine 202.0629 

236.0239 

269.985 

202.0629 

236.0239 

269.985 

202.0629 

236.0239 

269.985 

582.9129 

202.0629 

582.9129 

Doxylamine 182.0977 

257.1652 

305.1415 

182.0977 

257.1652 

286.192 

305.1415 

182.0977 

257.1652 

 

182.0977 

257.1652 

286.192 

Aspirin - - N/A N/A 

 

THM Analysis 

The measured THM concentrations found in the dye and drug samples were calculated from the 

calibration curve. The curves were fit using a linear regression. All of the r2 values were greater 

than 0.9900. The curves are shown in Figure 3.12.  
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Figure 3.12. Calibration Curve for THMs. 

 

All four regulated THMs and one iodinated THM were detected in the samples of tartrazine at 

concentrations ranging from 3 to 21.8 ppb when present in bromide and iodide rich chlorinated 

water. Bromodichloramethane was present in the highest abundance. Compared to chlorinated 

water, bromodichloromethane (1.6 ppb) and bromoform (0.4 ppb) were present at lower levels 

when tartrazine was exposed to bromide and iodide rich chloramine treated water. Although the 

concentrations were lower in monochloramine, the formation of THMs may be a result of 

chloramine decomposition to free chlorine at low pH levels. This is a plausible explanation 

considering that free chlorine is much more reactive with bromide and iodide than 

monochloramine [Jones et al., 2012]. 
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  There were no THMs detected in the treated water that was bromide and iodide free.  The 

results of the study supports the concept that bromide-rich water induces a shift in speciation 

toward more brominated THMs since HOBr is a more powerful oxidant than HOCl.  

Phenylelphrine and dextromethorphan both generated brominated and/ or iodinated DBPs in 

bromide and iodide free chlorinated and chloraminated water.  This is likely due to the presence 

of bromides and/or iodides in the drugs which is verified in the bromide/ iodide analysis in 

Chapter 4. Dextromethorphan is synthesized in a hydrobromide salt and the phenylephrine 

appears to have impurities. Dextromethorphan favored the formation of bromoform and 

dibromomethane while phenylephrine favored the formation of chloroform.  Also, the 

concentrations of THMs found in chlorinated water are greater than chloraminated water, which 

is expected since free chlorine tends to form more THMs. The two drugs formed higher 

concentrations of iodoform in the bromide and iodide rich water as compared to the bromide 

and iodide free water. Monochloramine tend to form iodinated DBPs however, Iodoform was not 

observed in the sample of phenylephrine in bromide/ iodide rich chloraminated water.  

Interactions between phenylephrine and bromide and iodide rich chlorinated water yielded all 

five tested THMs at ppb levels. The most abundant THM was the bromodichloromethane, which 

indicates significant reactivity of phenylephrine when bromide is present in the treated water.  

The bromide- and iodide-rich water is equally, if not more reactive, with the phenylephrine than 

the water absent of bromide- and iodide species. As a result, this behavior consequently limits 

the chloroform formation that otherwise occurred in the bromide- and iodide-free water. Since 
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chloroform was the only byproduct that formed, at a relatively high (200ppb) yield, when 

phenylephrine was exposed to bromide- and iodide- free water.  

Our study shows a possible link between the THMs formed from interactions between tartrazine 

and chlorinated DI water. The data reveals that the presence of bromoform when tartrazine is 

exposed to bromide- and iodide-rich chlorinated water may be a potential contributor to the 

bromoform formed in the Mio Energy drink. Brilliant blue produces the green color in Mio Energy 

when in combination with tartrazine and is a potential source of THMs in the drink. However, our 

study showed the absence of bromoform formation by brilliant blue exposure to treated water, 

thus eliminated as a likely contributor in Mio Energy.  

Table 3.3 shows the THMs found in the dye and drug samples prepared in chlorinated and 

chloraminated water. It shows a comparison between the bromide and iodide rich and free 

water. 

It should be noted that blanks were analyzed for contamination from sample preparation or 

instrument carryover. There were trace levels of chloroform in all of the samples which is possibly 

due to degradation of surrogate standards or less likely, interference from analytes with similar 

retention time. The GC-ECD is ideal for THM analysis due to its low limit of detection, however a 

limitation of the technique is the difficulty to resolve analytes of interest in a complex matrices. 
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Table 3.3 THMs Detected in Dye and Drug Samples. 
THMs (ppb) 

 Free Chlorine Monochloramine 

Bromide and Iodide Free 

 CHCl3 CHBr3 CHBrCl2 CHBr2Cl CHI3 CHCl3 CHBr3 CHBrCl2 CHBr2Cl CHI3 

A 1.3     2.4     

B 2.5     1.0     

C 20 0.69 0 0 0 2.5 0.82 0.01 0 0 

D 2.6 14 14 1.4 0.13 0 - - - - 

Bromide and Iodide Rich 

 CHCl3 CHBr3 CHBrCl2 CHBr2Cl CHI3 CHCl3 CHBr3 CHBrCl2 CHBr2Cl CHI3 

A 7.0 3.1 22 11 11 2.3 0.43 1.7 0.16 0.04 

B 2.7 0 0.19 0.15 0.44 2.0 0.35 1.27 0.14 0.05 

C 3.1 5 17 15 5.0 1.9 ND 0.26 ND ND 

D 2.6 14 14 1.4 0.13 - - - - - 

A-Tartrazine, B-Brilliant Blue, C-Phenylephrine, D-Dextromethorphan  
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3.5 Conclusion and Future Direction 

Disinfection byproducts were produced by the exposure of all of the dyes and drugs to 

chlorinated and chloraminated water, with the exception of dextromethorphan in chloraminated 

water and aspirin that didn’t produce any byproducts. The structure of the chemicals was a large 

factor in its propensity to be oxidized. The brilliant blue dye and phenylephrine drug showed the 

greatest capacity to be oxidized and both were highly susceptible to electrophilic substitution.  

Doxylamine in chloraminated water showed that the presence of amine substituents on the 

molecule may favor the formation of amine-based DBPs in monochloraminated water.  The 

chemicals that formed DBPs, produced them in both DI and tap water. It was observed that the 

type of water that formed the greatest number of DBPs varied depending on the chemical.  

Interactions between the dyes/ drugs and chlorinated water produced the highest 

concentrations of THMs. Tartrazine and phenylephrine were the respective dye and drug to 

produce the highest concentration of THMs. This is as expected given their high reactivity with 

oxidant as shown in chapter 2 of this dissertation. It should be noted that chapter 2 does not 

report tartrazine reactivity data, but it is expected to be highly reactive based on its structure.   

Another observation that was made in this study is that chloraminated water produced lower 

levels of THMs, which was likely due the decomposition to free chlorine at lower pH levels. 

Compared to drugs, the higher levels of THMs produced by exposure of dyes to chloraminated 

water supports the rationale that the monochloramine may have decomposed at the lower pH.  

Although there is possibly a relationship between the complex DBPs detected and THMs, it is 

impossible to suggest a correlation due to the limited time points available with the THM data.  
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Further Research 

Additional research should be performed to determine the connection between the formation 

of untargeted DBPs and THMs. Additional time points would provide more information about the 

behavior of the THMs over time. Also, standards should be analyzed to identify and confirm the 

unknown DBPs.  
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4. Water Quality Effects 

4.1 Objective  

To evaluate the effects of drinking water quality characteristics and treatment conditions on 

DBP formation.  

This chapter will assess the influence of drinking water conditions on the interactions with target 

molecules and the potential for DBP formation. Water pH (3.5, 7, 8.5), disinfectant type (free 

chlorine, monochloramine, bromamine) and dose (0.6 ppm, 4 ppm) each alter behavior of dyes/ 

drugs in drinking water. The dyes (and drugs) will be exposed to similar drinking water conditions 

that the beverages or medication would be subjected. So the pH will be adjusted to a pH of 3.5, 

7, and 8.5 which are representative of soft drinks, tap water, and Alka Seltzer medication, 

respectively. Three disinfectants with varying oxidation potentials will be compared to determine 

the extent and types of disinfection byproducts formed by each. Bromamine was selected for the 

disinfectant panel since its formation is possible in highly brominated effluent that encounters a 

two-stage chloramination, with initial chlorine dosing followed by ammonia addition.  The 

required dose depends on the chlorine demand of the effluent and desired residual 

concentration, but for this study the dosing was selected based on two criteria (i) to reflect the 

approximate residual concentration of tap water and (ii) to ensure sufficient disinfectant to react 

with the target molecules.  
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Aims: 

How does water pH, disinfectant type, bromide and iodide content, and disinfectant 

concentration each alter the potential for DBP formation? 

4.2 Methodology 

Materials and Chemical Reagents 

Individual stock standards of tartrazine (Sigma-Aldrich, St. Louis, MO USA), brilliant blue ac 

(Sigma-Aldrich, St. Louis, MO USA), allura red (Sigma-Aldrich, St. Louis, MO USA), and 4-

methylimidazole (Sigma-Aldrich, St. Louis, MO USA), dextromethorphan hydrobromide (Sigma-

Aldrich), L-phenylephrine (Santa Cruz Biotechnology, Dallas, TX, USA), and doxylamine succinate 

(Sigma-Aldrich)  were prepared in high performance liquid chromatography grade methanol 

(Fisher Scientific, Pittsburg, PA, USA ) resulting in 1800 mg L-1 solutions. Intermediate solutions 

were prepared through dilution of stock standards deionized water to a concentration of 180 mg 

L-1. All standard solutions were stored at 4 ˚C. Sodium bisulfite (GFS Chemicals, Columbus, Ohio, 

USA) was used as a reducing agent to quench the oxidation reactions. Bromide and iodide 

mixture solution was prepared in deionized water from 1000 mg L-1 individual stock solutions 

(Inorganic Ventures, Christiansburg, VA, USA) to a concentrations of 50 mg L-1 and 10 mg L-1, 

respectively. A solution was prepared with deionized water to a concentration 10 times the 

oxidant concentration.  Phosphate buffer solutions (pH 3.5, 7 and 8.5) were prepared with 

varying amounts of sodium phosphate monobasic monohydrate (Acros Organics, Pittsburg, PA, 
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USA), sodium phosphate dibasic heptahydrate (Acros Organics, Pittsburg, PA, USA), and 

phosphoric acid (Sigma-Aldrich) to provide a buffer strength of 10 mM. 

Test water 

Deionized and tap water wer used for the lab-controlled experiments. The water was collected 

in baked 1-L amber bottles and buffered to simulate the typical pH of tap water (pH 7), beverages 

(pH 3.5), and Alka Seltzer over-the-counter medication (pH 8.5).  The tap water used in this study 

was obtained from a University of Arizona laboratory source. The water is a blend of private well 

and Tucson city water. Water used for lab-controlled studies was collected from the laboratory 

in 4-L amber bottles and left open to the atmosphere for a minimum of one week to undergo 

passive dechlorination and dechloramination prior to analysis.  

Lab-controlled free chlorine, monochloramine, and bromamine treatment 

Preparations of free chlorine and monochloramine were made in-house using deionized water. 

A stock solution of free chlorine was prepared for chlorination in an amber bottle from a 10% 

sodium hypochlorite (NaClO) solution (Ricca Chemical Company, Arlington, TX, USA).  Free 

chlorine concentration was measured by spectrophotometric measurement using molar 

absorptivity of 292 nm. Monochloramine solutions were prepared daily by adding sodium 

hypochlorite solution to aqueous solution of ammonium chloride (Fisher Scientific) adjusted to 

pH 8, with a Cl2-to-N ratio of 0.5 M/M.  Monochloramine and dichloramine concentrations were 

measured spectrophotometrically using the corresponding molar absorptivities of 245 nm and 

295 nm, respectively.  Free chlorine and monochloramine were added to the buffered test water 
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to achieve a final dose of 4 mg L-1 and 0.6 mg L-1. The typical residual concentration found in most 

water systems is around 0.6 mg L-1. The 4 mg L-1 concentration exceeds most and serves for the 

purpose of detection of the low abundance disinfection byproducts. Experiments were 

immediately conducted with the water.  

Bromamine was prepared according to a published protocol by the Southern Nevada Water 

Authority in Las Vegas (2011) [Benotti et al., 2011]. DI water was buffered to the appropriate pH 

(3.5, 7, 8.5) with the phosphate buffer system. Hypobromous acid was formed by the addition of 

500 µg L-1 of bromide to 4 mg L-1 of free chlorine with a reaction time of 30 minutes. These 

concentrations were provided in the protocol and are similar to those used in our other studies. 

Ammonium chloride was then added to the hyprobromous acid solution at a ratio of 3:1 chlorine 

to nitrogen. The Benotti study revealed that there was no differences in bromamine formation 

between 3:1, 4:1, and 5:1 chlorine to nitrogen ratios so we arbitrarily selected 3:1.  The formation 

of monobromamine was verified by UV spectrometric methods with monobromamine and 

dibromamine wavelength maxima and molecular absorptivities of 278 nm & 425 dm3 mol-1 cm-1 

and 232 nm & 2000 dm3 mol-1 cm-1, respectively.  It should be noted that the bromamine used 

for the drug samples were prepared at pH 7 and then buffered to the final pH (3.5, 7, or 8.5). The 

bromamine used for the dye/ colorant was buffered at the desired pH (3.5, 7, or 8.5). 
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Analytical Methods 

LCQTOF/MS 

The separation of brilliant blue and allura red was performed on using an Agilent 1290 Infinity 

liquid chromatography system (Agilent Technologies, Palo Alto, CA, USA) equipped with an 

autosampler, binary pump, column compartment and vacuum degasser. For ESI negative mode, 

a 2.1 x 100 mm Agilent Zorbax Extend C18 column with a packing size of 1.8 μm was selected for 

retention of analytes at high pH levels.  The mobile phase system consisted of water with 20mM 

ammonium formate and 0.1% formic acid (A) and 70% methanol and 30% acetonitrile (B) at a 

flow rate of 0.5 mL min-1. The chromatographic method was optimized with a gradient mobile 

phase composition, 98% A initially held constant for 1 minute, decreased to 0% at 4 minutes, 

then held to a constant 0% at 5.00 minutes, and increased to 98% at 5.10 minutes.  There was a 

2 minute post run for column equilibration, resulting in a total run time of 7.10 minutes. Column 

temperature was maintained at 25 ˚C. A sample volume of 20 µL was injected. The HPLC was 

coupled to an Agilent 6540 accurate-mass quadrupole time-of-flight mass spectrometer 

operated in negative ion mode with the following operation parameters: gas temp: 200 ̊ C; drying 

gas: 8 L min-1; nebulizer: 35 psig; sheath gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 

3500V; nozzle voltage: 100 V; fragmentor: 200 V; skimmer 50 V; oct 1 rf vpp: 750 V. Spectra were 

acquired across the range of 100 to 1600 m/z at 2 GHz. Data was processed using the MassHunter 

software. Accurate mass extracted ion chromatograms were obtained with the use of an 
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integrated automated calibrant delivery system that introduces a calibrating solution with 

reference masses 119.036 and 966.007.  

The same LCQTOF/MS system was used for analysis of 4-MEI. A sample volume of 5 µL was 

injected onto an Agilent Zorbax Bonus RP HD 2.1 x 50mm (1.8 um particle size) column for 

separation. A constant gradient was applied at a flow rate of 0.3 mL min-1 with 0.1% formic Acid 

in water for mobile phase A and 100% acetonitrile for mobile phase B. The initial composition 

was 95% A and 5% B. There was no post run time which resulted in a total run time of 8.00 

minutes. 

Operated in positive ESI mode, the instrument parameters were as follows: gas temp: 200 ˚C; 

drying gas: 8 L min-1; nebulizer: 35 psig; sheath gas temp: 300 ˚C; sheath gas flow: 11 L min-1; 

VCap: 3500V; nozzle voltage: 1000 V; fragmentor: 100 V; skimmer 65 V; oct 1 rf vpp: 750 V. 

Spectra were acquired across the range of 30 to 1100 m/z at 2 GHz. Reference standards were 

infused at masses 121.05090000 and 922.00980000 with each scan. Agilent Mass Hunter 

software was used for qualitative analysis.  

The analysis of dextromethorphan, phenylephrine, and doxylamine was performed using a single 

LC-QTOF/MS method. Separation was performed on an Agilent Poroshell 120 EC-C18 column (4.6 

x 100 mm) with 2.7 micron packing size. Two reference masses (121.05090000 and 

922.00980000) were constantly infused into the ion source for mass calibration of each scan.  

The mobile phases consisted of 0.1% formic acid in water (A) and 50% methanol & 50% 

acetonitrile (B). The method was optimized for a 20 μL injection volume, flow rate of 0.5 mL min-
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1 and a step gradient mobile phase composition. Mobile phase A was initially held constant at 

98.0% for 1.00 minute, and then decreased to 65.0% at 3.00 minutes, decreased to 0.00% at 5.00 

minutes, then increased to 98.0% at 5.10 minutes. There was a post run of 2.00 minutes, for a 

total run time of 8.00 minutes.  

The mass spectrometer was operated in ESI positive mode and ions were generated using the 

following system parameters: gas temp: 200 ˚C; drying gas: 8 L min-1; nebulizer: 35 psig; sheath 

gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 3500V; nozzle voltage: 300 V; fragmentor: 

120 V; skimmer 65 V; oct 1 rf vpp: 750 V. Spectra were acquired across the range of 50 to 1600 

m/z at 2 GHz. Mass calibration of ion source was performed during each scan by monitoring an 

internal calibration standard at masses 121.05087300 and 922.00979800. Data was analyzed 

using Agilent’s Mass Hunter qualitative analysis software. 

Aspirin was analyzed in a separate method from the other three drugs. The separation was 

performed on an Agilent Zorbax Eclipse Plus C18 Rapid Resolution HD 2.1 x 50 mm (1.8 micron 

packing size column. The samples were injected at a volume of 10 µL and the mobile phase 

consisted of 100% water (A) and 100% acetonitrile (B). The mobile phase had a flow rate was 0.5 

mL min-1 and followed a step gradient with an initial composition of 95.00% A held for 1.00 

minute, a decrease to 0.00% at 4.00 minutes, held at 0.00% at 5.00 minutes, and then increased 

to 98.00% at 5.10 minutes. The post-run time was 2.00 minutes for column equilibration, to 

provide a total run time of 7.50 minutes. 
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Detection was carried out using electrospray negative ionization mode. The ion source 

parameters were set to the following: gas temp: 200 ˚C; drying gas: 8 L min-1; nebulizer: 35 psig; 

sheath gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 3500V; nozzle voltage: 300 V; 

fragmentor: 120 V; skimmer 65 V; oct 1 rf vpp: 750 V. Spectra were scanned across the range of 

50 to 1600 m/z at 2 GHz. Internal calibration standards at masses 112.98558700 and 

1033.98810900 were infused with each scan. Qualitative analysis was performed using the 

Agilent Mass Hunter software.  

Ion chromatography Analysis 

Bromate, iodate, bromide and iodide analysis was performed using the Metrohm IC equipped 

with an ASUPP7-250 column. Separation was achieved under a constant gradient flow composed 

of mobile phase A: 20% acetonitrile in water and mobile phase B: 6.4 mM sodium bicarbonate 

and 2.0 mM sodium carbonate. The flow rate was 0.8 mL/ min with 50% A and 50% B. The column 

temperature was at 45 ˚C and the total run time was 45 minutes. The suppressor module (MSM) 

solutions consisted of 1% nitric acid and milli-q water.   

4.3 Experimental 

4.3.1 Bromide and Iodide Effects 

This study will evaluate the impact of bromide and iodide content on the formation of 

brominated and iodinated disinfection byproducts.  Prepared in triplicate, 10 mL of buffered DI 

test water dosed with free chlorine, monochloramine or treatment-free were each spiked with 

and without the bromide (500 µg L-1 as Br-) and iodide (100 µg L-1 as I-) mixture.  According to 
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literature, bromide and iodide content in source water is usually in the µg L-1 range with the 

bromide content typically greater than iodide.  Tartrazine was spiked into the bromide- and 

iodide-rich water to a concentration of 3 mg L-1 and exposed for 24 hours. The contact time was 

selected to guarantee adequate reaction time to maximize the formation of disinfection 

byproducts. Following the reaction, samples were quenched with sodium bisulfite and stored in 

the dark at 4˚C. Samples were prepared in triplicate.  

4.3.2 Bromamine Effects 

Bromamine can inadvertently form in bromide-rich water when ammonia is applied to free 

chlorine for the purpose of forming monochloramine disinfectant. Another source of 

bromamines is the application of for intended purpose of reduction of bromate formation. 

Therefore it is of interest to consider the unintended reactions between bromamines and our 

target analytes.   

The common caramel coloring agent 4-methylimidazole and Alka Seltzer ingredients 

dextromethorphan and phenylephrine were used to study the effects of bromamaine on DBP 

formation. These particular analytes were selected because they were shown to be highly 

reactive with free chlorine and we predict that their reactivity with bromamine should be 

greatest among all of the studied analytes. A 10 mL sample of bromamine-treated test water was 

spiked with the target analyte to a final concentration of 3 mg L-1. The reaction occurred for 24 

hours at room temperature and was stopped with sodium bisulfite. The samples were stored in 
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the refrigerator and light exposure was avoided until analysis. Samples were prepared in 

triplicate. 

4.3.3 Dose effects 

Oxidant dose plays a major part in the extent of chemical degradation and byproduct formation. 

The influence of oxidant dose was studied using 4-MEI to be representative of dyes and 

phenylephrine to represent the drugs. The target analyte (at a final concentration of 3 mg L-1) 

was added to 10 mL of buffered water treated with free chlorine treated DI water dosed to a 

concentration of concentration of 0.6 or 4 mg L-1. Identical solutions were prepared using 

monochloramine-treated water, under the same conditions of the free chlorine water. The target 

analytes were exposed to the treated water for a 24 hour contact time. The reaction solution was 

quenched with sodium bisulfite and refrigerated in darkness until analysis. Samples were 

prepared in triplicate. 

4.3.4 Effects of pH  

It is critical to understand the effects of water pH on disinfectant interactions in order to predict 

the behavior of chemicals in treated water. It is understood that tap water can vary from 

household to household, especially since there are many water sources and the water may travel 

varying distances. So consideration should be given to pH effects when evaluating the 

interactions of residual disinfectants with chemicals. The chemicals 4-methylimidazole, 

phenylephrine, and dextromethorphan were selected to investigate the pH effects since they 

each are expected to respond differently at various pH levels. Given their diverse chemical 
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properties they are also expected to provide a broad understanding of interactions with 

chemicals of different classes. The test water was buffered to three different pH levels (3.5, 7, 

and 8.5) and dosed with 4 mg L-1 of disinfectant. Both free chlorine-treated and monochloramine-

treated water was prepared. A water volume of 10 mL was transferred to individual scintillation 

vials. The target analyte was added to the test water at a concentration of 3 mg L-1 and exposed 

to the water for a contact time of 24 hours. The reaction was quenched using sodium bisulfite 

and refrigerated until analysis. Samples were prepared in triplicate.  

4.3.5 Bromate and Iodate Formation 

Bromate and iodate have the potential to form when bromide and iodide are exposed to oxidants 

for extended periods of time. Bromate, in particular, has been shown to be toxic so it is important 

to measure the levels in water where bromide (and also iodide) are present. A 10 mL volume of 

4 mg L-1 chlorinated and chloraminated DI water was added to a scintillation vial and dosed to 

500 µg L-1 of bromide and 100 µg L-1 of iodide. Immediately following, each dye or drug solution 

was added to a concentration of 3 mg L-1. The lab-controlled tap water followed the same 

procedure, however it was not spiked with bromide or iodide. Samples were reacted for a contact 

time of 24 hours, quenched with sodium bisulfite and stored in the refrigerator until analysis. 

This procedure was also followed for the control and monochloramine samples and all were 

completed in triplicate.  
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4.4 Results and Discussion 

4.4.1 Effects of Bromide and Iodide 

Brilliant blue In the presence of bromide and iodide forms several halogenated byproducts while 

in chlorinated DI water after 24 hours of contact time. All of the DBPs were halogenated 

fragments of brilliant blue. This is consistent with the findings in the kinetic study, which showed 

essentially instantaneous degradation of brilliant blue upon contact with free chlorine and almost 

complete degradation after 24 hours. There were multiple unidentified DBPs that were formed 

after the exposure of brilliant blue to bromide- and iodide-rich chlorinated water. All were 

fragments of brilliant blue.  Three DBPs were detected during contact with monochloramine 

treated water in the presence of bromide and iodide species. Two were halogenated analogs of 

the unfragmented molecule, one monobrominated and one trichlorinated DBP, and the third was 

a byproduct of a fragment. None of the byproducts formed in the Br-/I- water were the same DBP 

that was produced in the chlorinated water. It was shown that monochloramine was a weaker 

oxidant than free chlorine, slowly degrading the brilliant blue during the initial interaction. So it 

is expected that the molecule would remain intact during its transformation to a halogenated 

DBP. Figure 4.1 shows a comparison of the degradation of brilliant blue after 24 hours of exposure 

to chorine and monochloramine treated water present with and free of bromide and iodide. 

Brilliant blue bromination occurs by the attack of the benzene ring or amino group. The DBP 

spectrum showed the signature isotopic pattern which supported the characterization as a 

monobrominated DBP. The negatively ionized molecule had a proposed structure of 

C37H35BrN2O9S3 for m/z 825.0609.  Bromide and iodide present in the water is expected to 
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accelerate the decay of brilliant blue since HOBr is a more effective oxidant than HOCl at low pH 

levels. However, the molecular ion of brilliant blue degraded to completion within 24 hours in 

both the salt-rich and salt-free water which can be attributed to the extremely reactive nature of 

brilliant blue. 

 

Figure 4.1 Comparison of Brilliant Blue Decay in Br-/ I- Rich and Free Water  
Following Exposure to Treated and Untreated Water. 

 

The results of the kinetic study revealed that allura red was effectively degraded by free chlorine 

in the absence of bromide and iodide, however there was incomplete degradation (88-94%) in 

monochloramine-treated water. The minimal difference in the degradation in bromide/iodide 

rich and free monochloramine-treated water may be attributed to the long contact time. Also, 

only one disinfection byproduct was produced within the 24 hour interaction. The reactions of 

allura red in chlorinated DI water and allura red in chlorinated DI water, both rich in bromide and 

iodide, induced the complete degradation of allura red. The extent of degradation can be seen in 

Figure 4.2. The analyte generated a single chlorine DBP (m/z 256.9677, C10H7ClO4S) in bromide- 
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and iodide-free DI water that was chlorinated. The monochloramine-treated water formed no 

byproducts when reacted with allura red. However, DBPs formed in the free chlorine-treated 

water and the monochloramine-treated water when the water was enriched with bromide and 

iodide. An unidentified DBP (m/z 265.8881) formed in the chlorinated water and the same DBP 

(m/z 256.9677, C10H7ClO4S) that formed in the bromide/ iodide free chlorinated water also 

formed in the bromide/ iodide rich chloraminated water. A reasonable explanation for the same 

DBP formation in bromide/ iodide free chlorinated water and bromide/ iodide rich chloraminated 

water is that bromide and iodide increased the effectiveness of oxidation. HOBr, which is the 

dominant form at low pH levels is a stronger electrophile than their respective deprotonated OBr-

, and HOBr is a stronger electrophile than HOCl.   So when bromide and iodide was present during 

chloramination, the degradation occurs and byproducts are formed.  This is supported by the 

presence of the DBP in chloraminated tap water, which has bromide and iodide species present, 

but the absence of it from chloraminated DI water. The lower activation energy of HOBr, 

compared to OBr-, increases the reaction potential with the precursor molecule when under 

similar conditions [Heeb et al., 2014]. The absence of the DBP from the bromide/ iodide rich 

chlorinated water is possibly due to prolonged oxidation of allura red that resulted in the 

formation of THMs.  Table 4.1 summarizes the DBPs formed from the exposure of dyes to the 

treated water samples. 
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Figure 4.2 Comparison of Allura Red Decay in Br-/ I- Rich and Free Water 
After Exposure to Treated and Untreated Water. 
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Table 4.1. List of DBPs Formed From Exposure of Dyes to Bromide/Iodide Rich and Free Water 

Dye Br-/I- Free Br-/I- Rich 

 Free Chlorine 

(m/z) 

Monochloramine 

(m/z) 

Free Chlorine 

(m/z) 

Monochloramine 

(m/z) 

Allura Red 256.9677 

270.9618 

270.9618 265.8881 256.9665 

Brilliant Blue 156.9985 

184.993 

256.9109 

520.9123 

781.1115 

815.0725 

156.9985 

184.993 

781.1115 

156.9696 

200.9313 

222.9474 

256.9801 

264.8811 

270.9474 

300.8576 

306.9238 

344.8807 

518.9114 

562.8609 

606.81 

344.8072 

825.0609 

849.0335 

Tartrazine - - - - 

4-MEI - - - - 

 

The decay of dextromethorphan after 24 hours of contact with chlorinated water rich in bromide 

and iodide species was greater (9%) than when the water was salt-free, as shown in Figure 4.3. 

The bromide and iodide rich samples also produced a monochlorinated DBP in addition to the 

dichlorinated DBP, which was also detected in the samples that were absent of the bromide and 



115 
 

iodide. The reactions in the bromide- and iodide-rich chlorinated water also produced a mono-

substituted iodinated DBP, a mono-substituted brominated DBP and a di-substituted brominated 

DBP.  Although the DBPs were generated through chlorination which have been show to result 

in fragmentation of the precursor molecule, the loss of a hydrogen atom was the only structural 

cleavage for the halogen substitution.  Dextromethrophan exposure to bromide and iodide rich 

monochloramine-treated water for 24 hours of contact time resulted in a lesser reduction in 

abundance than the bromide and iodide free water. It can be concluded that the presence of salt 

species caused a reduction in the decay rate to a mere 19% decay in dextromethorphan, as 

compared to a 41% decay in the salt-free water. This behavior likely contributed to the absence 

of DBPs in the bromide and iodide rich water. A reasonable composition for the monobrominated 

and dibrominated DBPs is C18H24BrNO (m/z 350.1114) and C18H23Br2NO (428.0219). Ionization 

was in positive mode so the molecular ion was in the form [M+H]+. We predict that substitution 

will occur on the benzene ring or the methoxy group, on atoms that are electron rich and can 

participate in electrophilic substitution. Dextromethorphan will also form a monoiodinated 

byproduct with the same basic molecular formula of the monobrominated DBP, with the 

bromine-substituted molecular ion replaced with iodine substitution.  
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Figure 4.3 Comparison of Dextromethorphan Decay in Br-/ I- Rich and Free Water 
After Exposure to Treated and Untreated Water. 

 

The presence of bromide and iodide in the water during chlorination resulted in reduced 

degradation of the phenylephrine from nearly 100% decay in bromide and iodide free waters to 

approximately 68% decay. Exposure to monochloramine displayed the same behavior with a 

marginal difference between the bromide/ iodide rich and free waters, yielding a 6% and 14% 

reduction in phenylephrine, respectively. The changes in relative concentration of phenylephrine 

are presented in Figure 4.4. Bromide and iodide should accelerate the chlorination and 

chloramination process, as supported by the kinetics rates from reactions with NOM, as shown 

in Table 4.2. It was reported that phenylephrine produces chloramine intermediates during 

chlorination, so chloramine should be considered as a competing oxidant during the reaction 

[O’Connell et al., 2006]. Reactions of monochloramine with bromide forms bromamine, which is 

more reactive than monochloramine. However, the rate of bromamine oxidation of NOM is much 
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less than hypobromite, so that may influence the reduction in phenylephrine degradation in the 

presence of free chlorine. The possible oxidation species for each sample are listed in Table 4.3. 

Phenylephrine generated several chlorinated, brominated, and iodinated disinfection byproducts 

that when present in bromide and iodide rich chlorinated and chloraminated water after 24 

hours of contact time.  Most of the DBPs that had the greatest abundance were formed by 

halogen substitution of the precursor molecule.   The chlorinated sample formed mono-, di-, and 

tri-chlorinated, mono- and di-brominated, and bromochlorinated DBPs. The chloraminated 

sample produced the same DBPs as the chlorinated, with the addition of a monoiodinated DBP. 

The bromide and iodide rich water produced the same chlorinated species as those found in the 

bromide and iodide free water. However, the formation of the di- and tri-chlorinated DBPs that 

were present in the bromide and iodide rich chloraminated water was not found in the water 

free of the salt species. Previous research supports our findings that compared to free chlorine, 

monochloramine results in iodinated DBPs of greater abundance. This behavior has been 

associated with the production of fewer THMs in monochloramine treated water [Wei et al., 

2013].  The results of our study suggests that the degree of chlorine substitution is greatest (i.e. 

trisubstituted DBPs versus monosubstituted) in bromide and iodide rich waters than in salt-free 

waters. Phenylephrine can generate dibrominated and bromochlorinated DBPs by substitution 

at the ring or the amine group. Both molecules are disubstituted so they can be easily 

distinguished from each other by their spectral features. The spectrum for the dibrominated DBP 

contains three isotopic peaks with relative intensities of 1: 2: 1.  The isotopic pattern for the 

bromochlorinated DBP differs from the dibrominated molecule by their ratio of intensities. A 
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bromochlorinated molecule has relative ratios of 3: 4: 1 C9H11Br2NO2 (m/z 323.9229) and 

C9H11BrClNO2 (m/z 279.9734) were found to be potential structures for the respective 

dibrominated and bromochlorinated DBPs. The DBPs formed from drug exposure to treated 

water, rich in or free of bromide and iodide are provided in Table 4.4. 

 

Figure 4.4 Comparison of Phenylephrine Decay in Br-/ I- Rich and Free Water 
After Exposure to Treated and Untreated Water. 

 

Table 4.2. Kinetic Rates of Oxidation Reactions 

Reaction K (M-1 s-1)* 

HOCl + NOM → Cl-DBPs 1.0 – 3.0 x 103 

NH2Cl + NOM → Cl-DBPs + NH3 3.0 x 10-3 – 0.4 

HOBr + NOM → Br-DBPs 6.5 – 1.36 x 106 

NH2Br + NOM → Br-DBPs + NH3 40 – 1.0x102 

*Zhai et al., 2014 
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Table 4.3. List of Possible Oxidants in Samples 

Samples Possible Oxidative species Decay 
Order 

Chlorinated Water (Br-/I- Free) OCl- NH2Cl 1 

Chlorinated Water (Br-/I- Rich) OCl- NH2Cl HOBr- NH2Br HI NH2I 2 

Chloraminated Water (Br-/I- Free) NH2Cl 4 

Chloraminated Water (Br-/I- Rich) NH2Cl NH2Br NH2I 3 

 

Table 4.4. List of DBPs Formed From Exposure of Drugs to Bromide/Iodide Rich and Free Water. 

Drug Br-/I- Free Br-/I- Rich 

 Free Chlorine Monochloramine Free Chlorine Monochloramine 

Dextromethorphan 340.1229 - 306.1619 

340.1229 

350.1114 

398.0975 

 

Phenylephrine 202.0629 

236.0239 

269.985 

202.0629 

236.0239 

269.985 

202.0629 

236.0239 

246.0124 

269.985 

279.9734 

293.9721 

323.9229 

202.0629 

236.0239 

246.0124 

269.985 

279.9734 

293.9985 

323.9229 

Doxylamine 182.0977 

257.1652 

305.1415 

182.0977 

257.1652 

286.192 

305.1415 

- - 

Aspirin No DBPs No DBPs - - 
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4.4.2. Bromamine Effects 

The bromamine study revealed the oxidative effects of preformed bromamine in water that 

results in precursor degradation and DBP formation. The rate of formation is a function of pH and 

is expected to effect the speciation of each reactant and their reactivity. At pH 7, the rate 

constant of HOBr is 30 orders of magnitude greater than HOCl. Increasing the pH by one log unit 

increases the difference in rate constants between HOBr and HOCl to 80 [Heeb et al., 2014]. The 

buffering system should also be considered given that phosphate buffer in the pH range of 7 to 

8.5 is known to accelerate the formation of dibromamine, reducing the proportion of 

monobromamine.  

The compound 4-methylimidazole (4-MEI) is a byproduct of the caramel preparation process. 4-

MEI is an imidazole with a methyl group, which makes it more basic (pKa of 7.51) than imidazole. 

The nitrogen atom on the imidazole ring that has a lone pair of electrons is electron rich and 

contributes one electron to the pi system. Consequently, the two adjacent carbons between the 

nitrogen atoms are electron rich and the lone carbon is electron deficient. Of the two adjacent 

carbon atoms, the one nearest the electron-rich nitrogen is favored for electrophilic substitution. 

The exposure of 4-MEI to bromamine water led to the formation of a DBP with the characteristic 

bromine spectral pattern that suggests the formation of a monobrominated DBP. The m/z 

160.9714 corresponds to the molecular formula C4H5BrN2 for the positive ionization of molecular 

ion [M+H]+. The Lutz study revealed that exposure of imidazole to bromide molecules following 

chlorination leads to combined brominated and chlorinated DBPs. However, they reported 

chlorine substitution of all available positions on the imidazole ring at decreased pH.  A portion 
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of the bromamine study was performed at a low pH, but since 4-MEI was exposed to bromamine-

rich water, only bromine- and mixed bromine- and chlorine- substitution was expected. However, 

since the reaction wasn’t conducted in exclusively chlorinated water, and since bromination is 

favored over chlorination, complete chlorine substitution on the imidazole ring is highly unlikely. 

It should be noted that in the bromamine preparation process free chlorine is provided in excess, 

so the interactions that are characteristic of those that occur in free chlorine could quite possibly 

occur in bromamine treated water. There was a significant differences in the reaction of 4-

methylimidazole with bromamine-rich water at the various water pH levels. The concentration 

of DBP formed during chlorination of phenylephrine in bromide and iodide rich water at pH 3.5 

was approximately equivalent to concentration of the DBP at pH 7.  4-MEI in bromamine rich 

water at pH 3.5 yielded the highest DBP concentration, with 80% and 30% relative yield at pH 7 

and pH 8.5, respectively. These findings are consistent with those published by Benotti et al. 

(2011) that showed the effects of pH on bromamine formation. Bromamine is most effective at 

lower pH levels, therefore pH 3.5 is expected to be the most effective pH for 4-MEI decay in 

bromamine rich water. This would potentially lead to a higher formation potential for the 

monobrominated DBP when present at the lowest (3.5) pH level.  

Exposure of dextramethorphan to bromamine rich water formed monobrominated and 

trichlorinated DBPs. The monobromominated DBP was also formed when dextromethorphan 

was present in bromide and iodide rich chlorinated water. However, the trichlorinated DBP was 

unique to the bromamine rich water that contained the target analyte. When the degradation of 

the dextromethorphan precursor by bromamine was compared to free chlorine oxidation it 
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showed a lesser degree of degradation. This was true for the three pH levels (3.5, 7, and 8.5) that 

were compared. There was little differences (<15%) in the degree of degradation for 

dextromethorphan in the bromamine rich water samples at various pH levels. However, pH 3.5 

yielded the greatest degradation and pH 8.5 yielded the least. Exposure of dextromethorphan to 

bromamine rich water at pH 3.5 generated the highest concentration of the monobrominated 

DBPs. This behavior is expected since the precursor to bromamine, hypobromous acid, which is 

a stronger oxidant than hypobromite is formed at a pH less than 8.7. The bromamine-rich water 

samples which were present at pH levels 3.5 and 7 produced a trichorinated DBP. A reasonable 

explanation for the highly substituted brominated DBP is the increased effectiveness of 

bromamine at acidic pH levels that contributes to increased degradation of dextromethorphan, 

increased byproduct formation, and likely increased bromine substitution of the target 

compound.  

Phenylephrine exhibited varying degrees of decay that was dependent on the pH of the 

bromamine-rich water. The most significant decay was experienced at pH 7, closely followed by 

pH 3.5, and then pH 8.5 exhibited the least amount of decay. There were minimal differences in 

the extent of degradation of the precursor at pH 7 and 3.5, so the results support the findings of 

Benotti et al. (2011) that makes the assertion that the effectiveness of bromamine increases as 

pH decreases. Monobrominated DBPs were produced in each of the pH-controlled waters, and 

dibrominated DBPs were produced when phenylephrine was exposed to pH 7 water.  A plausible 

explanation for the presence of the dibrominated DBPs in water of pH 7 and absent in pH 3.5, 

although the oxidant strength is greatest as pH decreases, is the possible formation of 
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trihalomethanes at the extremely acidic conditions.   Figure 4.5 shows the drug degradation by 

bromamine at realistic pH levels of drinking water.  

 

Figure 4.5. Phenylephrine and Dextromethorphan Degradation in Bromamine-treated Water 
 

4.4.3. Bromate/ Iodate Formation 

Bromate and iodate are usually formed after extended oxidation of hypobromous acid or 

hypoiodous acid so supplemental measurements can help provide a complete understanding of 

the total DBPs formed. The measured concentrations for the dyes and drugs are provided in 

Tables 4.5 and 4.6. 

Allura red formed extremely low (less than 1 ppm) levels of bromate after 24 hours of exposure 

to chlorine treated water that was rich in bromide and iodide. The concentration of bromate 

increased from control, to free chlorine, to monochloramine. The iodate was highest in the 

monochloramine-treated sample, and very similar in the control and free chlorine samples. The 
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same behavior was observed in the brilliant blue samples. However, the iodate concentrations 

were relatively similar in all three (control, free chlorine, and monochloramine) samples. These 

concentrations were all lower than the levels found in the positive controls (blanks with bromide 

and iodide). Therefore, the bromide and iodide are likely incorporate forms other more complex 

DBPs, which was demonstrated in the section on the effects of bromide and iodide. The bromide 

concentration was highest in the untreated positive control was relatively stable in all of the 

samples, with the exception of a spike in concentration in the brilliant blue control.  The iodide 

was only detected in the positive controls. So it can be presumed that the iodide was 

incorporated into the dye disinfection byproducts. 

The lab-controlled dye samples also formed very low concentrations of bromate and iodate. The 

chlorinated and chloraminated positive controls formed up to 25 times the concentration of 

bromate. The trend for the bromide concentration was consistent with the trend for bromate 

concentrations. The untreated positive control formed lower levels of bromate than the lab-

controlled DI samples. Despite a tap water concentration of approximately 0.2 ppm greater than 

the lab-controlled. The chlorinated and chloraminated positive control had bromide levels as high 

as 5 times those found in the DI water. The iodate concentrations remained low, ranging from 

0.9 to 1.6 ppm, with highest concentration in the control Allura Red sample and free chlorine 

Brilliant Blue sample. Iodide was only found in two samples, the untreated and chlorinated 

positive control. The level of iodide in the lab-controlled water (0.4 ppm) was 4 times the 

concentration spiked into the lab-controlled DI water (0.1 ppm). 
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Table 4.5. Bromate, Iodate, Bromide, and Iodide Concentrations in Dye Samples. 

Dye Treatment 
Water 
Type 

Bromate 
(ppm) 

Iodate 
(ppm) 

Bromide 
(ppm) 

Iodide (ppm) 

Allura 
Red 

 

Control DI w/ BrI 0.177 0.373 0.163 - 

Chlorine DI w/ BrI 0.482 0.312 0.173 - 

Chloramine DI w/ BrI 0.899 0.644 0.209 - 

Control Tap 0.921 1.609 0.208 - 

Chlorine Tap 1.039 0.878 0.161 - 

Chloramine Tap 1.523 1.13 0.205 - 

Brilliant 
Blue 

 

Control DI w/ BrI 0.209 0.307 0.247 - 

Chlorine DI w/ BrI 0.425 0.293 0.161 - 

Chloramine DI w/ BrI 0.952 0.343 0.161 - 

Control Tap 1.352 0.906 0.107 - 

Chlorine Tap 1.152 1.354 0.2 0.416 

Chloramine Tap 1.474 0.769 0.21 - 

 

The chlorinated and chloraminated lab-controlled DI samples of dextromethorphan and 

phenylephrine formed high levels of bromate. The bromate concentration in the 

monoochloramine samples were nearly twice as high as those formed in the free chlorine 

samples. Similar to the dyes, the iodate concentration was relatively low at concentrations less 

than 1 ppm.  Bromide concentrations were low (approximately 0.2 ppm) in the positive controls 

and the phenylephrine control, but experienced an increase in all of the other samples. 

Phenylephrine in monochloramine-treated water had the highest concentration of bromide. The 

concentrations in the dextromethorphan samples (control, free chlorine, and monochloramine) 
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were all relatively similar. Iodide was only detected in the samples of phenylephrine in untreated 

and chlorinated water and the dextromethorphan in chlorinated and monochlorinated. It is 

possible that these samples were highly reactive with bromide which suppressed the uptake of 

iodide.  

The trend in bromide formation in the lab-controlled tap water was similar to the trend in lab-

controlled DI water. There seems to be a relationship between the general slope changes of 

bromide concentration and those observed with bromate concentration. The concentrations of 

bromate found in the drug samples prepared in lab-controlled tap water were higher compared 

to the DI water samples. All samples had concentrations greater than 30 ppm. The concentrations 

increased from control, to chlorinated, to choraminated, in the phenylephrine and 

dextromethorphan samples. High bromate levels formed in the positive control samples which 

contain an intrinsic bromide content. The iodate concentrations were negligible in comparison 

to the bromate.  Both drugs in monochloramine-treated water produced the highest 

concentration of iodate. These samples, in addition to the other Dextromethorphan samples, had 

no iodide detected.  Only the positive control, phenylephrine in untreated water, and 

phenylephrine in free chlorine had iodide present. They concentration detected was relatively 

the same in every sample. There is no similarity between the iodide trend in the lab-controlled 

DI water and lab-controlled DI water.   

Phenylephrine addition to bromide/ iodate rich and free chlorinated water formed 

approximately equivalent amounts of bromate. The chloraminated water rich and free in 
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bromide and iodide exhibited the same behavior as the chlorinated water. The monochloramine 

samples produced bromate at a concentration of nearly 60% greater than the concentration 

generated with free chlorine. The concentration formed in monochloramine was as high as 50 

mg L-1.  

Dextromethorphan formed bromate in both chlorinated and chloraminated water, both with and 

without bromide and iodide species present. The concentration of bromate that formed in salt-

containing water was almost equivalent to the bromate formed in salt-free water. The control 

water also produced relatively high (33 mg L-1) concentrations in water that was fortified with 

and free of bromide and iodide. These results may suggest that the hydrobromide salt of 

dextromethorphan may largely contribute to the formation of bromate. It was also determined 

that the bromate concentration formed in monochloramine-treated water was approximately 

60% greater than that formed in free chlorine-treated water.  
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Table 4.6. Bromate, Iodate, Bromide, and Iodide Concentrations in Drug Samples. 

Drug Treatment 
Water 
Type 

Bromate 
(ppm) 

Iodate 
(ppm) 

Bromide 
(ppm) 

Iodide 
(ppm) 

Phenylephrine 

 

Control DI w/ BrI 0.939 0.263 0.092 0.417 

Chlorine DI w/ BrI 16.043 0.495 1.346 0.485 

Chloramine DI w/ BrI 49.175 0.254 1.652 - 

Control Tap 32.462 - 0.144 0.419 

Chlorine Tap 44.081 0.349 1.315 0.422 

Chloramine Tap 79.113 0.417 1.67 - 

Dextromethorphan 

 

Control DI w/ BrI 0.977 0.454 0.693 - 

Chlorine DI w/ BrI 21.666 - 0.572 0.441 

Chloramine DI w/ BrI 49.273 - 0.653 0.421 

Control Tap 32.424 - 0.758 - 

Chlorine Tap 49.096 - 0.616 0.447 

Chloramine Tap 79.681 0.611 0.712 - 

 

The measured bromide and iodide content in many of the dye and drug samples exceeded the 

concentration added. Many of the samples that were free of bromide and iodide showed low to 

mid µg L-1 levels. A possible explanation for this behavior is limited system resolution since the 

linear range is so wide.      

4.4.4. Dose Effects 

The effects of disinfectant dose on disinfection byproduct formation was evaluated by exposure 

of phenylephrine to two dose levels of free chlorine and monochloramine. The purpose of the 

study was to understand the impact of dose on DBP formation. Phenylephrine produced the 
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same DBPs when in chlorinated water dosed at 0.6 ppm and 4 ppm, both with an exposure time 

of 24 hours (as shown in Figure 4.6).  A mono- and trichlorinated DBP was formed when the 

phenylephrine was exposed to monochloramine at a concentration of 4 ppm, under the same 

conditions as free chlorine. Only the monochlorinated DBP was present when monochloramine 

was dosed at 0.6 ppm. The results indicate that increased halogen substitution results from 

increased monochloramine dose.  A possible explanation for this behavior is that there is 

complete consumption of the 0.6 mg L-1 dosed monochloramine water by phenylephrine before 

the 24 hour contact time was reached. Therefore, there was inhibition of the formation of highly 

substituted halogenated DBPs such as the trichlorinated DBP after the 24 hour exposure.   

 

Figure 4.6. Comparison of the Effects of Dose on Phenylephrine Degradation 
 

To study dose effects on dye, 4-Methylimidazole was assessed for the relationship between 

oxidant dose and disinfection byproduct formation. A monochlorinated DBP formed when 4-MEI 

was exposed to both 0.6 ppm and 4 ppm chlorinated water for 24 hours of contact time. The 4 
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ppm dose yielded a greater concentration than the 0.6 ppm dose, with the ratio of DBP 

abundances at approximately 3:1. It was also observed that the DBP concentration exhibited 

nonlinear behavior relative to free chlorine dose.  

4.4.5. Effects of pH 

The water pH showed a significant influence on the DBPs formed during exposure of 4-

methylimidazole to chlorine-treated water, as shown in Figure 4.7. The monochlorinated DBP 

(m/z 117. 0214) was monitored for the formation in water adjusted to the pH of beverages and 

to the upper end of a typical pH of tap water. Only chlorinated water samples produced the 

byproduct. The chlorinated water sample at pH 8.5 formed the byproduct of the highest 

abundance, to a concentration of more than twice of that produced at pH 3.5. The deprotonation 

of 4-MEI at the higher pH should make the molecule less reactive than at the acidic pH and less 

susceptible to oxidation. However, the opposite behavior was observed. Monochloramine did 

not produce the DBP of 4-MEI at either pH. However, the oxidation potential of the oxidants 

cannot be inferred based on one DBP. 
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Figure 4.7. Comparison of 4-MEI DBP Formation at Different pH Levels 
 

Phenylephrine, of the phenylalkylamine class of compounds, exhibited a pH dependence that 

affected the degree of precursor degradation in chlorinated water. The free chlorine treated 

water induced in the greatest decay in pH 8.5, then followed by pH 7, and the least amount of 

decay at pH 3.5. The drug is partially protonated and deprotonated at pH 8.5, which should have 

a moderate reactivity. Phenylephrine is expected to become more easily oxidized as the pH 

decreases since the molecule becomes more protonated. However, that was not the case. A 

possible explanation for the observed behavior is the phenomenon discovered by O’Connell et 

al. (2006), which proposed that chloramines are intermediates during chlorination of 

phenylalkylamines.  Therefore, it is quite likely that the active oxidative species is a mixture of 

free chlorine species and chloramines. Thus, the more abundant species may be the less powerful 



132 
 

oxidant at higher pH levels. Despite the degradation behavior, pH 3.5 and pH 8.5 both generated 

mono-, di-, and trichlorinated DBPs in chlorinated water. The chlorinated water at pH 7 produced 

the trichlorinated DBP. The DBPs produced by phenylephrine in monochlorinated water nearly 

followed the reversed trend. The mono-, di-, and trichlorinated DBPs were formed at pH 7, mono- 

and trichlorinated DBPs at pH 8.5, and a monochlorinated DBP at pH 3.5. There were marginal 

differences in the phenylephrine decay in monochloramine treated water. The results of the pH 

study are shown in Figure 4.8. 

 

Figure 4.8. Comparison of Phenylephrine Degradation at Different pH Levels 
 

There was a significant dependence on pH in dextromethorphan decay in both free chlorine- and 

monochloramine-treated water. The behavior is displayed in the graph in Figure 4.9. Chlorinated 

water at pH 8.5 induced the greatest degradation of Dextromethorphan, while chloraminated 
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water was greatest at pH 7. Free chlorine is expected to be a more effective oxidant at lower pH 

levels and monochloramine at higher pH levels, thus should have the greatest precursor 

degradation. However, the opposite behavior was observed, which may be due to the complex 

nature of the interactions between the molecule and the oxidants. Despite this unpredictable 

behavior, the byproduct formation supports the degradation results. The chlorinated water at 

pH 8.5 produced two byproducts (mono- and dichlorinated).  Similarly to the chlorinated water, 

the behavior in the monochloramine-treated water was also opposite than expected. The 

monochloramine-treated water resulted in the greatest decay of Dextromethorphan at pH 7, 

despite monochloramine being the most effective at higher pH levels. Additonally, no DBPs were 

formed when dextromethorphan was exposed to monochloramine.   

 

Figure 4.9. Comparison of Dextromethorphan Degradation at Different pH Levels. 
 

All of the proposed disinfection byproduct structures can be found in Appendix J.  
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4.5. Conclusion and Future Direction 

This study demonstrated that pH, bromide and iodide content, disinfectant type and dose all 

effect the degradation of dyes and drugs and the formation of their corresponding DBPs in 

treated water. The 4-MEI colorant and drugs exhibited the behavior contradictory to what is 

expected when the pH was adjusted. So it is suspected that the structure of the chemicals caused 

a more complex interaction than predicted by the speciation of the disinfectants. The presence 

of bromide and iodide in water favored brominated and iodinated byproducts in both chlorinated 

and chloraminated water. The formation in the chloraminated water is assumed to be caused by 

decomposition of the chloramine at lower pH levels. This speculated behavior is supported by 

the bromate/ iodate results which showed the presence in monochloraminated water. The 

behavior that was experienced with bromide and iodide was also demonstrated in bromamine 

rich waters. In all of the studies, free chlorine causes the greatest degradation in both dyes and 

drugs. As dose increased, the degree of degradation increased and the degree of halogen 

substitution increased. The trends were not completely inclusive of all samples but was the 

behavior generally observed in the samples.    
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5. Toxicity 

5.1. Objective  

To assess the cytotoxicity and anti-estrogenicity of beverages that contain dye DBPs. 

Cytotoxicity is a measure of cell viability to screen for the potential for cell death. It is important 

to monitor for cytotoxicity in beverages and OTC medication prepared from drinking water to 

prevent aberrant cell membrane activity that is preventable by end-user treatment.  A 

cytotoxicity assay, is tool that provides a comprehensive assessment of cell membrane integrity 

through measurement of number of live cells relative to the number of dead. There is an 

expected increase in cytotoxicity in dyes (beverages) and drugs (OTC medication) mediated by 

disinfection byproducts generation by the dyes since halogenated DBPS tend to be more toxic 

than their precursor [Yang et al., 2014].  

The determination of the anti-estrogenic character of the dye and drug disinfection byproducts 

will help predict the risk of one class of endocrine disruptive side effects caused by exposure. 

Measurements will reveal the potential for disruption of endocrine signaling in the cell. The 

GeneBLAzer® Beta-Lactamase Reporter Technology offers a highly sensitive and accurate tool for 

monitoring cellular response to estrogen receptor stimuli. The ER alpha assay indicates the 

presence of estrogen agonists and antagonists that induce estrogenicity and antiestrogenicity, 

respectively. The dye (beverage) samples in treated water are predicted to exhibit antiestrogenic 

character, as seen in published reports on dye estrogenicity. The drug (OTC medication) samples 

are expected to be estrogenic, similar to other pharmaceuticals previously reported.  
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Specific Aims: 

Is there a change in dye or drug cytotoxicity when exposed to residually disinfected 

drinking water?  

Is there a change in beverage or OTC medication cytotoxicity when prepared from 

residually disinfected drinking water?  

Can the changes in beverage and OTC medication toxicity be linked to the formation of 

dye or drug disinfection byproducts? Is there a significant correlation? 

What are the effects of water quality conditions and treatment parameters on dye 

(beverage) and drug (OTC medication) cytotoxicity? 

Is there a change in anti-estrogenic character in the dyes (beverages) and drugs (OTC 

medications) after exposure to/ preparation with residually treated drinking water? 

Is there a relationship between the anti-estrogenic behavior of dyes and drugs and 

beverages and OTC medication, respectively? 

5.2. Methodology 

Materials and chemical reagents 

GeneBLAzer® estrogen receptor-alpha (ER) cell assay kits and media were procured through Life 

Technologies (Carlsbad, CA, USA).  The following materials and reagents were purchased for use 

with the assay kit: ATCC Human heptacellular liver carcinoma (HEPG2) cells for cytoxicity analysis 

(#HB-8065) (Manassas, VA, USA). PromegaTM CellTiter 96TM Aqueous One Solution Cell 
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Proliferation Assay (MTS) (Madison, WI, USA).    DMEM (high glucose, pyruvate), #19995-065), 

10% FBS, 1% Penicillin/ Streptomycin, Fetal bovine serum, Phosphate-buffered saline, 96-well 

black-wall, clear-bottom plate. Dimethyl sulfoxide (Fisher).   

Individual stock standards of tartrazine (Sigma-Aldrich, St. Louis, MO USA), brilliant blue ac 

(Sigma-Aldrich), allura red (Sigma-Aldrich) dextromethorphan hydrobromide (Sigma-Aldrich), 

and L-phenylephrine (Santa Cruz Biotechnology), doxylamine succinate salt (Sigma Aldrich), and 

aspirin (Fluka) were prepared in high performance liquid chromatography grade methanol (Fisher 

Scientific, Pittsburg, PA, USA) resulting in 1800 mg L-1 solutions. Intermediate solutions were 

prepared through dilution of stock standards deionized water to a concentration of 180 mg L-1. 

All standard solutions were stored at 4 ̊ C. Sodium bisulfite (GFS Chemicals, Columbus, Ohio, USA) 

was used as a reducing agent to quench the oxidation reactions. Bromide and iodide mixture 

solution was prepared in deionized water from 1000 mg L-1 individual stock solutions (Inorganic 

Ventures, Christiansburg, VA, USA) to a concentrations of 50 mg L-1 and 10 mg L-1, respectively. A 

solution was prepared with deionized water to a concentration 10 times the oxidant 

concentration.  Phosphate buffer solutions (pH 3.5 and 7) were prepared with varying amounts 

of sodium phosphate monobasic monohydrate (Acros Organics, Pittsburg, PA, USA), sodium 

phosphate dibasic heptahydrate (Acros Organics), and phosphoric acid (Sigma Aldrich) to provide 

a buffer strength of 10 mM.  

Soft drinks, an electrolyte drink, and an effervescent over-the-counter medication were the three 

types of products studied that contained the selected dyes and drugs.  Mio energy in Green 
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Thunder flavor is a caffeinated water enhancer available in liquid form that contains tartrazine 

and brilliant blue dyes, natural and artificial sweeteners and other additives. Koolaid is a 

powdered mix that is added to water to prepare a flavored drink. Tropical punch flavored 

contains brilliant blue, allura red and natural and artificial ingredients. Pedialyte is an electrolyte 

powder added to water as an on-the-go single serve dehydration remedy. Grape flavor consists 

of sugar, sodium chloride, natural and artificial flavors, and brilliant blue and allura red dyes. Alka 

Seltzer, an over-the-counter medication, is available in capsule and effervescent tablet form.  The 

cold and flu medication consists of a combination of drugs, with the nighttime effervescent 

formula containing Dextromethorphan hydrobromide for cough suppression, Doxylamine as an 

antihistamine, Phenylephrine Bitartrate as a nasal decongestant and aspirin as a pain reliever.  

All products were purchased from local supermarkets in Tucson, Arizona.  

Test water 

Deionized water and tap water were used for the respective lab-controlled and ambient 

experiments. The deionized water was collected in baked (at 500 ̊ C for 4 hours) 1-L amber bottles 

and buffered to simulate the typical pH of tap water (pH 7), beverages (pH 3.5), and over-the-

counter Alka Seltzer medication (pH 8.5).  The tap water used in this study was obtained from a 

University of Arizona laboratory source, which is a blend of private well and Tucson city water 

facility (water quality data in Table 2). Water used for lab-controlled studies was collected from 

the laboratory in 4-L amber bottles and left open to the atmosphere for a minimum of one week 

to undergo passive dechlorination prior to analysis. Preparations of free chlorine and 
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monochloramine were made in-house using deionized water. A stock solution of free chlorine 

was prepared for chlorination in an amber bottle from a 10% sodium hypochlorite (NaClO) 

solution (6% Available Cl2, Ricca Chemical Company, Arlington, TX, USA). For ambient testing, 

unaltered tap water samples were collected from a Tucson household. Tucson Water manages 

drinking water supplied by the Colorado River as part of the Central Arizona Project. The samples 

collected in 1 L amber bottles from the five households and laboratory, and filled to top to 

minimize headspace. They were capped and stored at room temperature, with a maximum 

holding time of 8 hours prior.  

Lab-controlled Chlorination and Chloramination 

Preparations of free chlorine and monochloramine stock solutions were prepared using a 10% 

sodium hypochlorite (NaClO) solution. Free chlorine concentration was measured by 

spectrophotometric measurement using molar absorptivity of 292 nm [Thompson et al., 2016]. 

Monochloramine solutions were prepared daily by adding sodium hypochlorite solution to 

aqueous solution of ammonium chloride (Fisher Scientific, Waltham, MA, USA) adjusted to pH 8, 

with a Cl2-to-N ratio of 0.5 M/M.  Monochloramine and dichloramine concentrations were 

measured spectrophotometrically using the corresponding molar absorptivities of 245 nm and 

295 nm, respectively.  Free chlorine and monochloramine were added to the buffered test water 

to achieve a final dose of 4 mg L-1. The typical residual concentration found in most water systems 

is around 0.6 mg L-1, however the maximum allowable dose is 4 mg L-1 Experiments were 

immediately conducted with the water.  
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5.3. Experimental 

Quantitative in vitro bioassays were employed to measure cytotoxicity and anti-estrogenicity of 

dyes and drugs, in addition to beverages and electrolyte drinks that are prepared using treated 

water and over-the-counter medications that are reconstituted in water. Working standards of 

the two dyes tartrazine and brilliant blue were exposed to treated test water. The test water was 

prepared by dosing 4 ppm of free chlorine or monochloramine in 50 mL of DI water. The water 

was buffered with phosphate buffer to a pH 3.5. The target analytes had a contact time of 24 

hours.  The same process was followed for the drugs dextromethorphan and phenylephrine, with 

test water buffered at a pH of 8.5. Mio Energy and Lemon Koolaid, the grape-flavored Pedialyte 

electrolyte drink, and over-the-counter Alka Seltzer medication were all prepared in the 

suggested proportion of water with buffered DI water treated with 4 ppm free chlorine and 

monochloramine. The cytotoxicity and anti-estrogenicity of beverages that were reconstituted in 

treated water was assessed to determine a possible link with the behavior that was exhibited in 

the dye samples. To evaluate the cytotoxicity of these products in real drinking water, tap water 

was collected and used for preparation within 8 hours after collection. All samples prepared using 

unaltered tap water, excluding the Alka Seltzer samples, were quenched with sodium bisulfite at 

a concentration 10 times that of the disinfectant dose after 24 hours. Since Alka Seltzer is typically 

consumed within the initial few minutes after preparation, the samples that were prepared in 

unaltered tap water were quenched after a 10 minute contact time to represent a realistic wait 

time before the medication is consumed. All samples were refrigerated at 4 ˚C until further 

treatment.  
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Organic constituents were extracted and concentrated using solid-phase extraction (SPE) with 

Oasis HLB LB (6 cc, 500 mg) extraction (Waters, Milford, MA, USA) cartridge because of its 

capacity to retain a wide range of organic structure [Vanderford et al., 2006]. The SPE cartridges 

were preconditioned with MTBE (5 mL), methanol (5 mL) and HPLC water (5 mL). The column 

was loaded with 50 mL of sample, dried with liquid nitrogen for 45 minutes, and then eluted with 

5 mL of 10% methanol in MTBE and 5 mL methanol. The eluent was evaporated under a gentle 

stream of nitrogen to complete dryness and reconstituted with 250 µL of DMSO (Fisher Scientific, 

Pittsburg, PA, USA). All samples were stored in -18 ˚C until analysis. 

5.3.1. Cytotoxicity Assay Treatment 

Cytotoxicity is an indicator of the cell viability or measure of compromised integrity of the cell 

membrane. The PromegaTM CellTiter 96TM Aqueous One Solution Cell Proliferation Assay was 

employed with the use of HEPG2 cells for the evaluation of cytotoxicity.  The MTS substrate will 

be reduced by use of the NADPH dehydrogenase enzyme when exposed to metabolically active 

cells. The absorbance of the product can be measured and the cell mortality calculated. The cell 

mixture (90 µL) was seeded to a density of 250,000 cells/ mL in a 96-well flat bottom tissue 

culture plate. The cells were incubated for 24 hours at 37 ̊ C with 5% CO2 and then 10 µL of sample 

was added to each well. All samples were at 0.5% DMSO concentration in the well. After 24 hours 

of incubation 10 µL of MTS reagent was added. There was an additional 2 hour incubation 

followed by immediate absorbance measurement at 490 nm using a microplate reader. The 

experiment was performed at one target concentration, unless the sample displayed cytotoxicity 
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then it was diluted by 2X, 4X, 8X, and 16X.  The samples were each prepared in triplicate. 

Mortality was calculated according to equation 1. 

𝑀𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 (%) = (1 −
𝑂𝐷490𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷490𝑐𝑜𝑛𝑡𝑟𝑜𝑙
) 𝑥 100   Equation 1 

5.3.2. Anti-estrogenicity Assay Treatment 

The GeneBLAzer® ER assay was selected to measure anti-estrogenic character of our test 

samples. Culture and treatment of the cells was performed according to the manufacturer’s 

GeneBLAzer® ER protocol. A beta-lactamase reporter is expresses when an antagonist binds to 

the ligand-binding domain of the human estrogen receptor. The ER alpha cells (90 µL) were added 

to a 96-well culture plate at a density of 550,000 cells/ mL. They were incubated at 37 ˚C with 5% 

CO2 for 2 hours to allow attachment. Cells were dosed with the DMSO-reconstituted samples. 

The samples were diluted for a final DMSO concentration of 0.5% in each well. 17β Estradiol was 

added to each sample and the DMSO positive control to a range of EC50-80 to determine 

competition for the estrogen receptor. Cells were incubated for 16 hours and then 20 µL of 

substrate were subsequently added to each well. The cells were further incubated for 2 hours 

and the fluorescence and FRET measurements were immediately taken at 2 wavelengths (460 

and 530 nm, respectively). The assay samples were prepared in replicates of four at one 

concentration. Those that experienced cytotoxicity (cell death) after cell treatment were also 

diluted by 2, 4, 8, and 16 fold for simultaneous analysis with the original sample. Anti-

estrogenicity was calculated based on ratiometric measurements of stimulated and unstimulated 

reporter responses.  
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Statistical analysis was performed using the student t-test with paired data for 95% confidence 

and n-1 degrees of freedom, where n is the number of replicates.  

5.4. Results and Discussion 

5.4.1. Cytotoxicity  

All of the tartrazine and brilliant blue samples showed no cytotoxicity. There were no differences 

in the cell viability in the untreated control, chlorinated or chloraminated samples. The cell 

viability influenced by the dyes showed very little variance between DMSO control and the 

bromide and iodide rich and bromide and iodide free waters. Figure 10 depicts the cytotoxicity 

induced by the dye samples in treated and untreated water.  

There was no cytotoxic response induced by the samples of phenylephrine in the untreated 

control or chlorinated water, both free of or present with bromide and iodide ions. The 

chloramine-treated bromide and iodide free water sample caused a 5% reduction (mean) in cell 

proliferation but no significant changes were observed with the bromide and iodide rich water 

sample.   Dextromethorphan induced mild cell death in bromide and iodide free chlorinated and 

chloraminated water as demonstrated by the reduction in cell proliferation in Figure 5.1. The 

results showed approximately the same degree of cell death by the chlorinated and 

chloraminated water samples, reported as a 10% and 12% increase (mean) as compared to 

DMSO, respectively. The dextromethorphan samples that were prepared in treated water that 

was present with bromide and iodide didn’t induce cytotoxicity in the cells.  
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The chloraminated lab-controlled Mio samples showed no cytotoxicity, however the untreated 

control samples and free chlorine samples resulted in an average reduction in cell proliferation 

of 14% and 13% reduction (as compared to the DMSO negative control), respectively.  Both 

samples were statistically different (P < 0.05) than the DMSO control. The data revealed that 

there was also statistically significant difference (P < 0.05) between the control and chlorinated 

Mio samples indicating that chlorination reduces the cytotoxicity of the beverage. When the cells 

were treated with a sample of Mio Energy that was prepared in unaltered tap water, there was 

a 5% mean reduction in cell proliferation as compared to DMSO. However, it is improbable (P > 

0.05) that cytotoxicity will be induced in drinking water with similar conditions as our test tap 

water.  

There was no cytotoxic effect on the cells by the grape-flavored pedialyte in any of the lab-

controlled (untreated, chlorinated, or chloraminated) water samples nor the unaltered tap 

water. 

It should be noted that there was uncertainty about the content of dyes in the Mio Energy and 

Pedialyte drinks. So it is possible that the concentrations used in the lab controlled samples are 

lower than those in the commercial drinks. This would cause the results to deviate from the 

findings of this study.  
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Figure 5.1. Comparison of Cell Proliferation Induced by Dye or Beverage Sample and DMSO. 
 

Phenylephrine samples induced cytotoxicity in cells when exposed to chloraminated water, 

dextromethorphan in chlorinated water and chloraminated water. The sample of phenylephrine 

in monochloramine-treated water caused 5% cell death, relative to the DMSO control. The 

monochlorinated sample of dextromethorphan induced a cell death of 11% relative to the DMSO 

control, 1% greater than the chlorinated sample.  It is highly improbable (P > 0.05) that the two 

treatment methods (chlorination, chloramination) will induce a similar degree of cytotoxicity in 

dextromethorphan. Bromide and iodide presence in the water didn’t seem to influence the any 

significant cytotoxic response in phenylephrine or dextromethorphan. However, the data 

showed that phenylephrine in bromide/ iodide rich untreated water may be cytotoxic (P = 0.10).  

Figure 5.2 compares the cytotoxicity induced by the drug and medication samples.  
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The Alka Seltzer lab-controlled samples each induced cytotoxicity when present at the two 

highest concentrations (at a 1X and 0.5X dilution). It should be noted that the resultant final 

applied concentrations were 200 and 400 times less than the spiked sample concentration (3 

ppm), respectively. The 1X samples exhibited a reduced proliferative effect (as compared with 

DMSO), with 98% reduction for the untreated control, 98% reduction for the chlorinated sample, 

and 84% reduction for the chloramine-treated sample. Two of the 0.5X samples induced less cell 

death than the 1X sample- 95% cell death in the untreated control sample and 90 % in the 

chlorinated sample. The 1X and 0.5X monochloramine-treated samples both exhibited similar 

cytotoxicity. The remaining three dilutions (0.25X, 0.125X and 0.0625X) for the untreated control, 

free chlorine, and monochloramine samples all experienced even less cell death. The respective 

percent cell death for the 0.25X, 0.125X and 0.0625X Alka Seltzer samples are 26%, 14%, and 9% 

for the untreated control, 5%, 0%, and 0% for the chlorine-treated water and 35%, 20% and 6% 

for the monochloramine-treated water, relative to the DMSO control.  There was no difference 

(P > 0.05) between the 0.25%, 0.125% and 0.0625% dilutions of the chlorinated sample and the 

DMSO control. Additionally, AS the 0.125X AS preparation with chlorinated water reveals that a 

1600 times dilution or greater of the sample reduces the cytotoxicity. The highest (0.0625X) 

diluted sample induced minimal cytotoxicity, at less than 9% cell death.  

The cytotoxicity induced by the 1X samples were dependent on water treatment method (P < 

0.001) and demonstrated a significant difference in cell death between untreated control and 

monochloramine samples  and free chlorine and  monochloramine samples. The samples with 

0.5X dilution demonstrated a significant (P < 0.005) difference in cytotoxicity that was between 
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the untreated control, free chlorine and monochloramine samples. Of all of the chlorinated AS 

samples, 1X dilution was most cytotoxic of all of the chlorinated water samples. However, 

statistical analysis shows that it is probable (P > 0.05) that 1X AS in untreated water will induce 

similar cytotoxicity as the 1X free chlorine sample. Therefore, at higher doses AS may be as 

harmful in untreated water as in chlorinated water.  

Results showed that when the Alka Seltzer sample was prepared from unaltered tap water there 

was a significant reduction in cell viability for the 4 lowest dilutions. The proliferative effect for 

the 1X, 0.5X, 0.25X, and 0.125X dilutions yielded a reduction of 84%, 72% 20%, and 10%, 

respectively.  The behavior of the medication in the tap water was most similar to the lab-

controlled chloramine-treated water. The study showed that induced cytotoxicity is probable in 

Alka Seltzer medication prepared with residually treated. Furthermore, the drug itself has the 

propensity to induce cytotoxicity.  
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Figure 5.2. Comparison of Cytotoxicity Induced by Drug or Alka Seltzer Sample and DMSO. 
 

5.4.2 Anti-Estrogenicity 

The tartrazine sample showed no anti-estrogenic character in any of the tested samples. There 

was no difference between the DMSO control and the bromide/ iodide rich or free samples- with 

no treatment, chlorination and chloramination. Brilliant blue in bromide and iodide-free 

untreated water induced a very mild anti-estrogenicity in the cells. There was a 7% anti-

estrogenic effect relative to DMSO. However, the occurrence of this behavior is less probable (P 

= 0.10). The brilliant blue samples prepared in bromide and iodide rich water samples 

demonstrated no significant estrogenic or anti-estrogenic effects. The absence of a proliferative 

effect was associated with the untreated, control, chlorinated and chloraminated samples.   

All of the Mio Energy samples generated a significant (P < 0.05) estrogenic response. There was 

an approximate enhancement of 39-40% in estrogenic character relative to the DMSO positive 

control. All of the lab-controlled samples (untreated, chlorinated, and chloraminated) samples 

and unaltered tap water samples generated a highly significant (P < 0.001) estrogenic response. 

The Mio Energy sample prepared in unaltered tap water exhibited similar agonistic behavior, 

inducing binding to the estrogen receptor. The binding event is also highly probable (P < 0.001). 

It should be noted that the concentrated samples of Mio Energy that was exposed to the cells 

was only a 0.5% of the serving size with a significant dilution factor so estrogenic behavior may 

be a conservative representation of the true behavior.  
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There was a moderate increase in estrogenicity caused by the grape Pedialyte samples. They had 

an estrogenicity ranging from a nominal increase of 8% to 14% as compared to the DMSO E2 

control. Despite the differences between the estrogenic responses of each sample, they were 

insignificant (P > 0.05) among the types of water treatment (untreated, chlorinated, and 

chloraminated). Preparation of Pedialyte in unaltered tap water demonstrated behavior most 

similar to the untreated control, exhibiting estrogenic character.  Figure 5.3 shows the estrogenic 

response generated by dyes and beverages.  

 

Figure 5.3. Comparison of Anti-estrogenicity Induced by Dye or Beverage Sample and DMSO. 
 

All of the phenylephrine samples demonstrated no significant estrogenic or antiestrogenic 

response. The untreated controls, chlorinated and chloraminated samples in water samples both 

rich and free of bromide and iodide all resulted in an estrogenic response consistent with the 

positive DMSO + E2 control, as seen in Figure 5.4.  
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Exposure to the dextromethorphan samples induced no anti-estrogenicity, with the exception of 

the bromide/ iodide free chlorinated sample and bromide/ iodide rich untreated control sample. 

The free chlorine (Br/I free) and untreated control (Br/I rich) samples exhibited a 5% and 7% anti-

estrogenicity relative to the DMSO positive control, respectively. However, interaction with the 

estrogen receptor are improbable (P = 0.07) when dextromethorphan is in untreated control 

water and highly unlikely (P > 0.05) in chlorinated water. There was also very little difference 

between the bromide/ iodide free untreated control, chlorinated, and monochlorinated samples. 

The bromide/ iodide rich samples showed negligible difference between the untreated control 

and monochloramine-treated samples.  

The lab-controlled Alka Seltzer samples were determined to be extremely cytotoxic so anti-

estrogenic character was measured on the dilution series 1X, 0.5X, 0.25X, 0.125X and 0.0625X. 

The study revealed that the 1X, 0.5X and 0.25X dilutions for the untreated control, chlorinated 

and chloraminated samples were all anti-estrogenic. The 0.125X and 0.0625X dilutions of the 

treated and untreated samples lacked anti-estrogenic character, inducing a similar response as 

the DMSO positive control. Results show that for the 0.25X, 0.125X and 0.0625 dilutions, the Alka 

Seltzer medication doesn’t stimulate estrogenic/ anti-estrogenic response caused specifically by 

the water treatment conditions. The Alka Seltzer sample in unaltered tap water showed 

considerable anti-estrogenicity at the 1X and 0.5X concentrations. The 0.25X sample showed 

moderate anti-estrogenicity with a 23% decline in response. But the 0.125X and 0.0625X samples 

both showed a mild increase of 10% and 17% in anti-estrogenic response, respectively, relative 

to the DMSO positive control.  The results indicate a high probability (P < 0.01) that exposure to 
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the Alka Seltzer medication in tap water at 1X, 0.5X and 0.25X dilutions will induce anti-estrogenic 

response. 

The anti-estrogenic response of the unaltered tap water samples were comparable to the lab-

controlled monochloramine samples, similarly to the results of the cytotoxicity study. The 

residual chlorine concentration of the tap water is lower than the concentration of the lab-

controlled chlorinated water, so the weakly oxidizing lab-controlled chloraminated water is 

seems to induce similar adverse behavior.   

 

Figure 5.4. Comparison of Anti-estrogenicity Induced by Drugs or Alka Seltzer and DMSO. 
 

5.5 Conclusion and Future Direction 

Disinfection byproducts were produced by the exposure of all of the dyes and drugs to 

chlorinated and chloraminated water, with the exception of dextromethorphan in chloraminated 

water and aspirin that didn’t produce any byproducts. The structure of the chemicals was a large 

factor in its propensity for oxidation. The brilliant blue dye and phenylephrine drug showed the 
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greatest capacity to be oxidized and both were highly susceptible to electrophilic substitution.  

Doxylamine in chloraminated water showed that the presence of amine substituents on the 

molecule may favor the formation of amine-based DBPs in monochloraminated water.  The 

chemicals that formed DBPs, produced them in both DI and tap water. It was observed that the 

type of water that formed the greatest number of DBPs varied depending on the chemical.  

Out of all of the samples analyzed for estrogenic and anti-estrogenic character, only the brilliant 

blue free chlorine (Br/I rich) sample showed a likelihood to induce an anti-estrogenic response 

and dextromethorphan untreated (Br/I rich) sample demonstrated a possibility of anti-

estrogenicity. All other samples- the remaining brilliant blue and dextromethorphan and all 

tartrazine and phenylephrine- showed little probability of having anti-estrogenic character. The 

results for tartrazine are consistent with existing data from a mouse study however brilliant blue 

was shown to have no estrogenicity or anti-estrogenicity [Graham et al., 1959]. Although all of 

the dye and drug samples generated brominated and iodinated DBPs when exposed to bromide 

and iodide rich treated water, which are typically more toxic than the precursor, tartrazine, 

phenylephrine and dextromethorphan showed little or no evidence of cytotoxicity.  

The induced anti-estrogenicity in Alka Seltzer is expected since the two of the active drug 

ingredients, dextromethorphan and phenylephrine, also exhibited a slight decrease in estrogenic 

response. It is unclear whether the chlorination and chloramination of the drugs had a direct 

influence on the behavior since the degree of anti-estrogenicity of the AS was so much greater 

than the individual drugs. Anti-estrogenic response should be measured on a mixture of the four 
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drugs and additional experiments with more replicates and dilutions are needed to determine if 

there is a correlation between the anti-estrogenic character of the active drug ingredients and 

the commercial medication. It is predicted that the chlorinated Alka Seltzer sample will induce 

the greatest cytotoxicity given that the greatest abundance of DBPs were formed in the 

chlorinated samples.  It should be noted that the Alka Seltzer medication contains the active drug 

ingredients concentrations almost ten times of those used for the controlled experiments. So it 

is possible that the assay would have produced different results if the drug concentration used 

was the same as in the medication.  

There is a possible link between the cytotoxicity of Alka Seltzer and the minor apoptosis induced 

by the following samples: dextromethorphan in chlorinated water, dextromethorphan in 

chloraminated water, and chloramination of phenylephrine. It is unclear whether this behavior 

is directly correlated since the concentrations of active drugs in then the Alka Seltzer medication 

is much greater than the lab-controlled test samples.  The drugs should be prepared in higher 

concentrations in a mixture solution to achieve a more accurate understanding of proliferative 

effects. 

The similarities in the behavior of the unaltered tap water sample and the chloraminated lab-

controlled sample that were observed in both the cytotoxicity and anti-estrogenicity assays can 

be explained by a reduction in anti-estrogenic- and cytotoxic-character due to the lower 

concentration of free chlorine in tap water as compared with the lab-controlled chlorinated 
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samples. Therefore, the lab-controlled samples induce a negative response to a lesser degree, 

similarly induced by monochlorinated samples.  

This study did not provide any data to indicate that the estrogenic response induced by Mio 

Energy is linked to the tartrazine or brilliant blue dyes. The untreated, chlorinated and 

chloraminated Mio Energy samples all showed significant increased estrogenicity, however 

brilliant blue in bromide/ iodide chlorinated water was the only dye that demonstrated a mild 

estrogenicity. It can be concluded that an estrogenic or anti-estrogenic response is not stimulated 

by the dyes in beverages that are prepared in treated and untreated water when present at a 3 

ppm concentration. 

The results of the cytotoxicity study did not show a connection between the cytotoxicity in the 

beverages and dyes. The Mio Energy drink in untreated and treated water induced mild 

cytotoxicity, but the associated brilliant blue or tartrazine dyes did not have any cytotoxic effects. 

Pedialyte did not cause any cell death. The cytotoxicity in Mio Energy is possibly caused by higher 

concentrations of dyes or other components in the product. Our findings suggest that the 

bromide and iodide content in water and treatment has no effects on the cytotoxicity of the dyes.  

Our results do not support existing studies that suggest that dyes induce cytotoxicity. Further 

studies are needed to determine if the concentrations of dyes that exist in beverages are present 

at a safe level that it doesn’t generate toxic byproducts when prepared in residually disinfected 

water. There was limited data available on the active drug ingredients in Alka Seltzer. Thus, 
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additional studies would also be useful in determining if the induced cytotoxicity is linked to the 

drugs and its byproducts formed from preparation with residual tap water. 

 

 

 

 

 

 

 

 

 

 

 

 

 



156 
 

6 Disinfection Byproduct Detection in Beverages and Over-the-Counter 

Medications 

6.1 Objective 

To determine if dyes are a precursor of DBPs formed in beverage products. 

The proposed objective is to explore the potential formation of disinfection byproducts by the 

four dyes that are representative of those found in beverages and the four drugs found in an 

over-the-counter effervescent medication. Several of the most popular soft drinks- Coca Cola 

Coke®, Mountain Dew®, Crystal Light®, and Koolaid®-  that contain the selected dyes, and the 

nighttime medication Alka Seltzer® will be monitored for interactions between dye (or drug) 

precursors and tap water disinfectant. Similar to Objective 3, the LC-QToF is most suitable for 

these measurements and has been shown to be superior to other LC-MS systems. It has the 

capability to detect trace compounds in complex matrices such as soft drinks and resolve closely 

eluting molecules with its sensitivity, high resolution, and fast scan speeds. The generated 

disinfection byproducts from the dye (or drug) precursors will be elucidated from the beverages 

(medication) samples.  Real, unmodified, tap water samples will be used as well.  The targeted 

analysis of the DBPs will be performed on the Agilent LC-QQQ/MS system that has capabilities 

for accurate detection of target analytes.  
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Specific Aims: 

Which disinfection byproducts produced from the dyes can be found in the beverages prepared 

from residually disinfected water?  

6.2 Methodology 

Materials and chemical reagents 

Individual stock standards of tartrazine (Sigma-Aldrich, St. Louis, MO USA), brilliant blue ac 

(Sigma-Aldrich, St. Louis, MO USA), allura red (Sigma-Aldrich, St. Louis, MO USA), and 4-

methylimidazole (Sigma-Aldrich, St. Louis, MO USA), dextromethorphan (Sigma-Aldrich), 

phenylephrine (Santa Cruz Biotechnology, Dallas, TX, USA), doxylamine (Sigma-Aldrich), and 

aspirin (Fluka)  were prepared in high performance liquid chromatography grade methanol 

(Fisher Scientific, Pittsburg, PA, USA ) resulting in 1800 mg L-1 solutions. Intermediate solutions 

were prepared through dilution of stock standards deionized water to a concentration of 180 mg 

L-1. All standard solutions were stored at 4 ˚C. Individual stock solutions of the 4 regulated THMs 

(200 μg/ mL chloroform (Supelco, Bellefonte, PA, USA), 5000 μg/ mL bromoform (Supelco), 200 

μg/ mL bromodichloromethane (Supelco), 200 μg/ mL dibromochloromethane (Supelco)) and 

one iodinated THM (neat iodoform (Supelco)) were prepared in methyl tert-butyl ether (MTBE). 

A 9 point calibration curve from 100 ppt to 250 ppb was prepared in MTBE. All stock and 

calibration standards were stored in a freezer at -18 ˚C until usage. Sodium bisulfite (GFS 

Chemicals, Columbus, Ohio, USA) was used as a reducing agent to quench the oxidation 

reactions. Phosphate buffer solutions (pH 3.5 and 7) were prepared with varying amounts of 
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sodium phosphate monobasic monohydrate (Acros Organics, Pittsburg, PA, USA), sodium 

phosphate dibasic heptahydrate (Acros Organics, Pittsburg, PA, USA), and phosphoric acid (Sigma 

Aldrich) to provide a buffer strength of 10 mM. 

Three types of products that contained the selected dyes and drugs were studied: soft drinks, an 

electrolyte drink, and an effervescent over-the-counter medication.  Mio energy in Green 

Thunder flavor is a caffeinated water enhancer in liquid form that contains tartrazine and brilliant 

blue dyes, natural and artificial sweeteners and other additives. Koolaid is a powdered mix that 

is added to water to prepare a flavored drink. Tropical punch flavored contains brilliant blue, 

allura red and natural and artificial ingredients. The blueberry flavor contains very similar 

ingredients as tropical punch, but only brilliant blue dye for coloring. Pedialyte is an electrolyte 

powder added to water as an on-the-go single serve dehydration remedy. Grape flavor consists 

of sugar, sodium chloride, natural and artificial flavors, and brilliant blue and allura red dyes. Alka 

Seltzer, an over-the-counter medication, is available in capsule and effervescent tablet form.  The 

cold and flu medication consists of a combination of drugs, with the nighttime effervescent 

formula containing 10 mg of dextromethorphan hydrobromide for cough suppression, 6.25 mg 

of doxylamine as an antihistamine, 7.8 mg of phenylephrine bitartrate as a nasal decongestant 

and 500 mg of aspirin as a pain reliever.  All products were purchased from local supermarkets in 

Tucson, Arizona.  
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Test Water 

Deionized water and tap water were used for the lab-controlled and ambient experiments. The 

deionized water was collected in baked 1-L amber bottles and buffered to simulate the typical 

pH of tap water (pH 7) and beverages (pH 3.5).  The lab-controlled tap water used in this study 

was obtained from one laboratory source. This water was used for the ambient experiments 

along with five households throughout Tucson. The laboratory water is a blend of private well 

and Tucson city water. Tucson city water, supplied by the Colorado River as part of the Central 

Arizona Project, was the source of four of the household tap water samples. The fifth sample was 

from an independent supplier, Aqua Vita. Water used for lab-controlled studies was collected 

from the laboratory in 4-L amber bottles and left open to the atmosphere for a minimum of one 

week to undergo passive dechlorination prior to analysis. For ambient testing, tap water samples 

were collected in 1 L amber bottles from the five households and laboratory, and filled to top to 

minimize headspace. They were capped and stored at room temperature, with a maximum 

holding time of 8 hours prior.  

The water samples were characterized based on measurements of water quality conditions; pH, 

free chlorine, total chlorine, conductivity, and total organic carbon as summarized in Table 6.1. 

The pH was measured using a pH meter calibrated from a pH range of 4 to 10. Free chlorine and 

total chlorine were measured using the N,N-diethyl-p-phenylenediamine (DPD) colorimetric 

method. Total organic carbon analysis was performed with a Shimadzu TOC-L-CSH, calibrated 
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from 0 to 27.5 ppm. Water was collected for each in scintillation vials with minimal headspace 

and stored at 4˚C until analysis. 

 

Table 6.1. Water Quality Characteristics of Tap Water 

Sample pH Free Chlorine 
(ppm) 

Total 
Chlorine 

(ppm) 

TOC (ppm) 

#1 9.757 0 0 0.2587 

#2* 8.057 0.75 0.73 0.5786 

#3 6.951 0.74 0.72 0.5446 

#4 6.882 0.53 0.57 0.6006 

#5 6.915 0.81 0.84 0.3547 

#6 7.121 0.06 0.06 0.2771 

Deionized 
water 

   0.3230 

 *Water #2 used for lab-controlled tap water studies. 

Lab-controlled Chlorination and Chloramination 

Preparations of free chlorine and monochloramine were made in-house using deionized water. 

A stock solution of free chlorine was prepared for chlorination in an amber bottle from a 10% 

sodium hypochlorite (NaClO) solution (Ricca Chemical Company, Arlington, TX, USA).  Free 

chlorine concentration was measured by spectrophotometric measurement using molar 

absorptivity of 292 nm. Monochloramine solutions were prepared daily by adding sodium 

hypochlorite solution to aqueous solution of ammonium chloride (Fisher Scientific) adjusted to 

pH 8, with a Cl2-to-N ratio of 0.5 M/M.  Monochloramine and dichloramine concentrations were 

measured spectrophotometrically using the corresponding molar absorptivities of 245 nm and 

295 nm, respectively.  Free chlorine and monochloramine were added to the buffered test water 

to achieve a final dose of 4 mg L-1 and 0.6 mg L-1. The typical residual concentration found in most 
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water systems is around 0.6 mg L-1. The 4 mg L-1 concentration exceeds most and serves for the 

purpose of detection of the low abundance disinfection byproducts. Experiments were 

immediately conducted with the water.  

Analytical Methods 

LC-QToF/MS (MS Mode) 

The separation of brilliant blue and allura red was performed on using an Agilent 1290 Infinity 

liquid chromatography system (Agilent Technologies, Palo Alto, CA, USA) equipped with an 

autosampler, binary pump, column compartment and vacuum degasser. For ESI negative mode, 

a 2.1 x 100 mm Agilent Zorbax Extend C18 column with a packing size of 1.8 μm was selected for 

retention of analytes at high pH levels.  The mobile phase system consisted of water with 20mM 

ammonium formate with 0.1% formic acid (A) and 70% methanol and 30% acetonitrile (B) at a 

flow rate of 0.5 mL min-1. The chromatographic method was optimized with a gradient mobile 

phase composition, 98% A initially held constant for 1 minute, decreased to to 0% at 4 minutes, 

then held to a constant 0% at 5.00 minutes, and increased to 98% at 5.10 minutes.  There was a 

2 minute post run for column equilibration, resulting in a total run time of 7.10 minutes. Column 

temperature was maintained at 25 ˚C. A sample volume of 20 µL was injected. The HPLC was 

coupled to an Agilent 6540 accurate-mass quadrupole time-of-flight mass spectrometer 

operated in negative ion mode with the following operation parameters: gas temp: 200 ̊ C; drying 

gas: 8 L min-1; nebulizer: 35 psig; sheath gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 

3500V; nozzle voltage: 100 V; fragmentor: 200 V; skimmer 50 V; oct 1 rf vpp: 750 V. Spectra were 
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acquired across the range of 100 to 1600 m/z at 2 GHz. Data was processed using the MassHunter 

software. Accurate mass extracted ion chromatograms were obtained with the use of an 

integrated automated calibrant delivery system that introduces a calibrating solution with 

reference masses 119.036 and 966.007.  

The analysis of dextromethorphan, phenylephrine, and doxylamine was performed using a single 

LC-QTOF/MS method. Separation was performed on an Agilent Poroshell 120 EC-C18 column (4.6 

x 100 mm) with 2.7 micron packing size. Two reference masses (121.05090000 and 

922.00980000) were constantly infused into the ion source for mass calibration of each scan.  

The mobile phases consisted of 0.1% formic acid in water (A) and 50% methanol & 50% 

acetonitrile (B). The method was optimized for a 20 mL injection volume, flow rate of 0.5 mL min-

1 and a step gradient mobile phase composition. Mobile phase A was initially held constant at 

98.0% for 1.00 minute, and then decreased to 65.0% at 3.00 minutes, decreased to 0.00% at 5.00 

minutes, then increased to 98.0% at 5.10 minutes. There was a post run of 2.00 minutes, for a 

total run time of 8.00 minutes.  

The mass spectrometer was operated in ESI positive mode and ions were generated using the 

following system parameters: gas temp: 200 ˚C; drying gas: 8 L min-1; nebulizer: 35 psig; sheath 

gas temp: 375 ˚C; sheath gas flow: 11 L min-1; VCap: 3500V; nozzle voltage: 300 V; fragmentor: 

120 V; skimmer 65 V; oct 1 rf vpp: 750 V. Spectra were acquired across the range of 50 to 1600 

m/z at 2 GHz. Mass calibration of ion source was performed during each scan by monitoring an 
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internal calibration standard at masses 121.05087300 and 922.00979800. Data was analyzed 

using Agilent’s Mass Hunter qualitative analysis software. 

LC-QToF/MS (MS/MS Mode) 

The acquisition in MS/MS mode was performed using the same chromatography and mass 

spectrometry conditions as used in MS mode, with the addition of the ionization conditions 

shown in Table 6.2.  The same parameters were used for the analysis of the dye and drug samples.  

Table 6.2 MS/MS Operation Parameters 

MS/MS Parameters 

Acquisition Mode Auto MS2 

MS Min Range (m/z) 100 

MS Max Range (m/z) 1600 

MS Scan Rate (spectra/ sec) 2.0 

MS/MS Scan Rate (spectra/ sec) 5.00 

Isolation Width MS/MS Medium (~4 amu) 

Used Fixed Collision Energies 10.00, 20.00, 40.00 

Max Precursors Per Cycle 2 

Threshold (Abs) 200 

Threshold (Rel)(%) 0.010 

Precursor abundance based scan 
speed 

Yes 

Target (counts/ spectrum) 20000.000 

Use MS/MS accumulation time limit Yes 

Use dynamic precursor rejection No 

Purity Stringency (%) 100.000 

Purity Cutoff (%) 30.000 

Isotope Model Common 

Active exclusion enabled Yes 

Active exclusion excluded after 
(spectra) 

1 

Active exclusion released after (min) 0.50 

Sort precursors By abundance only 

Selected Charges 1 
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LC-QQQ/MS 

The Agilent 1290 Infinity liquid chromatography system (Agilent Technologies) equipped with an 

autosampler, binary pump, column compartment and vacuum degasser coupled with a 6490 

triple quadrupole system was used for analysis. The system has very similar capabilities as the 

LC-QToF/MS so the operating conditions were the same with a few modifications and additions. 

The instrument has the capability for a higher gas flow than the LC-QTOF, so the flow was set to 

11 L/min. The following are the mass spectrometer settings for all compounds and transitions: 

fragmentor voltage: 380 V; cell accelerator voltage: 5 V; retention window: 1; polarity: negative 

for dyes/beverage method and positive for drugs/ OTC medication method. The data storage was 

set to centroid with a threshold of 0. The ion funnel parameters were positive high pressure RF 

of 150, positive low pressure RF of 60, negative high pressure RF of 90, and negative low pressure 

RF of 60. The optimized precursor and product ions, collision energies and retention times for 

each compound are detailed in Tables 6.3 and 6.4. 
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Table 6.3.  MRM Operation Conditions for Dye DBPs 

Cpd Name Precursor Ion Product Ion CE (V) Ret Time 
(min) 

 

270.94 

230.97 20 5.4 
 
 

179.01 20 

143.01 20 

270.99 

226.99 20 
2 
 

191.01 20 

119.5 20 

226.99 20 

4.9 191.01 20 

119.05 20 

256.96 

238.95 40 

4.3 

208.99 40 

192.99 40 

185.99 40 

165.01 20 

129.03 20 

Brilliant Blue 

518.9 

482.92 20 
5.1 

 
440.94 20 

314.99 20 

306.92 

270.94 20 
5.6 

 
256.96 20 

192.88 20 

270.94 

230.97 20 
2 
 

179.01 20 

143.01 20 

256.96 

238.95 40 

4.4 
 

208.99 20 

192.99 20 

185.99 20 

165.01 20 

129.03 40 

256.9 194.96 20 

156.97 20 

116.99 20 

184.99 156.99 0 1.8 

121.03 20 

109.5 20 
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Table 6.4. MRM Operation Conditions for Drug DBPs 

Cpd Name Precursor Ion Product Ion CE (V) Ret Time (min) 

Dextromethorphan 

340.2 

308.2 0 

5.75 204.1 40 

149.1 40 

279.2 
149 20 

7.6 
121 40 

Doxylamine 

180.1 

167.1 20 

3 138.1 20 

122.9 20 

257.2 

182.1 20 

6.3 167.1 40 

156.1 40 

286.1 

202.2 40 

7 181.1 40 

180.1 40 

Phenylephrine 

236 

218 0 

5.77 184 40 

147.1 20 

270 

252 20 

6.47 217 20 

181 20 
 

Trihalomethane Analysis 

Trihalomethane measurements were made using an Agilent 6890N gas chromatography system 

interfaced with an electron capture detection system and equipped with an automated sampling 

system. Separations were carried out with helium carrier gas at a flow rate of 4 mL min-1 through 

a 30 m x 0.25 mm ID x 32 μm OD HP-5 column. A 45 minute method was developed and optimized 

to achieve optimal separation and low detection limits for analytes in complex matrices. Sample 

volume of 2 µL was injected into the inlet heated at 250 ˚C and operated in splitless mode. The 

oven program was as follows: initial rate of 35 ˚C held for 22 minutes, then increased 10 ˚C min-
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1 to 120 ˚C and held for 0 minutes and then ramped 20 ˚C min-1 to 300 ˚C and held for 5 minutes. 

Data acquisition and reduction was achieved using Agilent Chemstation. 

6.3 Experimental 

Beverages in lab-controlled water 

Seven beverages, Crystal Light Lemonade, Koolaid Lemonade, Koolaid Tropical Punch, Coca Cola 

Coke, Original Mountain Dew, Mio Energy Lime, and Pedialyte Grape, were prepared as follows. 

Crystal light, Koolaid, and Pedialyte are packaged as powder drinks so they were weighed to the 

mass necessary to make a 10 mL water serving.  Coke and Mountain Dew were prepared by the 

transfer of 1.67 mL of soda syrup to water make 10 mL of sample. Mio Energy drinks are added 

to water as liquid drops so the contents of the bottle were transferred to a scintillation vial and 

then aliquotted at the volume necessary to prepare a water serving of 10 mL. All samples were 

added to pH 3.5 buffered DI water and dechlorinated tap water that were dosed with 0.6 mg L-1 

and 4 mg L-1 of free chlorine and monochloramine. The 4 mg L-1 dosed samples were exposed 

for two reaction times, 5 minutes and 24 hours, to test different consumption times. The 0.6 mg 

L-1 dosed samples were meant to simulate realistic residual disinfectant levels in tap water, and 

were reacted for 24 hours. Samples were capped and remained at room temperature during the 

reaction, then quenched with sodium bisulfite and stored in the dark at 4 ̊ C until analysis. Control 

samples were prepared in buffered deionized water and dechlorinated tap water.  
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Beverages in ambient water 

The same seven beverages that were selected for lab-control testing were tested in six ambient 

tap water conditions. Samples were prepared following the same procedure to achieve the 

concentration appropriate for one serving size, with a contact time of 30 minutes. No 

dechlorination was performed and no dosing was required. Samples were capped and at room 

temperature during the reaction and then quenched with sodium bisulfite and stored in the dark 

at 4 ˚C prior to analysis.  

Preliminary assessment of DBPs in Beverages and Over-the-Counter Medications 

The beverage and OTC samples were analyzed for the DBPs generated in the respective dyes and 

drugs that were exposed to chlorinated and chloraminated water. The samples were prepared in 

a scintillation vial to a concentration equivalent to the product serving size or dose for a 10 mL 

volume. The samples were quenched with sodium bisulfide and stored at 4 ˚C until analysis. All 

samples were injected into the LC-QToF/MS without prior samples pretreatment steps. This 

study will evaluate the presence of DBPs in beverages and OTC medications that can be further 

linked to the dye and drug constituents.  

Elucidation of MRM Transitions 

Chlorinated and chloraminated dye and drug standards in DI water were analyzed by LC-

QTOF/MS in MS/MS mode to elucidate the transitions for subsequent targeted MRM analysis. 

The acquisition method used for analysis in MS mode was reproduced for the MS/MS mode, with 

the addition of fragmentation parameters.   The samples were fragmented at three different 
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collision energies set to the following values: 10, 20, and 40. The spectral data was processed 

using Mass Hunter Qual software to identify the fragmentation ions for each DBP precursor ion.  

Targeted DBP Detection 

Beverage and OTC medication samples that were prepared in unaltered tap water were analyzed 

for the targeted DBPs found during the LC-QTOF/MS MS/MS analysis. The method was first 

optimized using the chlorinated and chloraminated standards to determine the highest peak 

response among four collision energies, 0V, 20V, 40V and 60V and the retention times. The same 

conditions used in the LC-QToF/MS acquisition method conditions were used for the targeted LC-

QQQ/MS analysis. Qualitative determinations of the presence of DBPs in the beverages and OTC 

medications were made according to the criteria that the representative m/z transitions were 

present at the appropriate retention times as found in the chlorinated or chloraminated 

standards.  

Trihalomethane Analysis 

Five trihalomethanes were quantified in products that contain tartrazine and/or brilliant blue 

(Mio Energy, Pedialyte) and phenylephrine and dextromethorphan (Alka Seltzer), which were 

analyzed and discussed in Chapter 3. This study will provide information about the potential for 

THM formation in beverages and OTC medications when prepared in lab-controlled chlorinated 

or chloraminated DI water, and possibly identify potential precursors. The THMs were also 

quantified in samples that were prepared in unaltered tap water to demonstrate the behavior of 

these products in water that is likely consumed. Characteristics of the water used are detailed in 
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Table 6.1, water #2.   The lab-controlled buffered DI water (10 mL) was dosed at 4 ppm with free 

chlorine and monochloramine. The beverages and OTC medications were added to the water at 

doses equivalent to the manufacturer’s recommendations. After 24 hours contact time, (10 

minutes for Alka Seltzer in unaltered tap water), the samples were quenched with sodium 

bisulfite. Bromochloroiodobenzene and bromofluorobenzene were added to each sample for a 

final concentration (post-evaporation) of 320 ppb as a surrogate. Samples were refrigerated in 

the dark until extraction. The analytes were extracted using liquid-liquid extraction with 5 mL of 

MTBE. The samples were vortexed twice and then the organic phase was filtered through sodium 

sulfate, rinsed with 2 mL of MTBE and transferred into a new vial. The samples were evaporated 

under a gentle stream of nitrogen to a final concentration of 350 µL. Samples were stored at -18 

˚C until analysis. Targeted THM analysis was performed on the GC-ED within the EPA’s 

recommended maximum sample hold time. 

6.4 Results 

6.4.1 Analysis of Unknown DBPs 

The tropical punch Koolaid and grape Pedialyte that each contain brilliant blue dye demonstrated 

the presence of DBPs when prepared in lab-controlled chlorinated DI water when analyzed by 

LC-QToF/MS in MS mode. Spectral features suggests that a monochlorinated DBP and 

trichlorinated DBP was formed in the Pedialyte and Koolaid, respectively. They each contain the 

characteristic chlorine clusters at the corresponding m/Z values of 781.1115 for C37H36ClN=O9S3 

and 849.0335 for C37H34Cl3N2O9S3. When the Alka Seltzer was prepared in chlorinated lab-
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controlled DI water, one DBP was formed. While three DBPs were formed when prepared in 

chloraminated lab-controlled DI water. The chlorinated water produced a dichlorinated (m/z 

236.0239) DBP of phenylephrine. The same DBP was found in the chloraminated water sample, 

in addition to a monochlorinated (m/z 202.0629) DBP of phenylephrine and an unidentified DBP 

(m/z 184.0524). The formulas of the mono- and di-chlorinated DBPs are predicted to be 

C9H12ClNO2 and C9H10Cl2NO2, respectively. These chemicals were detected when the 

disinfectant dose was 4 ppm, the maximum allowable by the EPA. Therefore, the chlorinated and 

chloraminated dye and drug standards were analyzed in MS/MS mode and then extracted at the 

DBPs found in the treated standards of the previous studies in Chapters 2-4. The compounds 

selected for this stage included brilliant blue, allura red, phenylephrine, dextromethorphan and 

doxylamine. The molecules were fragmented during the ionization and two to four product ions 

of greatest abundance were selected for each precursor ion. The ions are compiled in Table 6.2.  

The targeted analysis of the unaltered beverages for mass transitions detected trace levels of 

DBPs in the tropical punch Mio Energy and in the Alka Seltzer samples. The Mio Energy, which 

consists of brilliant blue and tartrazine dyes, produced a DBP of brilliant blue with transitions 

256.9 → 156.97 and 256.9 →194.96. This byproduct was found in tap water samples 2-5. These 

samples had the higher concentrations (0.53- 0.81 ppm) of free chlorine present. Despite the 

faint green appearance, Mio Energy is the only beverage that contains brilliant blue that produces 

DBPs linked to the dyes when prepared in unaltered tap water. Mio Energy contains few 

ingredients so it is possible that a low organic matter content may favor the formation of DBPs 

at low chlorine doses. This likely explains the absence of the DBPs of the dyes in the tropical 
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punch Koolaid sample, since the product includes many organic ingredients. The other organic 

matter likely consumes the chlorine, before the dye, even though reports have approximated the 

dye content in Koolaid to be around 50 mg per serving [Stevens et al., 2014]. 

Coke, Mountain Dew and lemonade flavor Crystal Light that were prepared in lab-controlled 

chlorinated and chloraminated DI water and ambient water were also analyzed in MS mode by 

LC-QToF/MS. However, they didn’t generate any DBPs that were found in the dyes. A plausible 

explanation is that the chlorine is quickly consumed by the other organic species that are present 

in the beverages. Especially considering that they each have many other ingredients. Another 

possible reason for the absence of the DBPs that were found in the dyes is that every DBP that 

was formed in the dyes was not identified.   

Alka Seltzer in unaltered tap water yielded two DBPs that were found in the chlorinated and 

chloraminated lab-controlled water. A dichlorinated DBP of phenylephrine (MRM transitions 236 

→ 147.1 and 236 → 218) was found in low abundance and an unidentified DBP of doxylamine 

(MRM transitions 286.1 → 180.1 and → 286.1 181.1) at a slightly higher abundance. A suggested 

molecular formula for the dichlorinated DBP is C9H11Cl2NO2. The findings of the lab-control study 

is consistent with these, both producing the same phenylephrine DBP. However, the doxylamine 

DBP was not observed in the lab-controlled study. Phenylephrine is expected to be the exclusive 

source of byproducts produced due to the dominant chlorine consumption by phenylephrine, 

which demonstrated reduced consumption by the other drugs in the mixtures. Therefore, the 

presence of the doxylamine DBPs in Alka Seltzer samples prepared in the unaltered tap water is 
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unforeseen due to the negligible degradation of the drug precursor in the lab-controlled drug 

mixture sample. The absence of DBPs produced from dextromethorphan is consistent with the 

results in the kinetics study. The results of the mixture study are reported in Chapter 3.  

The other DBPs that were formed in the chlorinated and chloraminated phenylephrine standards 

were likely not detected in the unaltered tap water samples due to the reduced contact time (15 

minutes) compared to the standards (24 hours) or the reduced residual disinfectant dose (0.7 

ppm) relative to the standards (4 ppm). If the contact time for the Alka Seltzer in drinking water 

exceeded the 10 minutes used, it is likely that additional DBPs would be produced. Especially 

given that the drug doses in the Alka Seltzer are much greater than those used for the lab-

controlled study. It is possible that the other DBPs that were detected in the standards were 

present in the Alka Seltzer samples at levels below the limit of detection.  

6.4.2 Analysis of THMs 

All beverages and OTC medications that were prepared in lab-controlled chlorinated and 

chloraminated DI water formed chloroform in low ppb levels. They also produced low 

concentrations of chloroform in the unaltered tap water samples, as shown in Table 6.5. The 

chloroform concentrations produced in the Mio Energy and Pedialyte lab-controlled samples 

were greater than levels produced in the lab-controlled dye samples. Therefore, the chloroform 

generated by the dyes may be linked to the chloroform found in the beverages. However, even 

if the dyes contributes to the chloroform concentration, a portion of the total abundance is 

attributed to other components in the beverages.  
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Table 6.5 THMs formed in Beverages and an OTC Medication 

THMs (ppb) 

 Free Chlorine Monochloramine 

 CHCl3 CHBr3 CHBrCl2 CHBr2Cl CHI3 CHCl3 CHBr3 CHBrCl2 CHBr2Cl CHI3 

E 3.2     3.6     

F 3.9     3.9     

G 1.9 0.27 0.8 ND 0.01 1.2 0.23 0.64 ND 0.01 

Unaltered 

 CHCl3 CHBr3 CHBrCl2 CHBr2Cl CHI3 

E 2.3 3.5 ND 0.33 0.18 

F 3.4 0.31 ND ND 0.35 

G 1.5 0.41 1.17 0.15 0.07 

E-Mio Energy, F-Pedialyte, G- Alka Seltzer 

The lower concentration of chloroform formed by the Alka Seltzer in lab-control chlorinated and 

chloraminated water as compared to the phenylephrine and dextromethorphan reveals that 

there are other compounds present in the medication that inhibits the formation. Also, it is 

evident that there are bromide and iodide species present in the Alka Seltzer that contributes to 

the formation of the brominated and iodinated THMs, such as the hydrobromide salt of 

dextromethorphan that contribute to the formation of the brominated and iodinated THMs.  

The treatment method of the water, free chlorine or monochloramine, exhibited little difference 

between the THMs formed by the beverages and OTC medications in the bromide and iodide free 

lab-controlled waters.  

The chlorinated DI water was prepared at a concentration of 4 ppm while the unmodified tap 

water had a chlorine concentration of 0.7 ppm. So as expected, the unaltered tap water produced 

slightly lower chloroform concentrations compared with the lab-controlled samples since the 

disinfectant dose in the unaltered tap water was lower. However, due to the bromide and iodide 
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content in the unaltered tap water, bromide and iodide was incorporated into the THMs. 

Bromoform was present in highest abundance (3.5 ppb) in the Mio Energy, while chloroform 

remained the most abundant THM in the Pedialyte (3.4 ppb) and Alka Seltzer (1.5 ppb) samples.  

The behavior exhibited by the beverages and OTC medication in the bromide and iodide rich lab 

controlled tap water is different from that of the contributing dyes and drugs in bromide and 

iodide rich chlorinated water. Mio Energy consists of brilliant blue and tartrazine dyes, in which 

tartrazine generated a high concentration (54.1 ppb) of total trihalomethanes (TTHMs). The 

greatest contributor was bromodichloromethane, which was nondetect in the Mio Energy 

sample in unaltered tap water. Whereas, brilliant blue in chlorinated bromide and iodide rich 

water was absent of bromoform and dibromochloromethane. Pedialyte, which also contains 

brilliant blue, with the addition of allura red, prepared in unaltered tap water generated THMs 

most similar to brilliant blue in bromide/ iodide rich chlorinated water.  The TTHMs were close in 

concentration and were comprised of the same individual THMs, with the addition of bromoform 

for Pedialyte.  The THM content in the Alka Seltzer sample prepared in unaltered tap water was 

dramatically different from the bromide/ iodide rich chlorinated drug samples.  The TTHMs for 

dextromethorphan and phenylephrine were 29.6 and 45.1 ppb, respectively. While the TTHMs 

for Alka Seltzer in unaltered tap water was a mere 3.3 ppb. Although the Alka Seltzer and 

phenylephrine samples each contain the 5 evaluated THMs, and dextromethorphan contained 4 

of the 5 (absent of iodoform) the proportions of individual THMs are very different. Alka Seltzer 

predominantly formed chloroform, dextromethorphan mostly bromoform and 

bromodichloromethane, and phenylephrine mostly bromodichloromethane. So there are 
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properties of the Alka Seltzer medication that influences its behavior in unaltered tap water 

(drinking water).  

Alka Seltzer in unaltered tap water formed THMs of slightly lower concentration than those 

produced in Mio Energy and Pedialyte. It was also determined that the THMs found in the Mio 

Energy and Pedialyte were lower (approximately 10 times) in concentration as compared with 

the THM levels found in beverages such as teas that was reported in a previous study by Huang 

et al. (2009). The differences in THM concentrations between the Huang study and our study may 

be due to the rapid formation of more complex DBPs as opposed to THMs.  

A limitation of our screening study is that the levels that were detected were for a fraction of a 

normal serving size. A typical serving size for a beverage is 8 to 16 fluid ounces but representative 

sample size used was equivalent to 0.3 fluid ounces. So the total mass of THMs consumed will be 

approximately 25 to 50 times the mass predicted from the screening results.  

Our study shows a possible link between the THMs formed from interactions between tartrazine 

and chlorinated DI water and Mio Energy and unmodified tap water.  It reveals that the presence 

of bromoform in tartrazine when in bromide and iodide rich chlorine treated water may be a 

potential contributor to the bromoform formed in the Mio Energy drink. Brilliant blue produces 

the green color in Mio Energy when in combination with tartrazine and is a potential source of 

THMs in the drink. However, our study showed lack of bromoform formation in brilliant blue so 

it was eliminated as a likely contributor in Mio Energy.  
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Alka seltzer was tested for the five THMs but only trace levels were found in the unaltered tap 

water samples. This is an indication that other components of the Alka Seltzer consume the free 

chlorine or monochloramine before the drug components consume it. Another possible 

consideration is that as the reaction proceeds, the trihalomethanes are later transformed to 

more complex halogenated DBPs.  

It should be noted that blanks were analyzed for contamination from sample preparation or 

instrument carryover. There were trace levels of chloroform in all of the samples which is possibly 

due to degradation of the surrogate standards or less likely, interference from analytes with 

similar retention time. The GC-ECD is ideal for THM analysis due to its low limit of detection, 

however a limitation of the technique is the difficulty to resolve analytes of interest in a complex 

matrices. 

6.5 Conclusion and Future Direction 

The results of the study demonstrate a possible link between the DBPs formed when highly 

reactive dyes or drugs are exposed to free chlorine or monochloramine treated water and the 

DBPs found in the respective beverages and over-the-counter medications. Beverages that 

contain brilliant blue are prepared in tap water that contains residual chlorine as low as 0.5 ppm 

pose the risk of chlorinated DBP formation. Similarly, administration of OTC medications that are 

prepared in tap water has the potential to for DBP exposure. Out of the four active Alka Seltzer 

drugs, phenylephrine (and possibly doxylamine) are the greatest concern. The THM analysis 

reveals the possible contribution of dyes and drugs to the formation of THMs in beverages and 
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OTC medication, respectively. Despite the link between them, the presence of THMs in beverages 

and OTC medications should be cause for concern.  Standards of the DBPs formed by dye and 

drug preparation in chlorinated and chloraminated water should be synthesized to confirm the 

presence in the beverages and OTC medication. Since elimination of dyes from beverages and 

drugs from OTC medications is unrealistic, additional research should be performed to 

investigate the effects of chlorine and chloramine removal on the reduction of DBPs in beverages 

and OTC medications.  
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7. Summary and Outlook 
 

The findings of each chapter objective is summarized below.  

Chapter 2: 

What are the reaction rate constants for chlorination and chloramination of dyes and drugs? 

The decay rates of the measured dyes in chlorinated water were 2nd order with a rate as low as 

0.01 M-1s-1 for allura red in chlorinated DI water and as high as 35 M-1s-1 for brilliant blue in 

chlorinated DI water.  The rate in monochloramine treated water was slower as expected.  

The fastest degradation in chlorinated DI water occurred with phenylephrine (28 M-1s-1) and the 

slowest was doxylamine (0.029 M-1s-1). Aspirin, which exhibits rapid hydrolysis experienced 

negligible chlorination. The rates in monochloramine-treated water were greater than 104 times 

slower than in free chlorine-treated water. The rates in tap water were slower or approximately 

the same as in DI water. Phenylephrine and dextromethorphan are predicted to contribute DBPs 

in the greatest abundance.  

Chapter 3: 

Are any disinfection byproducts formed when disinfected water is fortified with dyes/ drugs?  

All of the dyes (allura red, brilliant blue and 4-methylimidazole) and 3 out of the 4 drugs 

(phenylephrine, dextromethorphan, and doxylamine) formed DBPs upon exposure to chlorinated 

DI water. The formation of DBPs was more favorable when the selected dyes were exposed to 
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chlorinated water, as compared to monochloramine-treated water.  The phenylephrine and 

doxylamine drugs demonstrated a similar abundance of DBPs in the chlorinated and 

chloraminated water. Dextromethorphan produced DBPs only in chlorinated water. 

How do the reaction kinetics effect disinfection byproduct formation? 

As expected based on the rapid decay rates, brilliant blue and phenylephrine were among the 

analytes that generated the greatest number of DBPs. Although doxylamine exhibited a slower 

decay rate, it was completely degraded after 24 hours of contact with treated water, which likely 

contributed to relatively high number of DBPs formed. 

What relative changes in reaction rate occur when drugs are disinfected in mixtures? 

When the drugs are exposed to chlorinated DI water as a mixture, phenylephrine experiences a 

rapid degradation and the other drugs experience negligible degradation. Therefore, 

phenylephrine is expected to be the greatest contributor to DBPs formed in Alka Seltzer 

medication. 

Can these byproducts be structurally elucidated? 

The DBPs that are formed are a combination of mostly monochlorinated, dichlorinated, and 

trichlorinated precursor molecules, in addition to halogenated and nonhalogenated fragment 

molecules. Among the fragmented molecules that were formed were trihalomethanes. 

Are there any connections between the formation of THMs and more complex DBPs. 
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All of the dyes and drugs tested formed chloroform at low ppb levels in Br- and I- free chlorinated 

and chloraminated water. Phenylephrine and dextromethorphan both formed brominated 

THMs, which is likely contributed to the halogenated salt impurities. This is a possible explanation 

for the presence of brominated and iodinated THMs in Alka Seltzer. Exposure of the drugs and 

dyes to Br- and I- rich chlorinated and chloraminated water generated a combination of the 4 

regulated THMs and iodoform.  

Chapter 4: 

How does water pH, disinfectant type, bromide and iodide content, and disinfectant 

concentration each alter the potential for DBP formation? 

Higher water pH should favor increased precursor degradation in monochloramine-treated water 

and lower pH should favor increased precursor degradation in free chlorine-treated water, 

however results reveal that the behavior is complex. Phenylephrine and dextromethorphan both 

demonstrated the highest degree of degradation at the high pH level in free chlorine treated 

water and at lower pH levels for monochloramine. Factors beyond the expected speciation of 

disinfectants at a specified water, such as pKa properties of the drugs can largely influence the 

degradation potential in treated water.  

The differences in decay in bromamine treated water at different pH levels followed the same 

trend that was observed with the drugs in monochloramine treated water.  The behavior of the 

drugs and dyes in the presence of bromide and iodide in the treated water was also different 

than predicted. Some analytes showed a greater degradation in the absence of bromide and 
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iodide in one or both oxidants (free chlorine and monochloramine). The DBPs formed in bromide 

and iodide rich water contained a combination of the chlorine-substituted compounds found in 

the bromide/iodide free water and/or bromine- and iodine-substituted DBPs. A greater number 

of DBPs were detected in the brilliant blue, phenylephrine and dextromethorphan samples as 

compared to in the water absent of bromide/ iodide. These chemicals were extremely reactive 

with free chlorine so acceleration of precursor decay and increased DBP formation was 

experienced in the presence of bromide/ iodide. No DBPs were detected in the samples of 

bromide/Iodide rich or free monochloramine-treated water or doxylamine in bromide/iodide 

rich free chlorine- or monochloramine-treated water. It is possible that volatile DBPs or those not 

amenable to LC analysis were generated in the samples with no LC-detected DBPs. 

Phenylephrines may form chloramine intermediates during chlorination which would lead to a 

more complex mixture of oxidative species present, possibly reducing its overall oxidizing 

potential. Additionally, azo dyes can undergo a phenomenon called azo coupling that results in 

the formation of azo dyes from fragments under oxidative conditions. Therefore, formation of 

precursor molecules during long-term exposure is possible. 

The disinfectant dose showed significant effects on analyte (phenylephrine) degradation when 

free chlorine was used. However, there were marginal differences in degradation by the two 

doses (0.6 ppm and 4 ppm) when the analyte was exposed to monochloramine-treated water. 

Chapter 5: 
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Is there a change in dye/ drug cytotoxicity or anti-estrogenicity when exposed to residually 

disinfected drinking water?  

The cytotoxicity and anti-estrogenicity assays produced very similar results. There was no 

cytotoxicity induced in any of the dye samples prepared in untreated or treated (free chlorine 

and monochloramine) water.  The dyes also showed no anti-estrogenic character in any of the 

samples.   

Cytotoxicity was observed in the phenylephrine sample that was prepared in monochloramine-

treated water and dextromethorphan samples prepared in free chlorine- and monochloramine-

treated water. Though statistically different from the control, there was no statistical difference 

from the untreated samples.   

Is there a change in beverage or OTC medication cytotoxicity or anti-estrogenicity when prepared 

from residually disinfected drinking water?  

Mio Energy induced cytotoxicity in lab-controlled untreated water, lab-controlled chlorinated 

water, and unaltered tap water. However there was no statistically significant difference in 

cytotoxicity between the two samples so it was attributed to other components of the beverage. 

There were no beverage samples that demonstrated anti-estrogenicity. However, all of the Mio 

Energy samples- lab controlled untreated, chlorinated, and chloraminated and unaltered tap 

water- exhibited an increase in estrogenicity.  However, there was no difference between the 

samples so similar to the cytotoxic nature of Mio Energy, the disinfection process does not induce 

an increase or decrease in estrogenicity, relative to the untreated sample. 
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All of the Alka Seltzer samples induced significant cytotoxic response. A 0.125X dilution of the 

original sample was necessary to reduce the cytotoxicity to approximately 10%, relative to the 

DMSO control.  The anti-estrogenicity assay generated similar behavior for the Alka Seltzer 

samples, although the individual drug samples exhibited no anti-estrogenicity. All of the Alka 

Seltzer samples demonstrated anti-estrogenic character greater than 10% more than the positive 

DMSO control until diluted to 0.125X of the original sample concentration. 

Can the changes in beverage and OTC medication toxicity be linked to the formation of dye or 

drug disinfection byproducts? Is there a significant correlation? 

There was no correlation between estrogenicity in the Mio samples and the dye due to the 

absence of estrogenic and antiestrogenic character in the brilliant blue dye samples. 

The results of the cytotoxicity and anti-estrogenicity tests suggest that the two tested drugs are 

not likely potential sources of induction in Alka Seltzer. Additionally, the assays should only be 

used as a screening tool to determine whether further supplemental testing is needed.  

What are the effects of water quality conditions and treatment parameters on dye (beverage) 

and drug (OTC medication) cytotoxicity? 

Given the lack of induced toxicity in any of the dye samples, there was no significant difference 

in toxicity response between the samples prepared in bromide/ iodide rich water and free water. 

Therefore, there is no risk of cytotoxicity or anti-estrogenicity at the concentration (3 ppm) 

tested. Additional testing should be conducted to determine the toxicity at concentration levels 

present in beverages.  
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The drugs that induced cytotoxicity were prepared in bromide/ iodide free water. However, the 

Alka Seltzer medication showed no significant difference between the samples prepared in 

bromide/iodide rich or free water.  

Chapter 6: 

Which disinfection byproducts produced from the dyes can be found in the beverages prepared 

from residually disinfected water?  

The Tropical Punch flavor Koolaid, grape flavor Pedialyte and Alka Seltzer medication each 

formed select DBPs in lab-controlled chlorinated water that was found in the corresponding 

brilliant blue dye and phenylephrine drug. Alka seltzer also produced DBPs formed by 

phenylephrine in the Alka Seltzer sample prepared in lab-controlled monochloramine-treated 

water.  

The Mio Energy prepared in unaltered tap water generated a DBP found in brilliant blue at an 

abundance near the method detection limit. The DBP was detected in several of the residential 

waters, each containing residual free chlorine levels between 0.53 and 0.81 ppm. The Alka Seltzer 

sample in unaltered tap water formed DBPs of phenylephrine as well as one of doxylamine. They 

were all detected at levels near the detection limit.  

The studies revealed dyes and drugs may be potential precursors of DBPs formed in the 

respective beverages and over-the-counter medications that are prepared with residually 

disinfected drinking water.  Specifically, the triarylmethane class of dye and phenylalkylamine 

class of drug seem to undergo oxidation readily and pose a risk for DBP formation. The DBPs are 
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formed at minimal levels when the disinfectant is present at concentrations as low as 0.6 ppm. 

However, there is a significant increase in the number of DBPs and concentration if the 

disinfectant is present at the EPA’s maximum allowable level. Additionally, consideration should 

be taken if other water conditions such as bromide and iodide content favor the formation of 

DBPs. A few of the dyes and drugs tested demonstrated a mild cytotoxicity or (anti-)estrogenicity, 

however there is no clear link that exposure to disinfectant increases or decreases the response. 

Two of the corresponding beverages that was tested demonstrated estrogenicity and the over-

the-counter medication showed anti-estrogenicity and cytotoxicity. However, there was no link 

between the dyes/ drugs and beverages/ OTC medication. It is possible that the concentrations 

of dyes/ drugs used for the assays were not representative of those found in the beverages and 

OTC medication. Therefore, additional studies are necessary to try to isolate the source of toxicity 

in the commercial products and further analysis is needed to determine whether the dyes and 

drugs are toxic at the levels found in those products.  
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Appendices 

A. Distribution of Disinfection Byproducts By Class 

 

Percent Total Organic Halogen Distribution in four U.S. drinking waters [Pressman et al., 2010] 
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B. Disinfection Byproducts Detected in Beverages 

No. Beverage/ Food Contaminant Reported 
Detected 
Concentration  

References 

1 Domestic Beers 

Whiskey and liqueurs 

NDMA 0.3 µg/ kg c 

< 0.1 µg/ kg c 

Shin et al. (2005) 

 

2 Nonalcoholic Beer (0% 
ethanol) 

Nonalcoholic Beer 
(<0.1% ethanol) 

Alcoholic Beer (5.4% 
ethanol) 

Alcoholic Beer (4.2% 
ethanol) 

N-nitrosopiperidine 

 

N-
nitrosodimethylamine 

N-nitrosopiperdine 

N-
nitrosodimethylamine 

N-nitrosopiperidine 

N-
nitrosodimethylamine 

N-nitrosopiperidine 

0.22 + 0.01 µg/ 
kg c 

 

0.40 + 0.02 µg/ 
kg c 

0.39 + 0.02 µg/ 
kg c 

0.14 + 0.01 µg/ 
kg c 

0.15 + 0.01 µg/ 
kg c 

0.56 + 0.03 µg/ 
kg c 

0.29 + 0.02 µg/ 
kg c 

Jurado-Sanchez 
et al. (2007) 

3 Meat and meat 
products 

 

 

 

Milk products 

 

 

Vegetables and Fruit 

NDMA 0.28 µg/kg c 

 

 

 

0.32 µg/kg c 

 

 

0.075 µg/kg c 

 

CEPA (1999); 
Fristachi and 
Rice (2007); 
Biaudet et l. 
(1994) 

Sen and Seaman 
(1981); Biaudet 
et al. (1994); 
Fristachi and 
Rice (2007) 

Biaudet et al. 
(1994) 
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Cereals 

 

Fish 

 

 

ETS (Ca) 

Beer 

 

 

Baby Food 

0.145 µg/kg c 

 

0.37 µg/kg c 

 

 

0.05 µg/m3 c 

0.10 µg/L c 

 

 

 

0.0544 µg/kg c 

Sen et al. (1985);  

Biaudet et al. 
(1994) 

CEPA (1999) 

Scanlan et al. 
(1990); Sen et al. 
(1996); Baxter et 
al. (2007) 

Hrudey et al. 
(2013) 

4 Coca Cola 

 

Fanta 

 

Sprite 

 

Apple-peach drink 

 

California Drink 

Maracuja 

Tomato Juice 

Frucade Coctail 

Sprite {21} 

Cytroneta Frucade 

Beer 

THMs (CHCl3, CHBrCl2, 
CHBr2Cl, CHBr3, CCl4, 
C2Cl4, CH2Cl2) 

n.d. -0.354 µg/La 

n.d.- 0.456 µg/Lb 

n.d.-1.591 µg/La 

n.d.-1.576 µg/Lb 

n.d.- 0.613 µg/La 

n.d.-0.609 µg/Lb 

n.d.-0.186 µg/La 

n.d.- 0.111 µg/Lb 

n.d.-0.104 µg/La 

n.d.- 0.097 µg/Lb 

n.d.- 0.152 µg/La 

n.d.- 0.077 µg/La 

n.d.-0.673 µg/La 

n.d.-0.099 µg/La 

n.d.-0.079 µg/La 

Polkowska et al. 
(1996) 



190 
 

5 Beer 

 

Pineapple Juice 

 

 

Lemon Juice 

Apple Juice 

Orange Juice 

Forest Fruits Juice 

Chloroform 

 

Chloroform 

Bromodichloromethane 

Bromoform 

Chloroform 

Bromoform 

Chloroform 

Chloroform 

Bromoform 

1.5 + 0.1 – 5.0 + 
0.4 µg/L c 

1.0 + 0.1 µg/L c 

2.1 + 0.2 µg/L c 

4.2 + 0.4 µg/L c 

2.1 + 0.2 µg/L c 

3.5 + 0.1 µg/L c 

3.0 + 0.1 µg/L c 

1.1 + 0.1 µg/L c 

2.5 + 0.1 µg/L c 

Campillo et al. 
(2004) 

6 Tea 

 

Coffee 

 

Cola soda 

 

 

 

 

 

Non-cola Drink 

Chloroform 

 

Chloroform 

 

Chloroform 

Bromodichloromethane 

 

 

 

 

Chloroform 

Bromodichloromethane 

n.d. - 1.5 ng/g 

 

n.d. - 37 ng/g 

 

n.d. - 178 ng/g 

n.d. – 14.5 ng/g 

 

 

 

 

1.0 – 75 ng/g 

n.d.- 33 ng/g 

Daft (1998b); 
USFDA (1999) 

Daft (1998b); 
USFDA (1999) 

Daft (1988b); 
Entz et al. 
(1982); 
Miyahara et al. 
(1995); Uhler 
and Diachenko 
(1987); USFDA 
(1999) 

Entz eta l. 
(1982); 
Miyahara et al. 
(1995); Uhler 
and Diachenko 
(1987); USFDA 
(1999) 

7* Instant tea 

 

Brisk fermented tea 

Chloroform 

Bromodichloromethane 

Chloroform 

58.1-59.7 µg/L 

<0.03 µg/L 

45.7- 121.4 µg/L 

Huang et al. 
(2009) 
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Organic breakfast black  

fermented tea 

Darjeeling fermented 
tea 

 

Earl Grey fermented 
tea 

 

Green tea (Japanese 
style) 

Green tea (Ceylon 
style) 

 

Brisk decaffeinated Tea 

 

Lemon lift herbal tea 

 

Mint medley herbal tea 

 

Cranberry apple herbal 
tea 

Instant coffee 

 

Espresso 

 

Decaffeinated coffee 

 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

25.2- 29.5 µg/L 

38.0-41.6 µg/L 

<0. 03 µg/L 

49.9-67.0 µg/L 

<0.03 µg/L 

51.0-63.3 µg/L 

<0.03 µg/L 

34.0-44.1 µg/L 

<0.03 µg/L 

48.1-95.3 µg/L 

<0.03 µg/L 

31.4-53.6 µg/L 

<0.03 µg/L 

25.5-38.9 µg/L 

<0.03 µg/L 

14.8-17.0 µg/L 

<0.03 µg/L 

2.7-9.3 µg/L 

<0.03 µg/L 

6.1-7.3 µg/L 

<0.3 µg/L 

9.8-12.7 µg/L 

0.2-0.5 µg/L 

3.0-4.0 µg/L 

<0.03 µg/L 

3.1-3.1 µg/L 



192 
 

Hot cocoa 

 

Orange flavor 
concentrated juice 

Apple flavor 
concentrated juice 

Infant formula 

 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

Chloroform 

Bromodichloromethane 

< 0.1 µg/L 

1.0-2.3 µg/L 

0.2-0.4 µg/L 

1.0-1.2 µg/L 

0.9-1.4 µg/L 

< 0.1 µg/L 

< 0.03 µg/L 

8 Tea 

 

Isotonic 

 

Fruit beverage 

 

Tonic 

 

Soda 

 

Natural juice 

 

Reconstituted juice 

 

Nectar 

TTHMs 1.8 + 0.1 - 30 + 2 
µg/L c 

2.1 + 0.1 - 35 + 2 
µg/L c 

5.5 + 0.3 - 25 + 1 
µg/L c 

4.2 + 0.2 - 21 + 1 
µg/L c 

1.4 + 0.1 - 52 + 3 
µg/L c 

0.20 + 0.01 - 0.83 
+ 0.05 µg/L c 

0.19 + 0.01 - 13 + 
1 µg/L c 

0.45 + 0.03 - 38 + 
2 µg/L c 

Montesinos et 
al. (2014) 

9 100% Orange juice 

100% Mango juice 

Reconstituted orange 
juice 

Total HAAs 0.07 µg/L 

0.08 µg/L 

0.3- 31 µg/L 

 

Cardador et al. 
(2015) 
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Reconstituted apple 
juice 

Reconstituted 
pineapple juice 

Reconstituted peach 
juice 

Reconstitute cranberry 
juice 

Reconstituted grape 
juice 

Mixed reconstituted 
juice 

Orange nectar juice 

Apple nectar juice 

Pineapple nectar juice 

Peach nectar juice 

Grapefruit nectar juice 

Pear nectar juice 

Guava nectar juice 

Passion fruit nectar 
juice 

Mixed nectar juice 

1.0- 4.4 µg/L 

3.2- 4.5 µg/L 

 

1.1- 2.5 µg/L 

 

1.2- 3.4 µg/L 
 

6.5 µg/L 

0.6- 13 µg/L 

2.6- 18 µg/L 

0.4- 12 µg/L 

1.0- 9.2 µg/L 

5.1 µg/L 

4.1- 7.1 µg/L 

9.0 µg/L 

10 µg/L 

5.2 µg/L 

0.2- 22 µg/L 

10 Lipton tea 

Nestea 

Nestea spiked with 250 
µg/L bromide ion 

 196 µg/L as Cl- 

164 µg/L as Cl- 

192 µg/L as Cl- 

Wu et al., 1998 

3 Chowdhury et al. (2014) a TLHS-DAI-GC-ECD b PT-GC-ED  6 Huang et al. (2009) 

*Formed during reaction with chlorinated tap water   c Mean values 
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C. Structures of Dyes Found in Beverages 

Dye/ Colorant Chemical Name Structure 

Disperse 
Orange 1 

4-anilino-4’-nitroazobenzene 

 

Disperse Red 1 N-Ethyl-N-(2-hydroxyethyl)-4-(4-
nitrophenylazo)aniline 

 

Disperse Red 
13 

2-[4-(2-Chloro-4-nitrophenylazo)-
N-ethylphenylamino]ethanol 

 

Disperse Blue 
291 

n-[2-[(2-bromo-4,6-
dinitrophenyl)azo-]-5-
(diethylamino)-4-methoxyphenyl]-
acetamide 

 

Disperse Blue 
373 

N-{2-[(e)-(2-bromo-4,6-
dinitrophenyl)diazenyl]-5-(diprop-
2-en-1-ylamino)-4-
methoxyphenyl}acetamide 

 

Disperse 
Orange 37 

3-[4-(2,6-Dichloro-4-
nitrophenylazo)-N-
ethylanilino]propionitrile 

 

Disperse Violet 
93 

2-(2,4-dinitro-6-bromophenylazo)-
5-N,N-diethylaminoacetanilide 

 

Tartrazine 
(E102) 

Yellow No. 5 

Trisodium (4E)-5-oxo-1-(4-
suulfonatophenyl)-4-[(4-
suulfonatophenyl)hydrazono]-3-
pyrazolecarboxylate  
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Sunset Yellow 
FCF/ Orange 
Yellow (E110) 
Yellow No. 6 

Disodium 6-hydroxy-5-[(4-
sulfophenyl)azo]-2-
naphthalenesulfonate 

 

Amaranth 
(E123) Red. No. 
2  

Trisodium (4E)-3-oxo-4-[(4-
sulfonato-1-
naphthyl)hydrazono]naphthalene-
2,7-disulfonate 

 

Brilliant Blue 
FCF (E133) Blue 
No. 1 

Ethyl-[4-[[4-[ethyl-[(3-
sulfophenyl)methyl]amino]phenyl]
-(2-sulfophenylmethylidene]-1-
cyclohexa-2,5-azanium 

 

Azorubine 
(E122) Red No. 
10 

Disodium 4-hydroxy-2-[(E)-(4-
sulfonato-1-
naphthyl)diazenyl]naphthalene-1-
sulfonate 

 

Ponceau 4R 
(E124) 

Trisodium (8Z)-7-oxo-8[(4-
sulfonatonaphthalen-1-
yl)hydrazinylidene]naphthalene-1-
3-disulfonate 
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Quinoline 
Yellow WS 
(E104) Yellow 
No. 10 

Sodium 2-(1,3-dioxoindan-2-
yl)quinolinedisulfonate 

 

Patent Blue V 
(E131) 

[4-(α-(4-diethylaminophenyl)-5-
hydroxy- 2,4-
disulfophenylmethylidene)-2,5-
cyclohexadien-1-ylidene] 
diethylammonium hydroxide salt 

 

Allura Red 
(E129) Red No. 
40 

Disodium 6-hydroxy-5-[(2-
methoxy-5-methyl-4-
sulfophenyl)azo]-2-
naphthalenesulfonate 

 

 4-MeI  

(Caramel 
colorant 
biomarker) 

4-methylimidazle 

 

 THI 

(Caramel 
colorant 
biomarker) 

2-acetyl-4(5)-
tetrahydroxybutylimidazole 

 

 5-HMF 

(Caramel 
colorant 
biomarker) 

5-hydroxymethyl-2-furaldehyde 
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D. Dyes Found in Beverage Products 

No. Beverage Dye Concentration 
Detected 

Reference 

 Orange Soda Sunset Yellow 

 

2.09 + 0.171 
mg/100mL 

 

Ivani de Andrade 
et al. (2014) 

 Grape Soda Amaranth 

 

Brilliant Blue 

7.21 + 0.873 
mg/100mL 

0.08 + 0.007 
mg/100mL 

Ivani de Andrade 
et al.  (2014) 

 Radical orange soft 
drink 

Tartrazine 

Yellow Orange S 

21.5-22.5 mg/L 

3.9-4.1 mg/L 

Garcia-Falcon et 
al. (2005) 

 Radical apple 
temptation soft drink 

Tartrazine 

 

7.6-8.3 mg/L Garcia-Falcon et 
al. (2005) 

 Radical wild fruits 
seduction soft drink 

Azo Rubine 

Ponceau 4R 

32.7-33.4 mg/L 

17.7-18.2 mg/L 

Garcia-Falcon et 
al. (2005) 

 Radical pineapple 
emotion soft drink 

Tartrazine 

 

5.8-6.1 mg/L Garcia-Falcon et 
al. (2005) 

 Kas lemon soft drink Tartrazine 

 

2.0-2.1 mg/L Garcia-Falcon et 
al. (2005) 

 Kas orange soft drink Tartrazine 

Yellow Orange S 

11.9-12.3 mg/L 

2.0-2.1 mg/L 

Garcia-Falcon et 
al. (2005) 

 Fanta lemon soft drink Quinoline Yellow 3.8-4.0 mg/L Garcia-Falcon et 
al. (2005) 

 Casera lemon soft 
drink 

Quinoline Yellow 4.0-4.3 mg/L Garcia-Falcon et 
al. (2005) 

 Casera orange soft 
drink 

Tartrazine 

Yellow Orange S 

17.8-18.1 mg/L 

6.0-6.2 mg/L 

Garcia-Falcon et 
al. (2005) 
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 Soft drinks from plant 
extracts 

Tartrazine 

Quinoline Yellow 

Sunset Yellow FCF 

Azorubine 

Ponceau 4R 

Allura red AC 

Patent blue V 

Brilliant blue 

2.4-10.1 mg/L 

0.8-1.8 mg/L 

2.1-14.3 mg/L 

5.1-43.3 mg/L 

0.8-44.2 mg/L 

0.9-25.0 mg/L 

10.3 mg/L 

1.9-3.6 mg/L 

Serdar et al. 
(2009) 

 Soft drinks from fruit 
juices 

Tartrazine 

Sunset Yellow FCF 

Azorubine 

Ponceau 4R 

Allura red AC 

Patent blue V 

Brilliant blue 

4.3-96.8 mg/L 

1.2-47.2 mg/L 

17.6-44.2 mg/L 

11.5-17.7 mg/L 

4.2-36.0 mg/L 

13.3 mg/L 

14.2 mg/L 

Serdar et al. 
(2009) 

 Energy drinks Quinoline Yellow 

Sunset Yellow FCF 

Azorubine 

Brilliant blue 

1.8-3.6 mg/L 

4.6 mg/L 

15.7 mg/L 

7.8 mg/L 

Serdar et al. 
(2009) 

 Mango Tang Sunset Yellow 

Tartrazine 

43.0 µg/mL 

85.3 µg/mL 

Al-Degs (2009) 

 Orange Tang Sunset Yellow 

Tartrazine 

24.2 µg/mL 

78.0 µg/mL 

Al-Degs (2009) 

 Mango Squeeze Allura Red 

Sunset Yellow 

Tartrazine 

29.1 µg/mL 

21.6 µg/mL 

34.2 µg/mL 

Al-Degs (2009) 
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 Orange Squeeze Sunset Yellow 

Tartrazine 

17.7 µg/mL 

19.0 µg/mL 

Al-Degs (2009) 

 Orange juice Sunset Yellow 0.14 + 0.49 µg/mL Wang et al. 
(2014) 

 Soda water Sunset Yellow 0.78 + 2.04 µg/mL Wang et al. 
(2014) 

 White wine Punto 
Nino Chardonnay 

Total Tartrazine, 
Carmoisine, Brilliant 
blue FCF   

16.3 mg/ 100 mL Komissarchik et 
al. (2014) 

 White wine Punto 
Nino Chardonnay 

Total Chinoline 
Yellow, Carmoisine, 
Ponceau 4R, Brilliant 
blue FCF, Caramel 
colorant  

8.4 mg/ 100 mL Komissarchik et 
al. (2014) 

 Apple juice Total Yellow FCF, 
Allura Red AC, 
Brilliant blue FCF, 
Caramel colorant  

5.2 mg/ 100 mL Komissarchik et 
al. (2014) 

 Red wine Sample 1: Sunset 
yellow 

Sample 2: 
Amaranthus red 

15.9 µg/L 

 

99.0 µg/L 

 

Ma et al. (2015) 
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E. Regulations on Dyes in Beverages 

Chemical Agency/ Organization Limit Reference 

Allura Red European Union’s 
Scientific Committee 
for Food (SCF) (1975, 
1984, 1989) 

Joint FAO/ WHO 
Expert Committee on 
Food Additives 

ADI 0-7 mg/kg bw day Fallico et al. (2011) 

Sunset Yellow JECFA, 1982 ADI 0-2.5 mg/ kg bw 
day 

Wang et al. (2014) 

Caramel 
Colorant 

ANVISA ADI 200 mg/ kg bw Dusman et al. (2013) 

Amaranth ANVISA 

European Food 
Safety Authority 
(EFSA) 

National Standards 
and China, 2006 

0.005 mg/ 100 mL 

ADI 0.15 mg/kg 
bw/day 

 

Not allowed in red 
wine 

Dusman et al. (2013) 

Chandran et al. (2013) 

 

Ma et al. (2015) 

Brilliant Blue ANVISA 

National Standards 
and China, 2006 

0.01 mg/ 100 mL 

Not allowed in red 
wine 

Dusman et al. (2013) 

Ma et al. (2015) 

Tartrazine ANVISA 

National Standards 
and China, 2006 

FAO/WHO 

Official Mexican 
Standard NOM-218-
SSA1-2011 

0.01 mg/ 100 mL 

Not allowed in red 
wine 

 

7.5 mg/ kg bw/ day 

100 mg/L 

Dusman et al. (2013) 

Ma et al. (2015) 

 

Rodriguez et al. (2015) 

Rodriguez et al. (2015) 

Ponceau 4R National Standards 
and China, 2006 

Not allowed in red 
wine 

Ma et al. (2015) 
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Sunset Yellow National Standards 
and China, 2006 

Not allowed in red 
wine 

Ma et al. (2015) 
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F. Proposed DBPs for Dyes and Drugs 
Proposed Chlorinated DBPs of 4-MEI 
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 Proposed Chlorinated DBPs of Allura Red 
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Proposed Chlorinated DBPs of Brilliant Blue 

 

 

 

 

 

 

 



205 
 

Proposed Chlorinated DBPs of Dextromethorphan 
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Proposed Chlorinated DBPs of Doxylamine 
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Proposed Chlorinated DBPs of Phenylephrine 
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Proposed Brominated DBPs of 4-MEI 
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Proposed Brominated DBPs of Brilliant Blue 
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Proposed Brominated DBPs of Dextromethorphan 
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Proposed Brominated DBPs of Phenylephrine 
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Proposed Bromo-chlorinated DBPs of Phenylephrine 
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G. Cytotoxic and Anti-estrogenic Response of Dyes and Beverages/ Drinks 

 Cytotoxicity Anti-estrogenicity 

Sample Avg Std Dev CV Avg Std Dev CV 

DMSO 1 0.04159 4.159003 1 0.048367 4.836716 

TZ Control 1.012727 0.037685 3.721174 0.987537 0.06466 6.547562 

TZ FC 1.042505 0.043723 4.194067 0.958936 0.072108 7.519617 

TZ MC 1.067266 0.053185 4.9833 0.949966 0.05717 6.018134 

BB Control 1.064881 0.070607 6.630506 0.929523 0.037429 4.02672 

BB FC 1.054539 0.065073 6.17077 0.949456 0.050991 5.370518 

BB MC 1.11637 0.007227 0.647381 0.957721 0.027197 2.839719 

TZ BrI Control 0.95719 0.047982 5.01275 0.97121 0.05737 5.9071 

TZ BrI FC 1.003854 0.025809 2.571035 0.956031 0.047758 4.995469 

TZ BrI MC 1.013281 0.014756 1.456277 0.957826 0.034395 3.590908 

BB BrI Control 0.954861 0.036822 3.856231 0.970172 0.019597 2.019929 

BB BrI FC 1.060389 0.034391 3.243255 1.036739 0.022588 2.178739 

BB BrI MC 1.011867 0.026051 2.574566 0.950022 0.052211 5.495803 

Mio Control 0.867937 0.030082 3.465957 1.387646 0.130982 9.439115 

Mio FC 0.874231 0.065303 7.469822 1.407963 0.118736 8.433157 

Mio MC 0.951367 0.058093 6.106267 1.392989 0.057716 4.143315 

Mio UA Tap 0.950128 0.0382 4.020547 1.443433 0.075372 5.221686 

Ped Control 1.004737 0.059289 5.900987 1.08117 0.061257 5.665771 

Ped FC 1.039254 0.037551 3.613276 1.139762 0.110885 9.728746 

Ped MC 1.048155 0.008441 0.805314 1.086058 0.056135 5.168705 

Ped UA Tap 1.000072 0.02552 2.55178 1.077624 0.061366 5.694562 

Blank 3.5 Control 1.046249 0.020725 1.980844 0.972514 0.055689 5.726321 

Blank 3.5 FC 0.964593 0.039509 4.095971 0.934231 0.083981 8.989336 

Blank 3.5 MC 0.970998 0.025791 2.656086 0.951401 0.081392 8.554933 

Blank 8.5 Control 0.895359 0.030881 3.449002 0.944277 0.050356 5.332744 

Blank 8.5 FC 0.876005 0.03595 4.103872 0.954543 0.049097 5.143531 

Blank 8.5 MC 0.940276 0.02737 2.910837 0.917617 0.041434 4.515427 

Blank UA Tap 1.011749 0.031368 3.100388 1.011886 0.028704 2.836723 

Blank 3.5 BrI 
Control 1.036792 0.015983 1.541597 0.990518 0.008105 0.818248 

Blank 3.5 BrI FC 0.969791 0.043408 4.476037 0.997699 0.019439 1.948382 

Blank 3.5 BrI MC 1.030667 0.004885 0.474002 0.955332 0.029366 3.073878 

Blank 8.5 BrI 
Control 1.018933 0.043329 4.252394 0.914442 0.041471 4.535096 

Blank 8.5 BrI FC 1.003191 0.024362 2.428472 0.974874 0.037757 3.873048 

Blank 8.5 BrI MC 1.001131 0.036217 3.61759 1.005045 0.057791 5.750117 
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H. Cytotoxic and Anti-estrogenic Response of Drug and Alka Seltzer Samples 

 Cytotoxicity Anti-estrogenicity 

Sample Avg Std Dev CV Avg Std Dev CV 

DMSO 1 0.04159 4.159003 1 0.048367 4.836716 

PH Control 1.044585 0.041812 4.002723 0.97489 0.033974 3.484888 

PH FC 1.048245 0.02043 1.948988 0.9679 0.065895 6.808069 

PH MC 0.95414 0.017458 1.829725 0.959438 0.054067 5.635245 

DX Control 1.009871 0.03471 3.437031 0.949184 0.050682 5.339571 

DX FC 0.904841 0.04057 4.48366 0.950578 0.027897 2.934709 

DX MC 0.889979 0.055043 6.184741 0.973982 0.02545 2.613017 

PH BrI Control 0.875035 0.134559 15.37756 1.002478 0.014684 1.464796 

PH BrI FC 0.994147 0.058285 5.862833 1.00455 0.016709 1.663361 

PH BrI MC 1.034617 0.018823 1.819302 1.029086 0.068119 6.619416 

DX BrI Control 1.028521 0.025091 2.439501 0.925261 0.011095 1.19913 

DX BrI FC 1.036649 0.013537 1.30587 1.01236 0.056656 5.596452 

DX BrI MC 1.050101 0.040401 3.847382 0.938959 0.037821 4.027986 

AS Control 1X 0.023498 0.005805 24.70313    

AS Control 0.5X 0.046251 0.009889 21.38073    

AS Control 0.25X 0.748809 0.006447 0.86091 0.849476 0.151106 17.78815 

AS Control 0.125X 0.86209 0.03695 4.286076 1.115443 0.04891 4.384823 

AS Control 
0.0625X 0.905594 0.064848 7.160844 1.077025 0.008013 0.743956 

AS FC 1X 0.022525 0.002383 10.58    

AS FC 0.5X 0.100688 0.015596 15.48977    

AS FC 0.25X 0.955566 0.013964 1.461358 0.752461 0.117023 15.55199 

AS FC 0.125X 1.022453 0.044807 4.382304 1.018932 0.018134 1.779682 

AS FC 0.0625X 1.003392 0.002671 0.266239 1.05649 0.034497 3.265265 

AS MC 1X 0.163369 0.004285 2.622675    

AS MC0.5X 0.164704 0.013663 8.295209    

AS MC 0.25X 0.657887 0.087835 13.35114 0.737802 0.085238 11.553 

AS MC 0.125X 0.803833 0.071954 8.951311 1.056586 0.037445 3.543943 

AS MC 0.0625X 0.938671 0.039268 4.183371 1.137519 0.005039 0.442948 

AS UA Tap 1X 0.15753 0.004345 2.758514    

AS UA Tap 0.5X 0.282929 0.008963 3.168042    

AS UA Tap 0.25X 0.79866 0.035978 4.504845 0.775204 0.124217 16.02378 

AS UA Tap 0.125X 0.909162 0.022614 2.487329 1.100763 0.03039 2.7608 

AS UA Tap 
0.0625X 

0.982767 0.038188 3.88581 1.174129 0.026344 2.243709 

Blank 3.5 Control 1.046249 0.020725 1.980844 0.972514 0.055689 5.726321 

Blank 3.5 FC 0.964593 0.039509 4.095971 0.934231 0.083981 8.989336 
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Blank 3.5 MC 0.970998 0.025791 2.656086 0.951401 0.081392 8.554933 

Blank 8.5 Control 0.895359 0.030881 3.449002 0.944277 0.050356 5.332744 

Blank 8.5 FC 0.876005 0.03595 4.103872 0.954543 0.049097 5.143531 

Blank 8.5 MC 0.940276 0.02737 2.910837 0.917617 0.041434 4.515427 

Blank UA Tap 1.011749 0.031368 3.100388 1.011886 0.028704 2.836723 

Blank 3.5 BrI 
Control 1.036792 0.015983 1.541597 0.990518 0.008105 0.818248 

Blank 3.5 BrI FC 0.969791 0.043408 4.476037 0.997699 0.019439 1.948382 

Blank 3.5 BrI MC 1.030667 0.004885 0.474002 0.955332 0.029366 3.073878 

Blank 8.5 BrI 
Control 1.018933 0.043329 4.252394 0.914442 0.041471 4.535096 

Blank 8.5 BrI FC 1.003191 0.024362 2.428472 0.974874 0.037757 3.873048 

Blank 8.5 BrI MC 1.001131 0.036217 3.61759 1.005045 0.057791 5.750117 
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I. Trihalomethane Formation 
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J. Bromate/ Iodate/ Bromide/ Iodide Concentrations in Lab-controlled Samples 
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