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ABSTRACT

MODELLING THE ADVANCED OXIDATION OF THE PHARMACEUTICAL
COMPOUND METRONIDAZOLE IN SINGLE- AND MULTI-LAMP TUBULAR
PHOTOREACTORS

Master of Applied Science in Chemical Engineering (2007)
Melody Blythe Johnson, B.Eng. (Ryerson University, 2004)
Department of Chemical Engineering

Ryerson University, Toronto

A model was developed to predict the removal of metronidazole utilizing the UV/H,0, AOP.
The rate constant for the reaction between metronidazole and the hydroxyl! radical was
determined to be 1.98 x 10° M™"'s™". The model was able to predict an optimal initial H,0O; dose,
and the inhibitory effects of high H,O, doses and bicarbonate ions in the aqueous solution.
Simulations were run for three reactors, at various influent H;O; doses and reactor radii, treating
a 6 uM solution of metronidazole. 4.9% to 13% removal was predicted for the single-lamp
photoreactors, while 14% to 41% was predicted for the multi-lamp photoreactor. Selection of a
reactor radius for maximum metronidazole removal varied with influent H,O, concentration.
The lowest operational cost of $0.05 per mmol removed was projected for the multi-lamp
photoreactor. Operationally, it was cost effective to utilize higher UV lamp output (36 W), while
keeping influent H,O; concentration low (25 mg/L).
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CHAPTER 1.
INTRODUCTION

Wastewater treatment works have, to-date, incorporated biological and chemical removal of
harmful constituents from raw wastewater prior to discharge of the treated effluent to a receiving
body. Over time, various processes have evolved for the removal of these constituents. Today,
with more complex chemicals being discharged to wastewater collection systems, greater
€mphasis on removal of small amounts of micropollutants is becoming an expensive necessity.
As an example, greater concern is being expressed on a daily basis regarding the amounts and
Occurrences of pharmaceuticals and personal care products (PPCP’s) in the treated wastewater
effluent being discharged to surface water bodies (Larsen et al 2004; Zwiener & Frimmel, 2000;
Gagne et al., 2006; Carballa et al., 2004).

~

Since the early 1980’s, several studies documented the presence of pharmaceuticals and relat;ed
Metabolites in the aquatic environment (Hernando et al., 2006; Larsen et al., 2004). Since then,
With better and more sophisticated analytical methods, a large number of drugs belonging to
Various classes of drugs, including antibiotics, analgesics and anti-inflammatories, lipid regulator
agents, B-blockers, antiepileptics, contraceptives, steroids and related hormones, have been
documented in the aquatic environment (Larsen et al,, 2004; Hernando et al.,, 2006).
Pharmaceuticals are unique pollutants in that they are designed to act in specific way, that is, to
target a biological effect. Due to their regular and widespread use for health benefits for both
humans and animals, pharmaceuticals and their metabolites are continuously being introduced
into the aquatic environment. By their nature, many of these compounds are resistant to
Conventional forms of biological and chemical treatment, and are therefore considered to be

“Dseudopersistent compounds” in the environment (Hernando et al., 2006). .

In recent years, more attention has been directed to PPCP’s as they most often have similar
Physico-chemical behaviour as other harmful chemicals that can be accumulated in living
Organisms. As a result of the presence of pharmaceuticals and their metabolites in surface and
8round waters, investigations into methods for their removal have intensified, with advanced

OXidation processes (AOP’s) showing much promise for the treatment of these compounds due to



their ability to alter the chemical composition of these compounds (Zwiener & Frimmel, 2000;
Andreozzi et al., 2003; Doll & Frimmel, 2005; Doll & Frimmel 2004; Emblidge & DeLorenzo,
2006; Sires et al., 2006; Feng et al., 2005; Shemer et al., 2006, Hofl et al., 1997, Perez-Estrada,
2005; Gernjak et al, 2004; Zhang et al., 2006; Arslan-Alaton & Gurses, 2004; Andreozzi et al.,
2002; McDowell et al., 2005, Vogna et al., 2004).

One promising AOP for the treatment of PPCP’s in aqueous solutions is the UV/H,0, process.
The UV / H;0; process involves the formation of highly reactive hydroxyl radicals from an
aqueous solution of H,0, exposed to UV light with wavelengths varying between 200 to 280 nm
(Metcalf & Eddy, 2003). These hydroxyl radicals react with the target compound(s) to be
removed, along with other constituents of the solution known as radical scavengers. Because
these radical scavengers compete with the target compound(s) for the hydroxyl radicals, they

reduce the rate of removal of the target compound(s), and thus are inhibitors.

Since many water and wastewater treatment plants currently utilize UV reactors for disinfection
purposes, the simple addition of H,0, upstream of the UV reactors would allow many plants to
be easily retrofitted to utilize this AOP. In order to effectively utilize the UV/H,0, process, @
means of evaluating and optimizing photoreactor design is required. While evaluation of
experimental results compared with reactor specific models has been previously investigated
(Shemer et al., 2006; Behnajady and Modirshahla, 2006; Aleboyeh et al., 2005; Modirshahla and
Behnajady, 2006; Shu and Chang, 2005; Shu et al., 2006), very little work has been done
investigating models which can be applied to various photoreactor geometries (Andreozzi et al.,
2003; Beltran et al., 1999). The development of a model, which can be used to predict the
behaviour of photoreactors of varying geometries and varying influent solution composition,
would provide a valuable tool for the design and optimization of photoreactors using the

UV/H,0; process.

The focus of this study was the development of design equations for the modeling and
optimization of tubular UV photoreactors for the treatment of a pharmaceutical compound,

metronidazole, utilizing the UV/H,0, AOP. The objectives of this study were as follows:

1. To develop a model to predict the advanced oxidation of metronidazole utilizing the



UV/H,0, AOP.
. To calibrate the model based on published experimental data.

. To assess the ability of the model to predict the removal of another pharmaceutical

compound based on published experimental data.

. To assess the behaviour of the model by simulating the presence inhibitors in the system

and examining the behaviour of the modeled system.

. To utilize the calibrated model to determine effluent concentration profiles of the target

compound and H,O; for single- and multi-lamp photoreactor configurations.

. To investigate local operating conditions for each photoreactor that provide the lowest

operational cost per mmol of parent compound removed.



CHAPTER 2.
LITERATURE SURVEY

2.1. Pharmaceuticals and Personal Care Products
2.1.1. Presence in the Environment

The presence of pharmaceuticals and their metabolites in the environment is due to contaminant
releases from such things as production sites, direct disposal of surplus drugs from households,
excretions after drug administration to humans and animals, treatments in aquatic fish farms,
other animal farms, and landfill leachate. Table 1 lists various pharmaceuticals and their
metabolites that have been found in surface water, ground water, and/or wastewater treatment

plant (WWTP) effluents.

Pharmaceuticals and their metabolites found in surface waters pose a risk to aquatic life, as even
low doses of some of these compounds have been found to be harmful to various types of life.
For example, adverse effects have been observed on rainbow trout exposed to diclofenac at a
concentration of 1 pg/L, and a study on the effect of carbamazepine on invertebrates found the
lowest observable effect concentration (LOEC) to be 20 pg/L (Andreozzi et al., 2003). The
presence of these compounds in potable water supplies may be a concern to human health. It has
been reported that PPCP’s, including some endocrine disrupting compounds, can have harmful
effects on humans even at trace amounts such as irritation, toxicity, altering growth,

reproduction, development and behaviour (Galindo & Kalt, 1999).

In order to avoid the presence of PPCP’s in potable water supplies, treatment can be
implemented as part of the potable water treatment system. To reduce the discharge of PPCP’s
into the environment, and subsequently into the source water for drinking water systems, WWTP
effluent can be treated prior to discharge into the environment. In communities serviced by septic

tank systems, this method may not be feasible.



Table 1. Reported Occurrences of Drug Residues in WWTP Effluents, Surface Water and

. Ground Water
. WWTP Effluen Surface Water Ground Wat
ﬁarmaceutlcal Compounds ng ) ts (Lge L t (ng/L) er
Antibiotics
Trimethoprim 154
Sulfamethoxazole 99 -128 50
Erytromycin 886 34
Metronidazole 1,800 - 9,400 "
Roxytromycin 680
Tylosin 128-886 22
Trimethoprim 154
Analgesics & anti-inflammatories
Diclofenac 5-1,590 5-490 300
Ibuprofen 50-3,350 5-280 200
Naproxen 217-1847 266
Ketoprofen 733
Mefanamic Acid 68
Acetylsalic acid 5-1,510 <.05
Lipid Regulator Agents
Bezeafibrate 2353 1100
Fenobrate 110
Fenofibric Acid 50-1,190 5-170 45
Gemfibrocil 84 -2366
Clofibric acid 361-1,560 5-300 70-7,300
Bezafibrate 250-4,560 5-380
B-Blockers
Propanolol 676 25
Betaxolol 190 28
Bisoprolol 190 -777 25-2000
Atenolol 145
Metoprlol 777 2200
Antiepileptics
Carbamazepine 137 - 1625 460
Steroid Hormones
17-a-Ethinyl estradiol 7 24
Diethystilbestrol 20 7.5
Diethystilbestrol acetate 18 1.5
Other
Caffeine 315-22,000
e ————
Notes:

Adapted from Larsen et al., 2004, and Hernando et al., 2006., Gagne et al., 2006, Gomez et al., 2006.

(1) Hospital effluent wastewater.




In Ontario, there is currently no legislation, either federal or provincial, which requires water or
WWTP’s to treat PPCP’s. Federal regulations, if and when enacted, would likely fall within the
Canadian Environmental Protection Act (CEPA). This Act currently regulates materials that are
designated as toxic, and materials for which export controls are required (includes materials
which are restricted and materials that are prohibited). Provincially, any changes to wastewater
effluent discharge would likely be developed under the Ontario Water Resources Act (OWRA),
which governs the approval and operation of all municipal and industrial wastewater systems in

Ontario.

2.1.2. Target Compound — Metronidazole

Metronidazole is an antibiotic used to treat infections caused by anaerobic bacteria and various
protozoans (Shemer et al., 2006). This compound was selected as the target compound for this
study because this compound is widely used, highly soluble, non-biodegradable, and is a
suspected carcinogen (Kummerer et al., 2000). Metronidzale has been detected in concentrations
of 1.8 to 9.4 pg/L (0.011 to 0.055 pM) in hospital effluent wastewaters (Gomez et al., 2006).

Figure 1 presents the chemical structure of metronidazole.

W
N

(o]

OH

Figure 1. Chemical Structure of Metronidazole
2.1.3. Removal Options
Non-Destructive Techniques
Non-destructive removal of pharmaceuticals from aqueous solutions include such methods as

steam stripping, activated carbon, and membrane filtration (Tekin et al., 2006; Jasim, 2006). In
Ontario, the Walkerton Clean Water Centre (WCWC) in conjunction with the Ministry of the



Environment (MOE), have announced a project for the removal of PPCP’s and endocrine
disrupting compounds from drinking water using novel membrane technologies (Jasim, 2006).
This study will involve bench and pilot scale experiments utilizing two (2) novel membrane

Preparation techniques: surface modified macromolecules (SMM), and electrospun nanofibres.

While the process can successfully remove the recalcitrant compounds from the filtrate, the
Waste retentate contains all the contaminants that were filtered out. Therefore, while the treated
effluent may have little or no contaminants, the process waste from non-destructive treatment
techniques results in a disposal problem. These concentrated retentate waste streams would then
Tequire further treatment to avoid reintroduction of the removed contaminants into the

¢nvironment. Such treatment can be provided via destructive removal techniques.

In addition, conventional wastewater treatment techniques can result in the non-destructive

Temoval of pharmaceutical pollutants via adsorption onto solid surfaces (Carballa et al., 2004).
Destructive Techniques

Destructive removal techniques are those that alter the chemical structure of the compound to be

T®moved. Of these techniques, some of the most widely investigated are AOP’s.

AOP’s typically rely on the formation of the hydroxyl free radical (‘(OH), which is a strong
OXidant. In fact, the hydroxyl free radical is second only to fluorine with respect to oxidizing
Potential (Metcalf & Eddy, 2003).

Several AOP’s, such as UV/H;0,, 03/H,0,, ozonation, UV/TiO;, Fenton, and photo-Fenton
have been investigated for their use to remove pharmaceuticals and their metabolites from
aQueous solutions (Andreozzi et al., 2003; Doll & Frimmel, 2004 and 2005; Zwiener & Frimmel,
2000; Shemer et al., 2006, Hofl et al., 1997, Perez-Estrada, 2005). These treatment options are
Atractive from the point of view of upgrading existing water and wastewater treatment facilities,
Since UV and ozonation use is becoming more widespread for the disinfection of both potable
Water and WWTP effluents.

OXidative treatment of the PPCP’s does, however, lead to the formation of various intermediate



compounds. For example, the oxidation of clofibric acid, a metabolite of the blood lipid
regulating drugs clofibrate, etofibrate and etofyllinclofibrate, is known to produce sixteen (16)
identified reaction intermediates, with other reaction intermediates proposed (Doll & Frimmel,
2004; Sires et al., 2006). In some cases, intermediates can themselves pose a risk to the
environment and/or humans. Therefore, complete mineralization (complete conversion of the
compound to CO; and H,0) is desired, however due to the long reaction times required, it is

likely impractical to achieve complete mineralization in a full scale treatment process.

2.2. AOP’s for Water and Wastewater Treatment
2.2.1. Overview of AOP’s

AOP’s typically involve the formation of the hydroxyl radical, a strong oxidizing agent.
Hydroxyl radicals are successful oxidizing agents due to their non-selective mode of attack and
ability to react at normal temperatures and pressures (Metcalf & Eddy, 2003). The method used
to form the hydroxy! radical is what separates one AOP from another. Common AOP’s include
UV/H,0,, ozonation, O3/H,0,, 03/H,0,/UV, UV/TiO,, Fenton, and photo-Fenton

The hydroxyl radicals formed during advanced oxidation can react with organic compounds in a

number of ways as shown in Table 2.

Table 2. Reactions between Organic Compounds and the Hydroxyl Radical

Reaction Type Reaction Example
Radical Addition to Double Bonds or Aromatic Rings R-CH =CH,+'OH - R-C*H-CH ,OH ]
Hydrogen Abstraction from Aliphatic Carbon Atoms RH+'OH - R* + H,0 -
Electron Transfer RX+°OH —> RX™ +OH"~ ]

Notes:
Adapted from Metcalf & Eddy, 2003, and Gernjak, 2006.

Because of the highly reactive nature of the hydroxyl radical, the presence of other normal
constituents of wastewater, such as carbonate and bicarbonate can react with the hydrox)’l
radicals, thus acting as “radical scavengers”, reducing the overall efficiency of the oxidation
process with respect to the contaminants of interest. The hydroxyl radicals themselves can inhibit

their own oxidizing potential by reacting with each other to recombine into hydrogen peroxide.



Three common AOP’s, namely UV/H,0,, Fenton, and photo-Fenton, are presented below.

22.2, uv/ H.O. Process

The UV / H,0, process involves the formation of hydroxy! radicals from an aqueous solution of
H,0, exposed to UV light with wavelengths varying between 200 to 280 nm (Metcalf & Eddy,
2003). The major reactions involved in the UV / H,0, process are shown below, along with

Teported values of associated quantum yields or rate constants (Beltran et al., 1999; Gemjak,
2006):

H,0, +hv —»2°0OH ¢ 1= 0.5 mol photon™ (1)
H,0,+°0OH - HO; + H,0 k2=14-45x 10" M5! )
2°0H - H,0, k3=5.0-8.0 x 10° M5 3)
2HO; - H,0,+0, ks=0.8-22x 10°M" s @)
HO;+'OH - H,0+0, ks=14x10""M"s?! (5)
"OH + RH —%—> intermediates— CO, + H ,0 ks varies ©)
RH + hv—*%— intermediates—> CO, + H,0 #7 varies @)

Where ¢, and k; are the quantum yield (mol photon™) and reaction rate constant M's™) of the

Teactions listed in Equation (i), respectively. The values of ¢, and ks vary, and depend on the

target compound to be treated, RH.

The above list of reactions is by no means a comprehensive list of all the reactions that can take
Place in the UV / H,0; process. Competing reactions with radical scavengers, such as carbonate
and bicarbonate ions, can reduce the number of hydroxyl radicals in the system, reducing the
Temoval efficiency of target compounds. Some of these reactions are shown in Equations (8) to
(10) Beltran et al, 1999):



HCO; +"OH-"CO; + H,0 ks=2.0 x 10’ M5! 8)
COY +"OH—"CO; +OH" ko=3.7 x 108 M5! ©
"CO; + H,0, - HCO; + HO, k1o=8.0 x 10° M5! (10)

Based on the work done by Jamal and Muaddi (1990), approximately 27% of the light energyis
absorbed in the first centimeter of water. Coupled with the relatively small quantum yield of
Equation (1), high H,0, and UV doses may be required, making this process unsuitable for some
applications (Metcalf and Eddy, 2003). This process is not suitable for wastewaters with high
suspended concentrations, since the solid particles greatly reduce the UV transmittance (UVT) of

the wastewater and, as a result, the production of hydroxy] radicals.

Because the dissociation of H,0; into hydroxyl radicals requires UV irradiation (Equation 1), the
behaviour of the system is strongly dependent on UV intensity (Mohey El-Dein et al., 2001).
Removal of organic compounds has been observed to increase with increasing UV light intensity
until an optimal value is reached, above which increases in removal efficiency were negligible
(Shen and Wang, 2002).

The H,0; dose is another important factor affecting the behaviour of the system. An increése in
the rate of removal of organic compounds has been observed with increasing H,0;, concentration
until an optimal dose is reached. Above this dose, the rate of removal of organics tends to
decrease (Shen and Wang, 2002). Applications of single doses of H,0; in batch systems have
been found to be more effective than dosing an equivalent amount of H;0, in two or more

applications (Raj and Quen, 2005).

The efficiency of the UV / H,0, process is affected by the pH of the wastewater to be treated-
Raj and Quen (2005) reported a significant increase in organic compound removal efficiency as

PH was increased to 7; increases in efficiency at higher pH values were found to be marginal.
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2.2.3, Fenton Process

The Fenton process, first proposed by H.J.H. Fenton in 1894, involves the reaction of ferrous
fons and hydrogen peroxide (Fenton reagent). Ferric iron and hydrogen peroxide (Fenton-like
Teagent) can also be used. The major reactions involved in the Fenton process include Egs. 2 to
10, in addition to the following (Barb et al., 1951a; Barb et al., 1951b; Yoon et al., 2001;
Gernjak, 2006; Neyens et al., 2003):

Fe** + H,0, = 2HO' + Fe* k=50-76 M5 (11)
Fe™ + H,0, » Fe® + HO," + H*  k=0.001-0.02 M5 (12)
*OH + Fe** — Fe** +OH~ k=26-58x10M"s’! (13)
HO," + Fe** — Fe** + HO,” k=0.75-15x10°M™"s" (14)
HO," + Fe** — Fe* +0,+ H* k=033-2.1x10°M"s" (15)

The above list of reactions is by no means a comprehensive list of all the reactions that can take
Place in the Fenton process. Competing reactions with radical scavengers, such as carbonate,
bicarbonate, chloride, sulfate and nitrate ions can reduce the number of hydroxyl radicals in the

SYstem, reducing the removal efficiency of target compounds (De Laat et al., 2004).

Complete mineralization utilizing the Fenton process is generally not possible. This is because
the intermediate products carboxylic acid and dicarboxylic acid form stable iron complexes with
ferric ions, and cannot be further degraded by the Fenton process (Gemjak, 2006). However,
Carboxylic and dlcarboxyhc acids are readily biodegradable, and destruction of these compounds
is Possible utilizing biological treatment. Other compounds that resist oxidation by the Fenton
Process include small chlorinated alkanes (Chamarro et al.,, 2001), which are common

disinfection by-products in water treatment processes, some of which have carcinogenic
Properties.

The

efficiency of the Fenton process is strongly dependent on pH. Reported optimal pH values
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range between 2 and 5, regardless of the composition of the wastewater being treated (Park et al.,
2006; Zhang et al., 2005; Catalkaya & Kargi, 2007; Perez et al., 2002; Tambosi et al., 2006;
Yang & Hwang, 2000). At low pH values (<2.5), the slowly reacting [FeOHJ** complex forms,
and the hydroxyl radical scavenging effect of hydrogen ions becomes a significant factor
(Shemer et al., 2006). At higher pH values, precipitation of ferric complexes reduces the rate of

degradation of organic compounds (Shemer et al., 2006).

Because the hydroxyl radical forming reaction of the Fenton process does not require light
energy, this process can be used successfully to treat wastewaters with high suspended solids
concentrations, such as landfill leachate (Yoon et al., 1998; Zhang et al., 2005; Gau & Chang,
1996), livestock wastewater (Park et al., 2006), pulp and paper mill wastewater (Catalkaya &
Kargi, 2007; Perez et al., 2002), oilfield wastewater (Gao et al., 2004), and textile wastewater
(Mohey El-Dein et al., 2001; Garcia-Montano et al., 2006; Bae et al., 2004).

Yoon et al. (2001) investigated the effects of altering the ratio of initial ferrous iron to hydrogen
peroxide, [Fe**]o/[H202]o. Researchers have found the optimal ratio to be 0.0067 for industrial
pharmaceutical wastewater (Tekin et al., 2006), 0.10 for pulp and paper mill wastewater
(Catalkaya & Kargi, 2007), 0.33 for livestock wastewater (Park et al., 2006), and 0.67 for landfill
leachate (Zhang et al., 2005). The value of the optimal ratio varies greatly depending on the
composition of the wastewater, with a decrease in the optimal ratio observed with an increase in

the COD of the wastewater.

2.2.4. Photo-Fenton Process

The photo-Fenton process employs the Fenton reagent, or Fenton-like reagent, with light
irradiation up to 580 nm (Bauer et al., 1999). The major reactions involved in the photo-Fenton
process include Equations 1 to 15 (see Sections 2.2.2 and 2.2.3), in addition to the following
(Gemnjak, 2006):

[Fe* L]+ hv — Fe®* + L’ (16)

where L is a ligand able to form a stable complex with ferric iron, such as H,0, OH", R-COO’,

and R-NH,. The wavelength of light absorbed varies for different iron-ligand complexes-
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Examples of reactions of specific iron-ligand complexes are shown below (Gernjak, 2006):

[Fe(H,0))** +hv— Fe** + HO* + H* a7
[Fe(OH))** + hv = Fe** + HO® (18)
[Fe(OOC - R))** + hv = Fe** +CO, + R° (19)

As can be seen in Equation (19), the iron-carboxylic acid and —dicarboxylic acid complexes
dissociate in the presence of light irradiation, and the acid is oxidized. Therefore, unlike the
Fenton process, complete mineralization utilizing the photo-Fenton process is possible, since

Oxidation of the carboxylic and dicarboxylic acid intermediates is possible.

As with the Fenton process, pH plays a very important part in the efficiency of the photo-Fenton
Process. Reported optimal pH values range between 2.8 and 5, regardless of the composition of
the wastewater being treated (Gernjak, 2006; Park et al., 2006).

Because of the wide range of wavelengths absorbed by the iron-ligand complexes, specialized
UV reactors are not always required. Studies have been done utilizing solar radiation for the
Photo-Fenton process (Gernjak, 2006; Bauer et al., 1999; Safarzadeh-Amiri et al., 1996; Perez-
Estrada et al., 2005; Amat et al., 2004; Hincapie et al., 2005; Gernjak et al., 2004). The photo-
Fenton mechanism has been recognized as essential to the auto-purification of lakes and rivers
due to the naturally occurring presence of iron in surface and ground waters (Sulzberger et al,

1994,). Other researchers have used UV lamps with success (Arslan et al., 2000).

As with the Fenton process, the value of the ratio of initial ferrous iron to hydrogen peroxide,
[Fe2+]o/[H202]o, can also have a significant impact on efficiency. For treating .livestock
Wastewater, Park et al. (2006) found the optimal value of this ratio to be 0.1. This was lower
than the optimal value of 0.33 for the Fenton process. The reduction in the required
Concentration of ferrous iron is likely due to the dissociation of the iron-ligand complexes in the
Photo-Fenton system, which frees ferrous ions which would otherwise be bound in stable

“omplexes (Equation 16). These ferrous ions are then able to react with H,0, to produce

13



hydroxyl radicals (Equation 11)

2.3. Use of UV/H,0,, Fenton, and Photo-Fenton for the Treatment of PPCP’s

Table 3 provides a summary of selected experimental work done investigating the treatment of
pharmaceuticals and other, chemically similar compounds utilizing the UV/H,0,, Fenton, and
photo-Fenton AOP’s. Chemically similar compounds refer to complex organic molecules that
contain aromatic ring(s), and resist biological treatment, such as compounds commonly found in
pulp mill effluent. This review focuses on wastewater composition and characteristics, initial
hydrogen peroxide dose, and measures of the time required for removal, such as contaminant

half lives.
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Based on the results presented in Table 3, the following observations can be made:

1. The UV/H,0;, Fenton, and photo-Fenton processes have been used to successfully treat
pharmaceutical wastewater with both low (Shemer et al., 2006) and high (Hofl et al.,
1997; Arslan-Alaton & Gurses, 2004) contaminant concentrations.

2. Multi-component wastewater was successfully treated by each of the AOP’s investigated
(Hofl et al,, 1997; Catalkaya & Kargi, 2007; Park et al., 2006). From these results, it
follows that these AOP’s are likely capable of treating municipal wastewater and potable
water supplies, which by their nature are composed of many different contaminants.
Such a conclusion is supported by the results of Yonar et al. (2006), who had success

treating domestic wastewater utilizing the UV/H,0, process.

3. All three AOP’s were successful in degrading the target compounds, however the
UV/H;0; process consistently required the longest reaction times. The fastest process
was the photo-Fenton process, by an order of magnitude or more over the UV/H,0;
process. This has a significant impact on reactor volumes required for utilization of these

processes at municipal WWTP’s and potable water treatment plants.

4. The Fenton and photo-Fenton AOP’s require that the solution to be treated have a low
pH. This has a significant impact on pH adjustment processes that would be required for

utilization of these processes at municipal WWTP’s and potable water treatment plants.

5. The initial doses of hydrogen peroxide and iron, if applicable, varied from wastewater to A
wastewater. Because of the complexity of the interactions between the hydroxyl radicals
and the wastewater constituents, and due to the fact that wastewater composition and
chemistry varies significantly site to site, it is recommended that for the purposes of
design, pilot testing be undertaken to determine the specific treatment requirements and

technical feasibility of utilizing an AOP.

Although the UV/H,0, AOP requires longer reaction times than either the Fenton or photo-
Fenton processes, the proven ability of this process to treat pharmaceutical and domestic

wastewaters, in addition to the ability to easily retrofit existing plants by provision of H20:2

16



Upstream of existing UV reactors, make the UV/H,0, process an attractive option for the
treatment of PPCP’s.

24. Design and Modeling of Photoreactors Utilizing the UV/H,0, AOP

The design of photolytic oxidation reactors “requires good kinetic data and reactor models” and

should optimize the use of photon energy (Yue, 1997).

While many studies have been published presenting kinetic analyses of the UV/H,0; AOP for
the degradation of various target compounds, many of these provide kinetic relationships that are
Specific to the reactor used and the unique composition of the influent stream (Shemer et al.,
2006; Behnajady and Modirshahla, 2006; Aleboyeh et al., 2005; Modirshahla and Behnajady,
2006; Shu and Chang, 2005; Shu et al., 2006).

Other studies provide generalized kinetic relationships that can account for the variability in
Influent solution composition and reactor geometry (Andreozzi et al., 2003; Beltran et al., 1999).
H0Wever, optimization of the operational costs of the modeled photoreactors by varying reactor

8¢0metry and operational conditions was not investigated.

Asa result, the objectives of this study were to develop a reaction model that could be used to
Predict the removal of a target compound in a solution of variable composition, and in

Photoreactors of varying geometry. An assessment of optimization of operational costs was also
Undertaken,
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CHAPTER 3.
SYSTEM CONFIGURATION AND METHODOLOGY

3.1. Photoreactor Design
3.1.1. Single-Lamp UV Photoreactor

The model photoreactor is a tubular reactor, of radius R, with a UV lamp with radius R, inside a
quartz sleeve with radius R; down the centre axis. This is a single-lamp UV photoreactor since
there is only a single UV lamp located at any cross section of the reactor. The aqueous solution
to be treated flows upward along the z-direction in the annular space between the quartz sleeve
and the outer shell of the reactor. For modeling purposes, cylindrical coordinates were used for
the single-lamp UV photoreactor. A schematic diagram of the single UV lamp photoreactor is

shown in Figure 2.

3.1.2. Multi-Lamp UV Photoreactor

The model photoreactor is a tubular reactor of radius R with four UV lamps, each with a radius
R, and inside a quartz sleeve of radius R;. This is a multi-lamp UV photoreactor since there are
four UV lamps located at any cross section of the reactor. The lamps are positioned parallel to
the z-axis and equally spaced, each located half the reactor radius from the center of the reactor.
The aqueous solution to be treated flows upwards along the z-direction in the space between the
quartz sleeve and the outer shell of the reactor. For modeling purposes, Cartesian coordinates
were used for the multi-lamp UV photoreactor. A schematic diagram of the multiple UV lamp

photoreactor is shown in Figure 3.
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Figure 2. Schematic Diagram of the Single-Lamp UV Photoreactor

H,0; injection point not shown, but is located upstream of the photoreactor.
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Figure 3. Schematic of Multi-Lamp UV Photoreactor

H,0; injection point not shown, but is located upstream of the photoreactor.
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3.1.3. Photoreactor Physical Properties and Operating Conditions

Low pressure (LP) UV lamps were chosen as they produce nearly monochromatic light at 254
m. Two commercially available LP UV lamps, Philips model TUV75W HO and Emperor
Aquatics G48T6LVHO, were selected. A range of reactor diameters and initial H,0,

Concentrations were chosen such that the effect of varying these operating conditions could be
€Xamined.

Reactor 1 and Reactor 2 are configured such that they are comprised of two single-lamp UV
Photoreactors operating in series. Hence, the overall length of Reactor 1 and Reactor 2 is equal
to the sum of the length of two single-lamp UV photoreactors. Similarly, Reactor 3 is configured
Such that it is comprised of two multi-lamp UV photoreactors operating in series. It was
assumed that plug flow was maintained along the full length of Reactors 1, 2, and 3. Physical

Properties and operating conditions of the system are presented in Table 4.

As shown in Table 4, the influent H,0, concentration and reactor radius are represented as
Tanges for each reactor. For the purposes of this study, influent H,0, concentrations of 25 mg/L,
50 mg/L, 75 mg/L, and 100 mg/L, and reactor radii of 50 mm, 100 mm, 150 mm, 200 mm, and
250 mm were investigated. Thus, for each reactor, 20 pairs of operating conditions were

inVeStigated, comprised of combinations of influent H,0; concentrations and reactor radi.

In addition, the following assumptions were made for each reactor for the purposes of this study:
1. The photoreactors are operating at steady-state conditions;
2. The system is isothermal, and is operating at 25°C (see Section 3.2.1);
3. Flow through the reactor follows ideal plug flow (see Section 3.2.2);

4. The system is treating an aqueous solution with characteristics similar to that of tap water
containing only the target compound, metronidazole, at an inlet concentration of 6 M,
PH of 6.0, and alkalinity at a concentration of 75 mg/L as CaCOj3; and

3. The effect of reaction intermediates in the system is neglected (see Section 3.3).
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Table 4. Physical Properties and Operating Conditions of the Photoreactors

Parameter Reactor 1 Reactor 2 Reactor 3

Reactors in Series

Type Single UV Lamp Single UV Lamp Multiple UV Lamp

Number 2 2 2

Length (overall) 24m 24m 24m

Radius 50-250 mm 50 —250 mm 50-250 mm
UV Lamps

Number 2x1 2x1 2x4

Model Philips TUV75W HO Emperor Aquatics Emperor Aquatics

G48T6LVHO G48T6LVHO

Type Low Pressure Low Pressure Low Pressure

Nominal Length 12m 12m 12m

Nominal Radius (R,) 13 mm 8.5mm 8.5 mm

Input Current (each) 0.84 Amps 1.20 Amps 1.20 Amps

Input Watts (each) 5W 120 W 120 W

UV Output (each) 255w 36 W 36 W
Quartz Sleeve

Outer Radius (R;) 17 mm 17 mm 17 mm
Operating Conditions

Flowrate to be treated 20L/s 20L/s 20L/s

[Metronidazole], 6 pM 6 M 6 pM

[H20:), 25-100 mg/L 25-100 mg/L 25-100 mg/L

3.2. Conservation Equations

3.2.1. Energy Balance

Single-Lamp UV Photoreactor

For a single UV lamp photoreactor, similar to that presented in Figure 2, Shen and Wang (2002)
found that the variation of temperature in the photoreactor during photodecomposition was
negligible, holding steady at around 25°C, implying that the system is nearly isothermal. As 3

result, it was assumed that the modeled reactors are isothermal, and at a constant and uniform
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temperature of 25°C.
Multi-Lamp UV Photoreactor

It was also assumed that the multi-lamp UV photoreactor would be isothermal, and at a constant

and uniform temperature of 25°C.

3.2.2. Momentum Balance

Single-Lamp UV Photoreactor

For the single lamp photoreactor presented in Figure 2, the Reynolds Number, Nz, for flow
through the annular space is calculated as (Bird et al., 2002):

ZR(I—%);zp
N, = (20)
H

Where v, is the average velocity of the aqueous solution through the annular space (m/s), and
and p are the viscosity (Pa-s) and density (kg/m’) of the aqueous solutions, respectively. Based
O the flow rate of 2.0 L/s to be treated, the calculated values of Ng for Reactor 1 and Reactor 2
are > 5300 for reactor radii up to 250 mm, indicating turbulent flow through the reactor.

EXample calculations are provided in Appendix A.

AccOrding to Perry and Green (1997), “an empty tubular reactor can often be simulated as a”
Plug flow reactor. Shen and Wang (2002) determined that, for a single UV lamp photoreactor
Similar in configuration to that presented in Figure 2, the flow behaviour could be assumed to be

idea] Plug flow. Therefore, ideal plug flow was assumed for all modeled reactors in this work.

In igeq) plug flow, v, = v5 = 0, and v: = constant at all points in the reactor. As a result, the
Momentum balance can be neglected, and the residence time in the reactor, 1, is a function of

3ial position in the reactor, z, only.
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Multi-Lamp UV Photoreactor

Based on the value of Ny calculated for Reactor 1 and Reactor 2, and due to the increase in
velocity due to the volume occupied by additional UV lamps, it was assumed that flow through

Reactor 3 would also be turbulent.

In ideal plug flow, v, = v, = 0, and v. = constant at all points in the reactor. As a result, the
momentum balance can be neglected, and the residence time in the reactor, 7, is a function of

axial position in the reactor, z, only.

3.2.3. Radiation Energy Balance

Single-Lamp UV Photoreactor

Assuming no emissivity of molecules in aqueous solution, the radiation energy balance, for a

single UV lamp in a quartz sleeve parallel to the z-axis, centered at the origin, is:

-l--dg—q) =—g(2.303,) 1)
»

r

where ¢ is the radiant energy flux in mol photons/(m?'s) and g, is the extinction coefficient of the

aqueous solution (base 10) in m™. Integration yields:

& o~ 2303u (r-r) (22)
r

9=q,

where ¢, is the radiant energy flux at the outer surface of the quartz sleeve.

For the purposes of this study, the values of the extinction coefficient of distilled water at 254
nm, u,, was taken to be 0.7 m’', and for water containing alkalinity as carbonate and bicarbonat
ions the value of u,, at 254 nm is taken to be 10 m™, or that of average tap water (Gadgil, 1995)-
The UV absorptive properties of metronidazole and H,0, can be expressed in terms of their
molar absorptivities at 254 nm, &gy and &0, Which are 220 mM'm™ and 1.86 mM'm"s
respectively (Shemer et al., 2006; Andreozzi et al., 2003). All above extinction coefficients and

molar absorptivities are to the base 10. The UV absorptive properties of reaction intermediates
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Were neglected since it was assumed that the concentrations of these compounds would be very

Small. As a result, the local extinction coefficient of the aqueous solution can be expressed as:
He=p,+&406Cho +ErChry (23)

The local volumetric rate of energy absorption (LVREA), 4, in mol photons/(L-s), is a function
of the radiant energy flux (Mehrvar et al., 2002):

A=pgq (24)

Using Equations (23) and (24), the LVREA can be expressed in terms of radial position:
R =2.303u,(r-
A= p1,q, e300k (25)
,

For any given compound, i, the fraction of photons absorbed by that compound at any given

location within the reactor, f;, can be expressed as a ratio of its local extinction coefficient, in

terms of its local concentration and molar absorptivity, and the local extinction coefficient of the

aqueous solution:

f,= &G (26)
H,

IVllllti-Lamp UV Photoreactor

For the purposes of modeling the multi-lamp photoreactor (Reactor 3), the expression for the
LVREA was converted to Cartesian coordinates, as shown in Equation 27. This expression
Tpresents the LVREA from a lamp centered at (a, b).

e-2.303y,(,/(x-a)’*(y—b)’-k,) (27)

A=pgq,

R,
Je-ay +0-0)

The total LVREA for Reactor 3 is represented by the sum of the contributions from the four
lamps centered at (0.5R, 0), (0, 0.5R), (-0.5R, 0), and (0, -0.5R). See Appendix D for details.
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As with the single-lamp UV photoreactor, for any given compound, i, the fraction of photons
absorbed by that compound at any given location within the reactor, f;, can be expressed as a

ratio of its local extinction coefficient, in terms of its local concentration and molar absorptivity,

and the local extinction coefficient of the aqueous solution:

_gC,
Hy

Ji (26)

3.2.4. Mass Balance

Single-Lamp UV Photoreactor

The continuity equation in cylindrical coordinates for a compound of constant density, p and
diffusivity, Dyp, is shown below (Shen and Wang, 2002):

oc, ( 8C,  14C, ac,)
gy, =4y, +,
a or 700 e
1a( ac) 18%c, &,
=D | -—=|r— |+ — L+ L1-R_. 28
‘”(rar(r 6r) 72 06 822) s @8

where C; is the concentration of species i (M), v,, vs, and v; are velocities (m/s) in the r-, 8-, and
z-directions, respectively. Dyp is the diffusivity of the species in the aqueous solution (m?/s), and

R.m,i 1s the reaction rate of species i (M/s).

Since the system is considered to be at steady state conditions, the rate of change of
concentration with respect to time is zero. In addition, because the flow through the reactor is
assumed to be ideal plug flow (see Section 3.2.2), v, = vp = 0. Finally, it is assumed that the
effect of diffusivity is negligible compared to that of the convective terms. As a result, Equation

19 can be simplified to (see Appendix A for details):
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Where 7 (s) is the reactor residence time.

Hence, the concentration profile is a function of residence time, 7, and chemical reaction rate,
Rymi. For photolyzed reactions, R is a function of 4, which is itself a function of r.

Therefore, the concentration profile is a function of residence time, 7, and radial position, r.
MUIti-Lamp UV Photoreactor

For Cartesian coordinates, the continuity equation can be expressed as:

)

oC, ( oc,  ocC, ac,)
+l v,

+v .
ot x oy oz
a’c, 9'C, oC,
=DAB[ o T PEIMP™ )_Rw e

Where C; is the concentration of species i (M), vy, ), and v; are velocities (m/s) in the x-, y-, and
Z-directions, respectively. Dyp is the diffusivity of the species in the aqueous solution (m%/s), and

Ry, is the reaction rate of species i (M/s).

Since the system is considered to be at steady state conditions, the rate of change of
Concentration with respect to time is zero. In addition, because the flow through the reactor is
3ssumed to be ideal plug flow (see Section 3.2.2), v, = v, = 0. Finally, it is assumed that the
effect of diffusivity is negligible compared to that of the convective terms in the z-direction. As
aresult, Equation 19 can be simplified to (see Appendix A for details):

oC,

3;'. =-R,,, (29)
Herlce, the concentration profile is a function of residence time, 7, and chemical reaction rate,

Rroni. For photolyzed reactions, R, is a function of 4, which is itself a function of x and y.
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Therefore, the concentration profile is a function of residence time, 7, and position in the reactor,

in terms of x and y coordiantes.

3.3. Reaction Model

To develop the reaction model, it was assumed that the reactions shown in Equations 2 to 6 and
Equations 8 to 10 followed elementary reaction kinetics. The reactions shown in Equations 1
and 7, however, were based on the absorption of photons by the reacting species, and thus the

chemical reaction rate expressions depend on the energy balance of the system.
As an example, for Equation 7:
RH + hv — intermediates ¢ 7 varies 7

the reaction rate can be written as the product of the photons absorbed by the target compound

and the quantum yield for the reaction:

aC'RH
or

= —Ruy =8, Af (31)

where —Rgy is the rate of formation of the target compound (mM/s).

Using the above information, the reaction model for both the single- and multi-lamp UV

photoreactors were developed, and are presented below.
Single-Lamp UV Photoreactor

The reaction model will be based on the chemical reactions shown in Equations (1) to (10)-
Based on these equations and the results of Section 3.2.4, the chemical reaction rates for the

species in the system can be written as follows:

oC
6:H ==Rpy ==ksCpyCoon — A o .
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6’:02 =Ry 0, =~ Af .0, ~k:C1,0,Coon +kClon + k4ClziO; @3
oC, 2
T:L = -Roon = -k6CRH C‘on + 2¢1AfH101 - kzcﬁzozc'on - 2k3c'°"

= k5Cy, C s = $3C o :Cy = KsC p3-C,, (34)

aC (d

ot = =R, 0, =+k:Ch0, C.. —2k, C1210§ ~ksCopy Cro; k‘°C‘co; Cao, (33)
oC, . .

aH:O, =—=R HCO; = "ks CHCO,' C‘on + k‘oC.co;' CH 20, (3 6)
oC, ..
-—ac-fl—- = —RCO}- = —k9cc03;- C.OII (37)
x .

6;0 —= -R *coy = k8CHC0§ C'on + k9CCO§' C"’” B kmC.CO:' CHIO’ (38)

Equations (32) to (38) thus become the mathematical reaction model for the photoreactor system.
As noted in Section 3.2.3, 4 = A(r), thus the above set of equations are functions of residence

time, 7, and radial position, 7, for the single lamp photoreactors.

The effect of reaction intermediates formed in Equations (6) and (7) were neglected since it was

assumed that the concentrations of these compounds would be very small.
Multi-Lamp UV Photoreactor

The reaction model will be based on the chemical reactions shown in Equations (1) to (10).
Based on these equations and the results of Section 3.2.4, the chemical reaction rates for the

SPecies in the system can be written as follows:
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aC.
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compounds would be very small.

Model Values of Reaction Rate Constants and Extinction Coefficients
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(32)

(33)

(34)

(35)

(36)

(37

(38)

Equations (32) to (38) thus become the mathematical reaction model for the photoreactor system,
and are the same as those presented for the single-lamp UV photoreactor. However, as noted in
Section 3.2.3, for the multi-lamp photoreactor 4 = A(x, y), thus the above set of equations are

functions of residence time, 7, and position within the reactor, in terms of x- and y-coordinates.

As with the single-lamp UV photoreactor, the effect of reaction intermediates formed in

Equations (6) and (7) were neglected since it was assumed that the concentrations of these

Table 5 presents the values of reaction rate constants and extinction coefficients utilized for the



Purposes of modeling the system. In the case of all constants, with the exception of ks and ¢,

the values presented in Table 5 are those reported in the literature (see Section 2.2.2). Where a

range of values has been reported, the value in the mid-point of the range was used.

Table 5. Model Values of Reaction Rate Constants and Extinction Coefficients

Values for reaction rate constants and extinction coefficients were based on values reported in Section 2.2.2, with
the exception of ¢ 5 (Shemer et al., 2006).

Parameter Value
é, 0.5 mol photon
k2 3.0 x 10'M s
k3 6.5 x 10° M5
ke 1.5 x 10°M™"s™
ks 14 x 10" M5
ks TBD
i/ 3.3 x 10°* mol photon
ke , 2.0 x 10'M"s
Ko 3.7 x 10° M5
Kio 82 x 10° M5!

Notes:
TBD - to be determined

3.4, Study Methodology

Matlap (Version 7.1.0.246 R14), a computer software package, was used to solve the set of
Ordinary differential equations (ODE’s) presented in Section 3.3, utilizing a predictor / corrector
Numerical method, odelS5s, based on the numerical differentiation formulas (Ni)F). This
Particular ODE solver was chosen since the set of ODE’s presented in Section 3.3 is “stiff”, and
hence other solvers, based on, for example, the Runge-Kutta method, were unable to solve the
SYstem of equations. Utilizing this software package allowed determination of the effluent

Concentration profiles for all compounds in the reaction model for each reactor configuration.

A"erage photoreactor effluent concentrations were determined utilizing the trapezoidal rule

Mumerical integration method for Reactor 1 and Reactor 2 (see Appendix C).
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To determine the local optimal initial H;O, dose and outer reactor radius, it is desired to

minimize the ratio, F ($/mmol removed), of operational cost in terms of electrical, Sg, and

chemical costs, Sc to the amount of target compound removed, Q(Cpy ;¢ —C RH.ef )"

Sg+S.
Q(CRH,inf _CRH.eﬁ)

F= (39)

Electrical cost, Sk, was based on a cost of $0.11/kWh for electricity. Chemical cost, S¢c, was
based on an assumed cost for H,0; of $1.10/kg (Hancu & Beckman, 2001), and an assumed cost
for a 12% (w/v) solution of sodium hypochlorite of $0.14/L. Sodium hypochlorite is required to
quench the residual H,O, remaining in solution after treatment in the photoreactor based on the

following reaction:
H,0, + NaOCl - NaCl + H,0+ O, : (40)

Influent H,0; dose, [H;0;]ins, Was varied from the lower and upper operating bounds, as shown
in Table 4, in 25 mg/L intervals. Reactor radius, R, was varied from the lower and upper

operating bounds, as shown in Table 4, in 50 mm intervals. The optimal influent H,O, dose,
[H,0, ]:nf » and reactor radius, R*, were determined by trial and error by calculating the value of

F for each pair of set of operating conditions.
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CHAPTER 4.
RESULTS AND DISCUSSION

4.1. Model Calibration and Assessment
4.1.1. Determination of Reaction Rate Constant for Metronidazole

The chemical reaction model was calibrated utilizing the experimental data reported by Shemer
€t al. (2006). Calibration involved determining the value of the rate constant between
Metronidazole and the hydroxyl radical, ks, which was the only value undefined in Table 5. This
data was based on the UV/H;0; oxidation of a 6 pM solution of metronidazole in de-ionized
Water, with a pH of 6.0, under a collimated beam apparatus emitting 1.5 mW/cm? of UV light at
254 nm onto the surface of liquid held in a square Petri dish 7 cm x 5 cm by 2.9 cm deep.

Two initial H,0; doses were investigated: 25 mg/L and 50 mg/L. Since de-ionized water was
Used, it was possible to assume that the solution used by Shemer et al. (2006) did not contain any
inhibitory compounds, and thus the extinction coefficient for distilled water was used in the

detelmination of the solution extinction coefficient.

These conditions were simulated utilizing the chemical reaction model developed in Section 3.3.
Unlike the model developed for the single and multi-lamp photoreactors, the LVREA, 4, was not
Calculated for various positions within the Petri dish. Instead, an average value for the LVREA
Was calculated over the volume of the Petri dish (see simulation model development and Matlab
Code in Appendix B). It was assumed that the solution in the Petri dish was perfectly mixed, thus
the extinction coefficient of the solution, u;, varied with respect to time, due to the changing
“Oncentrations of the target compound and H,0,. Based on reported reaction rate constants for
Equation (6) for chemically similar compounds, it was assumed that the value for the reaction

Tate constant, kg, would likely lie within the range 0.5 to 10.0 x 10° M5! (Beltran et al., 1999).

The value of ks was set to 1.0 x 10’ M™'-s? which is within the range of expected values, and a
SimUlation run was conducted with an initial H,0, dose of 25 mg/L. After this run, simulation
Tesults were compared to experimental data reported by Shemer et al. (2006). If the model over-

®Stimated the rate of removal of metronidazole, the value of ks was reduced; if it under-estimated
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the rate of removal of metronidazole, the value of ks increased. This was continued until the

absolute relative error between the model prediction and any experimental data point was <10%.

Using the above technique, the value of ks was determined to be 1.98 x 10° M s™ which was in
the expected range, and resulted in an average absolute relative error of 3.4% between the model

predictions and the reported experimental data from Shemer et al. (2006).

To test this result, a simulation was run utilizing the determined value of ks with an initial H,O>
concentration of 50 mg/L. The average absolute relative error between the model prediction and

the experimental data was 1.7%.

Based on the low average absolute relative errors (<3.4%), the calibration of ks to the value of

1.98 x 10° M''s™! was selected for all subsequent model simulations.

Results of the model calibration are shown in Figure 4. As can be seen in Figure 4, the
calibrated model was able to successfully predict the concentration of metronidazole versus time
for both initial H,O, concentrations. In addition, the model predicted a decreasing H,02
concentration with increasing time, since H,O, is consumed in the oxidation process (see
detailed results in Appendix B). The concentration of hydroxyl radicals, which react directly
with the target compound (see Equation 6), at any time instant was quite low (on the order of 10°
12 M), since this highly reactive species tends to be consumed almost as quickly as it is produced.

Detailed Matlab output for both initial H,O, doses are included in Appendix B.

A residual plot was also generated, and is presented in Figure 5. The residual plot appears to
indicate a random scatter of model error residual, defined as difference between the model
predicted concentration and the experimentally obtained concentration, as no trends in the data
points appear to be evident. A random scatter implies that the model is able to predict the
experimental results very well (Mehrvar et al., 2000). It should be noted, however, that the
model calibration relied on a limited number of 10 experimental data points. As a result, while
the results presented in both Figure 4 and Figure 5 appear to indicate a well calibrated model, it
is recommended that additional experimental work be conducted to provide additional data

points for analysis.
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Figure 4. Metronidazole Concentration vs. Time — Calibrated Model

Mode] predictions obtained utilizing a value for the reaction rate constant between metronidazole
and the hydroxyl radical, ks, of 1.98 x 10° M's”\. All other rate constants and quantum yield
values as listed in Table 5. Experimental data adapted from Shemer et al. (2006).
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Figure S. Residual Plot for the Calibrated Model

Residual equal to the model predicted concentration less the experimentally obtained
concentration as reported by Shemer et al. (2006). Model simulations completed utilizing a
value for the reaction rate constant between metronidazole and the hydroxyl radical, ks, of 1.98
x 10° M"'-s!. All other rate constants and quantum yield values as listed in Table 5.
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4.1.2. Model Predicted Removal of Clofibric Acid

Experimental data reported by Andreozzi et al. (2003) for the removal of clofibric acid, a
metabolite of the lipid regulating drug clofibrate, utilizing the UV/H,0, AOP was utilized to

¢nsure the model developed would be valid for target compounds other than metronidazole.

The experimental data was based on the UV/H,0; oxidation of a 0.024 to 0.0255 mM solution of
clofibric acid in de-ionized water, with a pH of 5.5, in a batch cylindrical reactor with an outer
diameter 0f 9.5 cm and a height of 28 cm. The reactor had an effective optical pathlength of 2.01
¢m, volume of 0.42 L, and a LP UV lamp with an output of 2.7x 10 mol photon-s™ at 254 nm.
Since de-ionized water was used, it was possible to assume that the solution used by Andreozzi
®t al. (2003) did not contain any inhibitory compounds, and thus the extinction coefficient for

distilled water was used in the determination of the solution extinction coefficient.

The reaction rate constant for the reaction between clofibric acid and the hydroxyl radical, ks,
and the quantum yield for the direct photolysis of clofibric acid, ¢ 7, were reported by Andreozzi
®tal. (2003) to be (2.38 + 0.18) x 10° M"'s™" and 1.08 x 10 mol photon™, respectively. These
Values were inputted into the model developed in Section 3.3, and all other reaction rate

Constants and quantum yield values were kept as presented in Table 5.
Figure 6 presents the experimental data and the results of the model simulation.

As can be seen, for the simulation done for an initial H,O, dose of 34 mg/L, there is good
3greement between the modeled results and the experimental data. In fact, the absolute relative
€rror remained <10% for all data points up to 50% removal of the target compound (0 to 40
Seconds of reaction time). At higher removal percentages (>50%), the absolute relative error
T®Mained below 52%.

For the simulation done for an initial H,0; dose of 340 mg/L, there is good agreement between
the Mmodeled results and the experimental data, with an absolute relative error <15% for all data
Points up to 67% removal of the target compound (0 to 40 seconds of reaction time). At higher

Temova) percentages (>67%), the absolute relative error remained below 43%.
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It should be noted that, in their development of the reaction rate constant for the reaction
between clofibric acid and the hydroxyl radical, Andreozzi et al. (2003) assumed a reaction rate
constant for the reaction between H,0, and the hydroxyl radical, k2, of 2.7 x 10’ M"'s'. While
this value is within the range of published values for this constant (see Equation 2), it is different
than the value of 3.0 x 10’ M™'-s™! assumed in the model simulation (see Table 5). Asaresult,a
additional model simulations were run for which the value of k; was set to 2.7 x 10’ M™"s™.

Results are shown in Figure 7.

As can be seen in Figure 7, there is better agreement between the model predictions and
experimental data utilizing the modified value of k; of 2.7x10” M's?. In fact, for the
simulation done for an initial H,O, dose of 34 mg/L, the absolute relative error remained below
32% for all data points; for the simulation done for an initial dose of H,O, of 340 mg/L, the

absolute relative error remained below 20% for all data points.

These result imply that the determination of a the rate constant for the reaction between a target
compound and the hydroxyl radical (ks) based on experimental data is dependent on the value

chosen for the reaction rate constant between H,0, and the hydroxyl radical (k).
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Figure 6. Clofibric Acid Concentration vs. Time — Performance of Model to -Predict
Experimental Results Reported by Andreozzi et al. (2003)

Utilizing a value for the reaction rate constant between clofibric acid and the hydroxyl radical,
ks, 0f2.38 x 10° M5!, as reported by Andreozzi et al. (2003). Value for the reaction rate
constant between H,0; and the hydroxyl radical, k5, of 3.0 x 10’ M™! s™ and all other rate
constants and quantum yield values as listed in Table 5.
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Figure 7. Clofibric Acid Concentration vs. Time — Performance of Modified Model to
Predict Experimental Results Reported by Andreozzi et al. (2003)

Utilizing a value for the reaction rate constant between clofibric acid and the hydroxyl radical,

ks, 0f2.38 x 10° M’ s, a value for the reaction rate constant between H,0; and the hydroxy]

radical, k;, 0f 2.7 x 10’ M™s™! as reported by Andreozzi et al. (2003). All other rate constants
and quantum yield values as listed in Table 5.
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4.1.3. Effect of Inhibitors

It was desired to investigate the effect of inhibitors’ presence on the behaviour of the calibrated
Mmodel. All simulations were run using the same simulation model developed and used in Section
4.1.1 (see Appendix B).

Effect of H,0; as an Inhibitor

An increase in the rate of removal of organic compounds has been observed with increasing
H,0, concentration until an optimal dose is reached. Above this dose, the rate of removal of
Organics tends to decrease due to the hydroxyl radical scavenging behaviour of H0; (Shen and
Wang, 2002).

Model simulations were run with increasing initial H,O; doses to determine if the model would
€Xpress a similar behaviour. The extinction coefficient for distilled water was used to determine
the extinction coefficient of the aqueous solution for these simulations. The results of these runs

are presented in Figure 8.

As can be seen, increasing the initial H,O, dose increased the predicted removal of
Metronidazole up to an initial dose of approximately 50 mg/L. At dosages >50 mg/L, there was
2 reduction in removal efficiency, indicating the inhibitory effect of H,0, at concentrations

above the optimal dose.

Asa result, the model is able to predict an optimal initial HO; dose, and the inhibitory effect of

H,0, at dosages greater than the optimal level.
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Figure 8. Effect of [H20:]o on Model Predicted Removal of Metronidazole — Optimal H;0:
Dose

Model predictions obtained utilizing a value for the reaction rate constant between metronidazole
and the hydroxyl radical, ks, of 1.98 x 10° M""s™. All other rate constants and quantum yield
values as listed in Table 5. Extinction coefficient for distilled water was used, and it was
assumed no alkalinity present. Thicker lines represent conditions at or below the optimal H,02
dose; thinner lines represent conditions above the optimal H,0, dose.
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Effect of Alkalinity as an Inhibitor

In the UV/H,0; oxidation process, carbonate and bicarbonate anions act as hydroxyl radical
Scavengers, reducing the number of hydroxyl radicals in the system, thus reducing the removal
efficiency of target compounds. A measure of the concentration of carbonate and bicarbonate

1ons in an aqueous solution is known as “alkalinity”, and is reported in mg/L as CaCO:;.

For practical application, the UV/H,0, AOP process could be used for the treatment of potable
Water supplies. Since surface and ground water potable water sources can have varying levels of
alkalinity, carbonate and bicarbonate ions naturally present can have a significant impact on
target compound removal. The Ontario Drinking Water Standards, Objectives, and Guidelines
State an operational guideline for alkalinity of 30 to 500 mg/L (Ontario Ministry of the

Environment, 2003). It was desired to model the impact of alkalinity levels within that range.

Simulations were run using the same simulation model developed and used in Section 4.1.1 (see
Appendix B). Alkalinity concentrations of 75 mg/L, 150 mg/L, and 225 mg/L as CaCO3 were
used, and it was assumed that the alkalinity was due to the presence of bicarbonate ions only,
Since at the solution pH of 6.0, the concentration of carbonate ions would be negligible (see
Appendix B). The extinction coefficient for typical tap water (10 m™') was used to determine the
Overall extinction coefficient of the aqueous solutions for these simulations. All simulations
Were run for an initial H,0; concentration at 50 mg/L. All other parameters used were equal to

those used in the model calibration (see Section 4.1.1). The results of these runs are shown in
Figure 9

As can be seen, increasing alkalinity levels have an inhibitory effect on the model predicted
T®moval of metronidazole. As the concentration of alkalinity was increased, there was a decrease

In the predicted removal of metronidazole.
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Figure 9. Effect of Alkalinity as CaCOj; on Model Predicted Removal of Metronidazole
with [H,0:], =50 mg/L

Model predictions obtained utilizing a value for the reaction rate constant between metronidazole
and the hydroxy] radical, ks, of 1.98 x 10° M™":s”. All other rate constants and quantum yield
values as listed in Table 5. Extinction coefficient for typical tap water was used.
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Effect of Alkalinity on the Optimal H202 Dose

In order to determine if the presence of alkalinity would impact the model predicted optimal
H,0, dose, model simulations were run using the same simulation model developed and used in
Section 4.1.1 (see Appendix B). An alkalinity concentration of 75 mg/L as CaCO; was used for
€ach run, and initial H,0, doses were increased to determine the predicted optimal dose. The
extinction coefficient for typical tap water (10 m™) was used to determine the overall extinction
Coefficient of the aqueous solutions for these simulations. All other parameters used were equal

to those used in the model calibration (see Section 4.1.1). The results of these runs are shown in
Figure 10.

As can be seen in Figure 10, increasing the initial H,0, dose increased the predicted removal of
Metronidazole up to an initial dose of approximately 200 mg/L. At dosages >200 mg/L, there
Was a reduction in removal efficiency, indicating the inhibitory effect of H,0, at concentrations

above the optimal dose.

It was shown that the optimal H,0; dose for the system without the presence of alkalinity was
approximately 50 mg/L, and that with the presence of alkalinity the optimal dose was
3pproximately 200 mg/L. Based on these results, it appears that the presence of alkalinity

increases the model predicted optimal H,0, dose.
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Figure 10. Effect of [H20:], on Model Predicted Removal of Metronidazole with Alkalinity
of 75 mg/L as CaCOj; — Optimal H,0; Dose

Model predictions obtained utilizing a value for the reaction rate constant between metronidazole
and the hydroxyl radical, ks, of 1.98 x 10° M''s!. All other rate constants and quantum yield
values as listed in Table 5. Extinction coefficient for typical tap water was used. Thicker lines

represent conditions at or below the optimal H,0; dose; thinner lines represent conditions above

the optimal H,0; dose.
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4.2. Modeling Metronidazole Removal in the Proposed Photoreactors
4.2.1. Single Lamp Photoreactors — Reactor 1 and Reactor 2

The reaction model calibrated and assessed in Section 4.1 was used to predict the removal of
Mmetronidazole in Reactor 1 and Reactor 2. For all modeling runs in the photoreactors, the initial
Concentration of metronidazole was 6 pM in an aqueous solution with an alkalinity of 75 mg/L
as CaCO;. Reactor 1 and Reactor 2 each have identical dimensions, however each are equipped
With a different lamp: the lamps in Reactor 1 each have a UV output of 25.5 W, while the lamps
in Reactor 2 each have a UV output of 36 W.

These conditions were simulated utilizing the chemical reaction model developed in Section 3.3,
and the radiation energy balance for the single lamp reactor developed in Section 3.2.3 (see

simulation model development and Matlab code in Appendix C).

The extinction coefficient of the aqueous solution was assumed to be constant for all locations
Within the photoreactor, and was calculated based on the extinction coefficient of tap water and
in the influent concentration of H,0,. The UV absorptive properties of metronidazole were
Neglected due to its low influent concentration, and the influent concentration of H,0, was used
because it was assumed that very little H,O, would be consumed, resulting in an almost uniform

Concentration of H,0; throughout the reactor.

As a preliminary investigation, the concentration profiles of metronidazole along the reactor
Tadius at various retention times were developed for both Reactor 1 and Reactor 2. The initial
H,0, dose was kept constant at 100 mg/L. Results for Reactor 1 are shown in Figure 11.

Results for Reactor 2 are shown in Figure 12.
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Figure 11. Concentration Profile of Metronidazole in Reactor 1 at Various Residence

Times with [H;0:]inr= 100 mg/L

Treating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M5, All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used. Residence time of 0 s equivalent to the inlet of the reactor, 37 s
equivalent to an axial position of 2.4 m, 84 s equivalent to an axial position of 5.5 m, and 150 'S

equivalent to an axial position of 9.7 m.
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Figure 12. Concentration Profile of Metronidazole in Reactor 2 at Various Residence

Times with [H203]inr= 100 mg/L

Tr €ating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
Tate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M5, Al
Other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used. . Residence time of 0 s equivalent to the inlet of the reactor, 37 s
®quivalent to an axial position of 2.4 m, 84 s equivalent to an axial position of 5.5 m, and 150 s

equivalent to an axial position of 9.7 m.
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The results presented in Figure 11 predict that removal of metronidazole increases as residence
time within the Reactor 1 increases. In addition, for any given time instant >0 s, the
concentration of metronidazole increases with increasing radial position. This is due to the fact
that UV irradiance decreases with increasing radial position, due to increased distance from the

UV lamp and the UV radiation adsorptive properties of the aqueous solution.

Similar trends are observed for Reactor 2 (see Figure 12). However, it can be seen that the
concentration profiles for Reactor 2 show lower concentrations at any given time instant >0 s and

radial position that those shown for Reactor 1 (see Figure 11).

Average effluent metronidazole concentrations for Reactor 1 and Reactor 2 were determined for
each set of operating conditions, and are summarized in Table 6 and Table 7. Summaries of

average effluent H,O, concentrations can be found in Appendix C.

Based on the average effluent concentrations presented in Table 6 and Table 7, 4.9% to 9.8% of
the metronidazole was removed in Reactor 1, and 6.6% to 13% was removed in Reactor 2. Little
target compound was removed, however removal was greater in Reactor 2 for each set of
operating conditions (22% to 39% more removal in Reactor 2 than in Reactor 1). This is due to
the fact that the UV output of the lamp used in Reactor 2 was 41% greater than that in Reactor 1.
In addition, the low removal of metronidazole implies that very few reaction intermediates were
formed, thus the assumption that the effect of these intermediates were negligible appears to be

valid.

Based on the detailed modeling results for Reactor 1 and Reactor 2, at all points in the reactor the
concentration of HyO, was >80% of the influent H>O, concentration. As a result, the assumption
that very little H,O2 would be consumed, resulting in an almost uniform concentration of H,02

throughout the reactor, also appears to be valid.
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Table 6. Average Effluent Metronidazole Concentrations for Reactor 1 Operating in Series
at Various Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 uM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M1, Al
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used. Average

Reactor Residence Influent H,0, Concentration (mg/L)
Radius Time
(mm) (s) 25 50 75 100
50 83 57 5.60 5.55 5.53
100 37 5.58 5.46 542 5.41
150 84 5.58 5.48 547 548
200 150 5.61 5.54 5.54 5.56
250 235 5.65 5.60 5.60 5.62
Notes:

All reported average effluent metronidazole concentrations in uM, and were calculated
utilizing the trapezoidal rule (see Appendix C).

Concentration in bold represents the lowest average effluent concentration observed.

Table 7. Average Effluent Metronidazole Concentrations for Reactor 2 at Various
Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 uM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M™"s™. All
Other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used.

Reactor Residence Influent H,0; Concentration (mg/L)
Radius Time
(mm) ©) 25 50 75 100
50 83 5.60 545 5.38 535
100 37 543 527 523 5.22
150 84 544 533 5.31 533
200 150 5.50 542 542 545
250 235 5.56 5.50 5.51 5.54
Notes:

All reported average effluent metronidazole concentrations in pM, and were calculated
utilizing the trapezoidal rule (see Appendix C).

Concentration in bold represents the lowest average effluent concentration observed.
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For both reactors, the lowest average effluent metronidazole concentration was obtained with an
influent H,O, dose of 100 mg/L and a reactor radius of 100 mm (5.41 pM for Reactor 1, and
5.22 pM for Reactor 2).

For both reactors, the lowest average effluent metronidazole concentration for a given reactor
radius was obtained at the highest modeled influent H,O, concentration of 100 mg/L. This
implies that the influent H,O, concentrations were below the optimal dose, and no inhibitory

effect was observed.

For both reactors, the lowest average effluent metronidazole concentration for a given influent
H,0; concentration was obtained with a reactor radius of 100 mm. This implies that, for the
influent H,O, concentrations modeled and the composition and flow rate of the solution to be

treated, a reactor radius of 100 mm provides the most efficient use of UV light energy.

It should be noted, however, that for Reactor 1 with an influent H,O, concentration of 25 mg/L,
the average effluent metronidazole concentration was lowest for two reactor radii: 100 mm and
150 mm. This implies that, at lower influent H,O, concentrations, the most efficient use of UV
light energy may be provided with a larger reactor diameter. To test this result, simulations were
run for Reactor 1 with an influent H,O, concentration of 10 mg/L (see Appendix C for detailed
results). Based on these simulations, the lowest average effluent metronidazole concentration
was obtained with two reactor radii: 150 mm and 200 mm. Thus, it appears that, for a given
influent H,O, concentration, the reactor radius resulting in the lowest effluent metronidazole
concentration varies with respect to the influent H,O; concentration: as the influent H,02
concentration is decreased, the reactor radius resulting in the lowest average effluent

metronidazole concentration is increased. -

4.2.2. Multiple Lamp Reactor — Reactor 3

The reaction model calibrated and assessed in Section 4.1 was used to predict the removal of
metronidazole in Reactor 3. For all modeling runs in the photoreactor, the initial concentration

of metronidazole was 6 pM in an aqueous solution with an alkalinity of 75 mg/L as CaCO;.
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As discussed in Section 3.2.3, the LVREA at any point in Reactor 3, 4, is the sum of the
Contributions of all four lamps (see Appendix D for details). The shielding of photons by the
lamps and quartz tubes was neglected. Due to the symmetry of Reactor 3, it was only necessary
to model one quadrant of the reactor. These conditions were simulated utilizing the chemical
reaction model developed in Section 3.3, and the radiation energy balance for the multi-lamp
reactor developed in Section 3.2.3 (see simulation model development and Matlab code in
Appendix D).

As with Reactor 1 and Reactor 2, the extinction coefficient of the aqueous solution was assumed
to be constant for all locations within the photoreactor, and was calculated based on the
extinction coefficient of tap water and in the influent concentration of H;0,. The UV absorptive
Properties of metronidazole were neglected due to its low influent concentration, and the influent
Concentration of H,O, was used because it was assumed that very little H,O» would be

Consumed, resulting in an almost uniform concentration of H,O, throughout the reactor.

As a preliminary investigation, the concentration profile of metronidazole for a quadrant of
Reactor 3 was developed at the mid-point of Reactor 3, and the effluent of Reactor 3 with an
influent H>0; dose of 100 mg/L and a reactor radius of 100 mm. These profiles are shown in

Figure 13. See Appendix D for larger versions of each profile shown in Figure 13.
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The results presented in Figure 13 predict increased removal of metronidazole in the regions
closest to the UV lamps. A similar result was obtained for Reactor 1 and Reactor 2. In addition,
removal is enhanced in regions of the reactor that have high LVREA values due to the additive
Contribution of multiple UV lamps. For example, in Figure 13 (b), the effluent concentration in
the region around the coordinates (22 mm, 22 mm) is approximately 2.5 pM, and approximately
3.5 uM around the coordinates (78 mm, 22 mm). These two regions are a similar distance away
from the UV lamp, however the LVREA around the coordinates (22 mm, 22 mm) is enhanced
due to the additive effect of the two UV lamps, resulting in a 40% increase in removal of

metronidazole as compared to around the coordinates (78 mm, 22 mm).

Average effluent metronidazole concentrations for Reactor 3 were determined for various sets of
Operating conditions, and are summarized in Table 8. Simulations were run for a given influent
H,0; concentration with increasing outer reactor radius until it was ascertained that the average
effluent concentration reached a minimum. Summaries of average effluent H,O, concentrations
Can be found in Appendix D.

Table 8. Average Effluent Metronidazole Concentrations for Reactor 3 at Various
Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 uM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M s, All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of

typical tap water used.
Reactor Residence Influent H,0, Concentration (mg/L)
Radius Time
(mm) ©) 25 50 75 100
S0 5.1 5.18 4.88 4.74 4.67
100 33 421 3.75 3.60 3.54
150 81 " 4.06 3.68 3.61 3.63
200 146 4.15 3.87 3.85 3.92
250 231 431 4.10 4.12 421
Notes:

All reported average effluent metronidazole concentrations in pmol/L.
Concentration in bold represents the lowest average effluent concentration observed.
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Based on the average effluent concentrations presented in Table 8, 14% to 41% of the
metronidazole was removed in Reactor 3. Removal was greater in Reactor 3 than in either
Reactor 1 or Reactor 2. This is due to the fact that Reactor 3 is equipped with four UV lamps,
each emitting 36 W of UV output, resulting in a greater UV output than in either Reactor 1 or
Reactor 2. 90% removal of metronidazole was predicted for seven reactors of the same

configuration as Reactor 3 operated in series.

As with Reactor 1 and Reactor 2, the lowest average effluent metronidazole concentration for
Reactor 3 for a given reactor radius was obtained at the highest modeled influent H,02

concentration of 100 mg/L.

The lowest average effluent concentrations of metronidazole attained for Reactor 3, 3.54 uM,
was with a radius of 100 mm and an influent H,O, concentration of 100 mg/L. In addition, it can
be seen that, for a given influent H0; concentration, the reactor radius resulting in the lowest
effluent metronidazole concentration varies with respect to the influent H,0, concentration. This
implies that selection of a reactor outer radius for maximum metronidazole removal varies with

influent H,0, concentration for the multiple UV lamp reactor.

4.2.3. Local Optimal Initial H,O, Dose and Reactor Radius

It was determined in Section 4.2.1 and Section 4.2.2 that the average effluent metronidazole
concentration for a given reactor radius could be lowered by increasing the UV lamp output, and
increasing the influent H,O; concentration. Increasing these operational parameters also
increases the operational cost, hence it was desired to investigate the operational cost per mmol

of metronidazole removed to determine the optimal operating conditions for each reactor studied-

Using Equation (39), operational costs per mmol of metronidazole removed were determined for
various operating conditions for each reactor studied (see Appendix E for a sample calculation)-
These costs were based on average influent and effluent H,0, concentrations, as well as the
number of UV lamps in operation and their total wattage. Summaries of operational costs for

each reactor are shown in Table 9, Table 10, and Table 11.
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Table 9. Operational Cost per Amount of Metronidazole Removed in Reactor 1 at Various
Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 uM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M!'s™!. All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of

typical tap water used.
Reactor Radius Influent H,0; Concentration (mg/L)
(mm) 25 50 75 100
50 033 047 0.61 0.77
100 0.22 0.34 047 0.63
150 0.22 036 0.52 0.70
200 024 0.40 0.60 0.83
250 027 046 0.70 0.98

Notes:
All reported operational costs in $/mmol metronidazole removed.
Concentration in bold represents the lowest average effluent concentration observed.

Table 10. Operational Cost per Amount of Metronidazole Removed in Reactor 2 at Various
Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 M, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M s, All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used.

Reactor Radius Influent H,0, Concentration (mg/L)
(mm) 25 50 75 100
50 024 0.34 045 0.57 -
100 0.17 0.26 036 0.47
150 0.17 0.28 0.40 0.55
200 0.19 032 048 T 0.67
250 021 037 0.57 0.80
Notes:

All reported operational costs in $/mmol metronidazole removed.
Concentration in bold represents the lowest average effluent concentration observed.
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Table 11. Operational Cost per Amount of Metronidazole Removed in Reactor 3 at Various
Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M!'s™". All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of

typical tap water used.
Reactor Radius Influent H,0, Concentration (mg/L)
(mm) 25. 50 75 100
50 0.13 0.18 0.23 0.29
100 0.06 0.09 0.12 0.15
150 0.05 0.08 0.12 0.16
200 0.06 0.09 0.13 0.18
250 0.06 0.10 0.15 0.21

Notes:

All reported operational costs in $/mmol metronidazole removed.

Concentration in bold represents the lowest average effluent concentration observed.
n/a —no data available. No simulation run for that combination of operating conditions.

Table 12 presents a summary of the local optimal operating conditions determined for each

reactor.

Table 12. Local Optimal Operating Conditions in Terms of Minimum Operational Cost per
mmole of Metronidazole Removed

Treating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M''s™!. All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used.

Local Optimal Parameter Reactor 1 Reactor 2 Reactor 3
zrllg:xg:mfﬂ )HzOz Concentration 2Smgl - 25 mg/L 25 mg/L
Reactor Radius (R") 100 - 150 mm 100 - 150 mm 150 mm —
ﬁﬁfﬁiﬁ?ﬁfﬁﬂ"&mwm on SSBumoVL | 543-544umolll | 406umolL
ﬁiﬁ:ﬁgﬁiﬁoiols{epggxﬁm $0.22/mmol $0.17/mmol $0.05/mmol B
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As can be seen, the optimal influent H,0, concentration, [H,0,[ ., was the same for all three

I€actors, at 25 mg/L.

The lowest operational cost per mmol of metronidazole removed was projected for Reactor 3,
While the highest was projected for Reactor 1. Based on the results presented in Table 9, Table
10, and Table 11, for a given set of operating conditions, the operational cost per mmol of
Metronidazole removed was higher for Reactor 1 than for Reactor 2. Since the only difference
between Reactor 1 and Reactor 2 is the UV output of the lamp, this implies that reduced
Operational costs can be achieved by increasing the UV output of the lamp, in spite of the
increase in electricity costs. A similar trend is observed when comparing the results for Reactor
2 and Reactor 3.

For all reactors, increasing the influent H,O, concentration, while keeping the reactor radius
Constant, resulted in an increase in operational costs per mmol of metronidazole removed.
COnversely, as seen in Section 4.2.1 and Section 4.2.2, an increase in influent H,0,

Concentration resulted in an increase in removal of metronidazole.

These results imply that the chemical costs associated with increasing influent H,0,
Concentration are much greater than the electrical costs associated with increasing UV lamp
Output. As a result, it appears that, from an operational perspective, it would be cost effective to

increase the UV lamp output, while keeping influent H,O; concentration low.

Such a strategy, however, would have impacts on the capital costs for such an inst.allation. The
Costs associated with the purchase of a greater number of high output UV lamps could make such
an approach cost prohibitive. In addition, no operational cost estimates were included for UV
lamp replacement. A greater number of high output UV lamps would increase the lamp
Teplacement costs. As a result, in order to properly assess the optimal operating conditions, a 25

Year life cycle cost analysis should be conducted to provide a more realistic evaluation of total
Costs,
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CHAPTER 6.
CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

5.1.1. Model Calibration and Assessment

1.

The reaction rate constant for the reaction between metronidazole and hydroxyl radical was
determined to be 1.98 x 10° Ms™!. This calibration was done based on experimental results
published elsewhere (Shemer et al. 2006).

The calibrated reaction model was able to predict an optimal initial H,O, dose, and the

inhibitory effect of H,O, doses above the optimal value.

The calibrated reaction model was able to predict the inhibitory effect due to the presence of

alkalinity as bicarbonate ions in the aqueous solution to be treated.

The calibrated reaction model predicted an increase in the optimal initial H,O, dose with the

presence of alkalinity in the solution to be treated.

The reaction model was able to accurately predict the removal of clofibric acid based on

experimental results published elsewhere (Andreozzi et al., 2003).

Based on the above, the calibrated reaction model was assumed to be valid and was used to
predict the removal of metronidazole in the proposed single and multiple UV lamp

photoreactors.

5.1.2. Behaviour of the Modeled Photoreactors

1.

4.9% to 9.8% of the metronidazole was removed in Reactor 1, 6.6% to 13% was removed in

Reactor 2, and 14% to 41% was removed in Reactor 3.

Keeping the reactor radius constant, the average effluent metronidazole concentration could
be lowered by increasing the UV lamp output, and increasing the influent H:02

concentration.
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3. Selection of a reactor radius for maximum metronidazole removal varied with influent H,0,

concentration.

5.1.3. Optimal H202 Dose and Reactor Radius

1.

Optimal influent H,O, concentration, [H ,0, ]i'nf , and outer reactor radius, R*, resulting in the

lowest operational cost per mmol of metronidazole removed, were determined for each
reactor. The lowest operational cost per mmol of metronidazole removed was projected for

Reactor 3, at $0.05/mmol, while the highest was projected for Reactor 1, at $0.22/mmol.

The optimal influent H,0; concentration, [H,0, [, was the same for all three reactors, at 25

mg/L.

Based on the results of this study, it appears that, from an operational perspective, it would
be cost effective to increase the UV lamp output, while keeping influent H,O, concentration

low.

5.2. Recommendations

1.

Since the model was calibrated based on a limited number of experimental data points, it is
recommended that additional batch experimental runs be performed to confirm and/or refine
the value of the reaction rate constant for the reaction between metronidazole and hydroxyl

radical obtained in this work.

Pilot scale single and multi lamp UV reactors, of similar configuration to Reactor 1, Reactor
2, and Reactor 3, could be constructed, and experimental runs performed. The resulting

experimental results could be compared to simulation model predictions.

It is recommended that additional optimization be done with respect to the influent H,0,

dose, since this study considered only four influent doses.

It is recommended that additional optimization be done with respect to Reactor 3 to
determine the optimal position of the lamps within the reactor for various operating

conditions.
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It is recommended that the effects of different flow regimes, such as laminar flow, within the

reactors be investigated.

It is recommended that the model be expanded to predict the treatment of multiple target

compounds.
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[7,0,],,
[H2 02 ]inf
[7,0,],

NOMENCLATURE

local optimal influent H,0, concentration (mg/L)

influent H,O, concentration (mg/L)

initial H,O5 concentration (mg/L)

local volumetric rate of energy absorption (mol photons/(L-s))

average local volumetric rate of energy absorption (mol photons/(L-s))
concentration of species i (mM)

effluent concentration of species i (mM)

diffusivity of the species in the aqueous solution (m?/s)
hydraulic diameter (m)

fraction of photons absorbed by species i (dimensionless)
operational cost per amount of target compound ($/mmol)
reaction rate constant (M's™)

reactor length (k)

Reynold’s number (dimensionless)

flowrate (L/s)

radiant energy flux (mol photons/(m*'s))

radiant energy flux at liquid surface (mol photons/(m?s))
radial position (m)

outer reactor radius (m)

local optimal outer reactor radius (m)

inner reactor radius (m)

hydraulic radius (m)

reaction rate for species i (mM/s)

cross-sectional area (m?)

chemical operating costs ($/s)

electrical operating costs ($/s)

time (s)

velocity (m/s)

volume (m?)
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x —  position on x-axis for multi-lamp reactor (m)

—  position on y-axis for multi-lamp reactor (m)

z —  axial position (m)
Greek Letters
T —  reactor residence time (s)
Ti2x -~  halflife of contaminant x (s)
¢ - quantum yield (mol photon™)
p —  density (kg/m’)
ERH - molar absorptivity of the target compound at 254 nm (mM'm"")
E1:0; - molar absorptivity of H,0, at 254 nm (mM'm™)
Us —  solution extinction coefficient at 254 nm (m™)
Hw - extinction coefficient of water at 254 nm (m™)
Acronyms
AOP — advanced oxidation process
AOX —  adsorbable organic halogens
COD —  chemical oxygen demand
DIC —  dissolved inorganic carbon
LOEC —  lowest observable effect concentration
LVREA —  local volumetric rate of energy absorption
ODE - ordinary differential equation
PPCP —  pharmaceuticals and personal care products
RH —  target compound
TOC —  total organic carbon
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A.1. Reynolds Number Calculation

Reynolds number, Ny, is calculated as follows:

DHvzp
H

N, = (A.1)

Where Dy is the hydraulic diameter of the annular space (m), v: is the average velocity of the
aqueous solution through the annular space (m/s), and u and p are the viscosity (Pa-s) and density

(kg/m?) of the aqueous solutions, respectively.

Dy is defined as follows:

2 _ p2 —-R )
D, =R, =4 ZR=RD) _ (R=R)R+R)
m(2R+2R,) 2(R+R,)

=2(R-R) = ZR(I -%) (A.2)

Therefore, Equation A.1 can be written:

2R(1-%)v',p
N, =
Y7,

(20)

R

An example calculation is presented below for the Reynolds number in Reactor 1, with a radius

0f 250 mm, at an aqueous solution flowrate of 2.0 L/s at 25°C.

— 0 2.0L/s m’ - :
Vv, ===— 3 =1.02x10"m/s (A3)
S a{(350x10°) - (17x107?} }u* 1000L
-3 i
2(250x10™ m)(l - -ZISLO"I—IOO_T”')(l 02x10m/5)997kg /m’)
X
N, = m =5325  (Ad)

8.9x107* Pa-s
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A.2. Mass Balance Simplification
Cylindrical Coordinates

For cylindrical coordinates, the mass balance can be expressed as:

oC, ( 8C, 18C,  oC,
+|v +v, +v
a o Croe e

10( a8C,) 1 8%C, @C,
‘D‘B(IE(’?)J'TZW* = )‘Rw @9

where C; is the concentration of species i (M), v,, vg, and v, are velocities (m/s) in the r-, 6-, and
z-directions, respectively. Dyp is the diffusivity of the species in the aqueous solution (m%s), and

Rpxni 1s the reaction rate of species i (M/s).

Since the system is considered to be at steady state conditions, the rate of change of
concentration with respect to time is zero. In addition, because the flow through the reactor is
assumed to be ideal plug flow (see Section 3.2.2), v, = vg = 0. Finally, it is assumed that the

effect of diffusivity is negligible compared to that of the convective terms.

As aresult, Eq. 17 can be simpliﬁed as follows:
agf 1 ac
°r 60 O
2 2
= 1 2 £ +—1—a <, +——a ¢ -R_., (A.5)
ror\ or ) r® 06° &° |

éc,
(v 32-) =-R_, (A.6)

The reactor to be modeled is of constant volume, V, and cross-sectional area, S, therefore the

residence time, T, can be expressed as:
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r=l =22 _2 (A7)

From Equation A.7, and the fact that v. is constant throughout the reactor, it follows that:

v \%

a,=.a(iJ=?£ (A8)
Combining Equations A.5 and A.7, the simplified mass balance can expressed as:

=k, 29)

Cartesian Coordiantes

For Cartesian coordinates, the mass balance can be expressed as:

aC, 8C, oC, _ éC,
+v, =L +v +v,
at x oy o

&C, #'C, 9C,
. D,,,( TG )-R,W Go)

Where C; is the concentration of species i (M), vy, vy, and v; are velocities (m/s) in the x-, y-, and

Z-directions, respectively. Dyg is the diffusivity of the species in the aqueous solution (m%s), and

R,2n i is the reaction rate of species i (M/s).

Since the system is considered to be at steady state conditions, the rate of change of

Concentration with respect to time is zero. In addition, because the flow through the reactor is

assumed to be ideal plug flow (see Section 3.2.2), v, = vy = 0. Finally, it is assumed that the

effect of diffusivity is negligible compared to that of the convective terms in the z-direction.
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As aresult, Equation A.9 can be simplified as follows:

0 L0 0
L (o, /ac o,
+| Y=L+, +v,
/ot ax oy oz
0
2 2 2
_ };4(‘;‘;‘ +‘2ycz" +ZZC2’)-R,,,,,,~ - (A9)

oC,
(vz a—z'J=-Rm, (A.6)

which is the same result obtained for the cylindrical coordinates.

Using the relationship presented in Equation A.8, which is also valid for Cartesian coordinates,

the simplified mass balance can be expressed as:

(29)
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APPENDIX B — Model Calibration: Simulation Model Development,
Matlab Code, and Selected Output
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B.1. Background Calculations and Information

For the collimated beam apparatus and Petri dish, as described by Shemer et al. (2006), the
LVREA at any depth, x, in the Petri dish can be presented as:

A= g6 (B.1)

The average LVREA throughout the Petri dish, A , can be expressed as:

Ljﬂ.q,e"‘"dr
Z 0

L e
n = ”:qu J’e—ﬂ,x‘ix - llsqo o _ g_a_(l _e-/l,L) (B.z)
fas °
[}
The radiant energy flux at the liquid surface, g,, was calculated based on the reported UV light
intensity of 1.5 mW/cm? (Shemer et al., 2006):

cm* A1,000mW |\ w 4.713x10°J m? m?-s

4= (l.SmW I w IZ,_ImoI photon,,,,. Il()O’cm2 )= 3.183x10- % 1:hoton (B.3)

The solution extinction coefficient, u, (m™), for the solution in the Petri dish, assuming uniform

reactant concentration throughout, is:

Hy = 1y + £y, Cryo, + EgyCry =0.T+1.86C,, , +2.2x10°Cp, (B.4)

where p, is the extinction coefficient of distilled water (m™), €ry and €x,0, are the molar
absorptivities (mM"m") of metronidazole and H,0;, respectively, and Cry and Cp;p; are the

concentrations (mM) of metronidazole and H,0,, respectively.
The depth of the liquid in the Petri dish, L, as reported by Shemer et al. (2006), is 2.9x 102 m.

The experimental results used for the model calibration were adapted from graphed results a$

reported by Shemer et al. (2006), and are presented in Table 13 and Table 14.
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Table 13. Experimental Results Used for Model Calibration — Initial H;O; Concentration

of 25 mg/L
Adapted from in Shemer et al. (2006)

UV Dose In(C/C,) Time Concentration

0 mJ/cm? 0 0s 6.00 uM

50 mJ/icm? -0.175 333s 5.04 uM
100 mJ/cm?® -0.35 66.7 s 423 pM
200 mJ/cm? 0.7 133s 2.98 uM
250 mJ/cm? -0.87 167s 2.51 pM

Table 14. Experimental Results Used for Model Calibration — Initial H;O; Concentration

of 50 mg/LL
Adapted from Shemer et al. (2006)

UV Dose In(C/C,) Time Concentration

0 mJ/icm? 0 0s 6.00 uM

50 mJ/cm? -0.205 33.3s 4.89 uM
100 mJ/icm? -0.42 66.7 s 3.94 uM
200 mJ/cm? -0.87 133s 2.51 uM
250 mJ/icm? -1.05 167 s 2.10 uM
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B.2. Matlab Code Development

Presented below is code for Matlab file “main.m”, which calls the predictor/corrector method to

solve the set of ODE’s in file “model.m”. The code for “model.m” is also provided.

For reference, concentrations of compounds in the reaction model are represented as follows:
e C,py isrepresented as y(1);
e Cy,p, isrepresented as y(2),
e C,,y isrepresented as y(3).

e C, 0; is represented as y(4);

e C, or is represented as y(5),
. CCO;_ is represented as y(6).

* C,, isrepresented as y(7).

The reaction rate constants and extinction coefficients are represented as follows:

e ¢, isrepresented as phil, and ¢, is represented as phi7.

e kisrepresented as k2, k; is represented as k3, etc.; and

Other parameters, as outlined in Section B.1, are represented as follows in the Matlab code:

" o Aisrepresented as A;
® g, isrepresented as q0.

® u,isrepresented as mu,
In the file “model.m”, the final seven lines of code represent the chemical reaction model
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€quations presented in Section 3.3. As an example, Equation 32 in Section 3.3, incorporating the

relationship presented in Equation 26, can be written as:

o0C py
or

£
==Rpy ==ksCryCoon =, 4f, wn =—kCryCoon — 9,4 ;H Cru (B.5)

s

This equation appears as follows in the file “model.m”;
y(1) = -k6*y(1)*y(3)-phi7*A*2.2E2/mu*y (1) (B.6)

All initial concentrations, as represented in the vector y0 in the file “main.m”, are reported in
mM. As such, initial H,O, concentrations were converted from mg/L to mM using the molar
mass of H,0; of 34 mg/mmol.

Before providing output, the concentration of metronidazole, y(1) (or the first column of the

answer matrix Y), is converted to pM in the file “main.m”.

All simulation runs took less than 5 seconds of CPU time to complete using an AMD Athlon 64
Processor 3200+.
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File “main.m”

clear

clc

span = [0 400] ¥span of duration of simulation

y0 = [0.006 0.735 0 0 0 0 0] %vector of initial conditions in mmol/L
options = odeset('RelTol',le-6, 'AbsTol', [le-6 le-6 le-6 le-6 le-6 le-6 le-
6]);

[t, Y)=odel5s(@model, span, y0, options);

Y(:,1)=Y(:,1)*1000; %convert concentration of metro into micromol/L and
output solution matrix Y

t
Y

figure(1l); plot(t,Y(:,1),'-")
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File “model.m”

function dy = model (t,y)

dy = zeros(7,1); % a column vector
k2 = 3,0E4; %in mM~-1*s*-1

k3 = 6.5E6; %in mMA-1*s~-1

k4 = 1,5E3; $%$in mMA-1*s~-1

k5 = 1,4E7; $in mMA-1*s~-1

k6 = 1.98E6; %k of metro - to be varied
k8 = 2,0E4; %in mM*-1*s~-1

k9 = 3,7E5; %in mMA-1*s~-1

k10 = 8.0E2; %in mMA-1*s~-1

Phil = 0.5; %in mmol photon”-1

Phi7 = 0.0033; %in mmol photon~-1

mu = (0.7+1.86*y(2)+2.2E2*y(1)}; %in m"-1, Equation B.4
0 = 3,183E-5; %in mol photon/(m~2*s)

= 2.9E-2; %in m
= q0/L*(l-exp(-2.303*muE*L)); %in mol photon/(m*3*s) = mmol photon/{L*s),
Qquation B.2

dy(1)

-k6*y (1) *y(3)-phi7*A*2.2E2/mu*y(1); %Equation 32

dy(2) = -phil*A*1.86/mu*y(2)-k2*y(2)*y(3)+k3*y(3)*y(3)+kd*y(4)*y(4);
¥Equation 33

dy(3) = -k6*y(1)*y(3)+2*phil*A*1.86/mu*y(2)-k2*y(2)*y(3)-2*k3*y(3)*y(3)-
k5+y (3)*y(4) -k8*y (5) *y (3)~kO*y (6) *y(3); $Equation 34

dy(4) = k2*y(2)*y(3)-2*k4*y(4)*y(4)-k5*y(3)*y(4)+k10*y(7)*y(2); %Equation 35
dy(5) = -k8*y(5)*y(3)+kl0*y(7)*y(2); $Equation 36

dy(6) = -k9*y(6)*y(3); %Equation 37

dy(7) = k8*y(5)*y(3)+k9*y(6) *y(3)-k10*y(7)*y(2); %$Equation 38
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B.3. Matlab Output
Run 1 - with initial H,O; dose of 25 mg/L.

Note that time (t) is in seconds, and output Y concentrations are in mM, with the exception of y1,
which is in pM.

span =

0 400

yO
0.0060 0.7350 0 0 0 0 0

0
0.0006
0.0013
0.0019
0.0084
0.0149
0.0214
0.0863
0.1511
0.2160
0.7866
1.1729
1.5591
1.9454
3.2166
4.1920
5.1674
6.1428
7.1183
8.4687
9.8191

11.1695
15.9104
20.6513
25.3922
40.2727
55.1532
70.0337
84.9141
123.3541
152.2400
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181.1260
210.0119
233.7057
257.3995
281.0933
304.7871
344.7871
384.7871
400.0000

Y =

6.0000
6.0000
6.0000
5.9999
5.9997
5.9995
5.9993
5.9973
5.9952
5.9932
5.9754
5.9635
5.9516
5.9399
5.9015
5.8724
5.8434
5.8146
5.7859
5.7463
5.7070
5.6678
5.5321
5.3986
5.2673
4.8681
4.4897
4.1326
3.7966
3.0229
2.5277
2.1007
1.7360
1.4793
1.2568
1.0648
0.9000
0.6748
0.5040
0.4505

0.7350
0.7350
0.7350
0.7350
0.7350
0.7350
0.7350
0.7350
0.7350
0.7350
0.7349
0.7349
0.7348
0.7348
0.7347
0.7346
0.7346
0.7345
0.7344
0.7343
0.7342
0.7341
0.7337
0.7334
0.7330
0.7319
0.7307
0.7296
0.7284
0.7253
0.7229
0.7205
0.7181
0.7161
0.7140
0.7120
0.7099
0.7065
0.7030
0.7016

0
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002
0.0002
0.0002
0.0002
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Run 2 — with initial H,O,; dose of 50 mg/L.
Note that time (t) is in seconds, and output Y concentrations are in mM, with the exception of y1,

which is in pM.

span =

0 400

y0
0.0060 1.4700 0 0 0 0 0

0
0.0004
0.0007
0.0011
0.0047
0.0084
0.0120
0.0485
0.0850
0.1215
0.3906
0.6048
0.8190
1.0332
1.5209
2.0086
2.4963
2.9841
3.7370
4.4900
5.2429
5.9959
6.7488
9.3013

11.8538
14.4063
16.9588
31.5479
46.1370
60.7261
75.3152
105.9821
136.6489
167.3158
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197.9826
228.6495
268.6495
308.6495
348.6495
388.6495
400.0000

Y =

6.0000
6.0000
6.0000
6.0000
5.9998
5.9997
5.9996
5.9982
5.9969
5.9956
5.9858
5.9781
5.9704
5.9628
5.9456
5.9285
5.9115
5.8946
5.8687
5.8428
5.8170
5.7914
5.7658
5.6797
5.5946
5.5105
5.4274
4.9711
4.5459
4.1508
3.7846
3.1031
2.5308
2.0544
1.6610
1.3383
1.0056
0.7528
0.5619
0.4184
0.3845

1.4700
1.4700
1.4700
1.4700
1.4700
1.4700
1.4700
1.4700
1.4700
1.4700
1.4699
1.4699
1.4698
1.4698
1.4697
1.4696
1.4695
1.4694
1.4693
1.4692
1.4691
1.4690
1.4689
1.4685
1.4681
1.4677
1.4673
1.4650
1.4627
1.4603
1.4580
1.4530
1.4480
1.4429
1.4378
1.4326
1.4259
1.4191
1.4123
1.4055
1.4036

0
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

0
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0001
0.0001
0.0001
0.0001
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
0.0002
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B.3. Calculation of Concentrations of Carbonate and Bicarbonate Ions

For the effect alkalinity on the calibrated reaction model, the concentrations of carbonate and
bicarbonate ions were calculated for alkalinity levels of 75 mg/L, 150 mg/L, and 225 mg/L as
CaCO;. Total alkalinity in milliequivalents per litre (meq/L), can be defined as:

Alkalinity = |[HCO; |+ 2|cor |+|on- |- |1 ] ®.7)
where concentrations of ions are in mM.

For a solution at a pH of 6.0, dissolved inorganic carbon (DIC) would be in the form of HCO;
and H,CO;, with no DIC in the form of CO;~. In addition, it was assumed that the
concentration of H* and OH~ would be negligible compared to the concentration of HCO; -

Hence Equation B.7 can be reduced to:

Alkalinity = [HCO; | (B.8)

It is also known that, to convert alkalinity from meqg/L to mg/L as CaCOj; the relation 50 mg as

CaCOs/meq can be used. The concentration of HCO; in mM is equivalent to the concentration

in meq/L. Based on the above, the concentrations of carbonate and bicarbonate ions for the three

alkalinity levels investigated were determined and are summarized in Table 15.

Table 15. Concentrations of Carbonate and Bicarbonate Ions in the Aqueous Solution

Parameter Value
Alkalinity Level (as CaCOs) 75 mg/L 150 mg/L 225mg/L |
Alkalinity Level 1.5 meqg/L 3.0 meqg/L 4.5meq/L |
(cor) 0.0 meg/L 00meg/L |- 0.0 megl
[cor] 0.0mM 0.0mM 00mM |
(HCO;) 1.5 meg/L 3.0 meg/L 4.5 meg/L
|rco; ] 1.5 mM 3.0mM 45mM
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B.4. Data for Model Prediction of Removal of Clofibric Acid

Below are shown the experimental data adapted from Andreozzi et al. (2003) that was used to

assess the model’s ability to predict the removal of another pharmaceutical compound.

Table 16. Experimental Results Used for Model Prediction of Removal of Clofibric Acid -
Initial H,O; Concentration of 34 mg/L

Adapted from Andreozzi et al. (2003)
Time Concentration
Os 0.024 mM
10s 0.021 mM
20s 0.0175 mM
30s 0.0145 mM
40s 0.012mM
50s 0.0085 mM
60s 0.0065 mM
70s 0.005 mM
80s 0.0035 mM
90s 0.0025 mM
100s 0.002 mM
110s 0.0015 mM

Table 17. Experimental Results Used for Model Prediction of Removal of Clofibric Acid -
Initial H;O; Concentration of 340 mg/L

Adapted from Andreozzi et al. (2003)

Time Concentration
Os 0.0255 mM
10s 0.018 mM
20s 0.014 mM
30s 0.012 mM
40s 0.0085 mM
50s 0.006 mM
60s 0.0045 mM
70s 0.003 mM
80s 0.0025 mM
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APPENDIX C - Single Lamp UV Reactors: Simulation Model
Development, Matlab Code, and Selected Output
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C.1. Background Calculations

For the single UV lamp reactor, as described in Section 3.1.1, the LVREA at any radial position,

r, in the reactor can presented as:
Ri =2303u,(r-R,)
A=pgq, e (25)

The outer radius of the quartz sleeve, R;, was taken to be 17x10™ m for both Reactor 1 and

Reactor 2.

The radiant energy flux at the outer surface of the quartz sleeve, g, was calculated based on the
UV lamp output of 25.5 W for Reactor 1, and 36 W for Reactor 2, and the outer surface area of

the quartz sleeve:

Surface area of quartz sleeve:
S =27R,L=2n(17x10"m)(1.2m)=0.128m> (C.D

For Reactor 1:

o

C.2
0.128m* )| W 4.713x10°J m?-s (€2)

=( 25.5W )(% (molphotonmm)=4.22x10-4 mol photon

For Reactor 2:

o

0.128m> | W 4.713x10°J 2 €3)

J
=( 36W A (mol photonzs,,m"J= 5.97 %10~ mol photon
m°.s

The extinction coefficient of the aqueous solution was assumed to be constant for all locations
Within the photoreactor, and was calculated based on the extinction coefficient of tap water and

in the influent concentration of H;0,. The UV  absorptive properties of metronidazole were
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neglected due to its low influent concentration, and the influent concentration of H,O, was used
because it was assumed that very little HO; would be consumed, resulting in an almost uniform
concentration of H,O, throughout the reactor. Based on the above assumptions, the solution

extinction coefficient, g; (m™), for the solution in the reactor can be written as:

My =My +E40,Crio,ine =10.0+1.86C, 5 i (C4

where u, is the extinction coefficient of average tap water, in m’, and €y,0, is the molar

absorptivity (mM'm™) of H,0,, and CH202,inf1s the influent concentration (mM) of H,0,.
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C.2. Matlab Code Development — Reactor 1 and Reactor 2

Presented below is code for Matlab files “reactorlmain.m”, which calls the predictor/corrector
method to solve the set of ODE’s in file “reactorlmodel.m”. The code for “reactor2main.m” and
“reactor2model.m” is not shown. This is because the code for the simulation of Reactor 1 and
Reactor 2 is identical, with the exception of the value of the flux at the outer surface of the quartz

sleeve, g,.

For reference, concentrations of compounds in the reaction model are represented as follows:
e C,, isrepresented as y(1);
e Cy,, istepresented as y(2),
e C,y isrepresented as y(3).

e C, 0; is represented as y(4);

e C, o is represented as y(5).
o CCO’,_ is represented as y(6)

* C.c, isrepresented as y(7).

The reaction rate constants and extinction coefficients are represented as follows:

* ¢,isrepresented as phil, and ¢, is represented as phi7.

e k;isrepresented as k2, k; is represented as k3, etc.; and

Other parameters, as outlined in Section B.1, are represented as follows in the Matlab code:
e Aisrepresented as A;
® g, isrepresented as q0.

® ugisrepresented as mu,
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In the file “reactorlmodel.m”, the final seven lines of code represent the chemical reaction model
equations presented in Section 3.3. As an example, Equation 32 in Section 3.3, incorporating the

relationship presented in Equation 26, can be written as:

oC 1
a:" =—Rpy =—kCpnCoon =1 A rn = —ksCprpCoon — ¢7A7I&H—CRH (C.5)

This equation appears as follows in the file “reactorl model.m”:
y(1) = -k6*y(1)*y(3)-phi7*A*2.2E2/mu*y (1) (C.6)

All initial concentrations, as represented in the vector y0 in the file “reactorlmain.m”, are
reported in mM. As such, initial H,O, concentrations were converted from mg/L to mM using
the molar mass of H,0; of 34 mg/mmol. Initial concentrations of carbonate and bicarbonate ions

are based on an alkalinity of 75 mg/L as CaCOj; (see Appendix B, Section B.3).

In the file “reactorlmain.m”, the value of the vector span is set to cover the retention time of
within the reactor, [0, 7). The predictor/corrector method is called to solve the set of ODE’s in
the file “reactorlmodel.m” for each 1 mm increment along the radius of the reactor, from the
quartz sleeve to the reactor wall.  The matrix Y is created each time the predictor/correct
method is called, providing the concentration profiles vs. retention time for all modeled
compounds at a particular location along the radius of the reactor. The matrix Ans is used t0
hold the values of the effluent concentrations of metronidazole and H,O, for each increment
along the reactor radius. Before storing the effluent concentrations in the matrix Ans, the
concentration of metronidazole, y(1) (or the first column of the answer matrix Y), is converted t0

M.

The results provided in matrix Ans cannot be used to directly calculate the average effluent
concentrations of metronidazole and H,0,. As a result, a numerical integration technique was

utilized, and is summarized in Section C.3.

All simulation runs took less than 5 seconds of CPU time to complete using an AMD Athlon 64

Processor 3200+.
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File “reactorlmain.m”

Clear
clc

global raxis Router
Router = 250e-3

$span = [0 ##] <- residence time
span = [0 234.5] $span of duration of simulation

3y0 = [0.006 #### 0 0 0 .... <= Y2 initial value
y0 = [0.006 .735 0 0 1.5 0.0 0] %vector of initial conditions in mmol/L

options = odeset('RelTol',le-6, 'AbsTol', [le-6 le-6 le-6 le-6 le-6 le-6 le-
61);

i=0;

for raxis = 17:Router*1000; %move along r-axis from quartz sleeve to reactor
wall using 1 mm increments

i =1 +1;
[t, Y]=odelS5s(@reactorlmodel, span, y0O, options);

Y(:,1)=Y(:,1)*1000; %convert concentration of metro into micromol/L
[m,n] = size(Y);
Ans(i,l)=raxis; %position on raxis

Ans(i,2)=Y(m,1l); %effluent metronidazole concentration in micromol/L
Ans (i, 3)=Y(m,2); %$effluent peroxide concentration in mmol/L

end

Ans
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File “reactorl model.m”

function dy = reactorlmodel (t,y)
dy = zeros(7,1); $ a column vector

global raxis Router
r = raxis/1000;

k2 = 3.0E4; %in mM"*-1*s~-1
k3 = 6.5E6; %in mM*-1*s~-1

k4 = 1.5E3; %in mM~-1*s”-1
k5 = 1.4E7; %in mM~-1*s~-1
k6 = 1.98E6; %k of metro from model calibration in mM~-1*s~-1
k8 = 2.0E4; %in mM~-1*s~-1

k9 = 3.7E5; %in mM*-1*s”-1
k10 = 8.0E2; %in mM"~-1*s7-1

.5; %in mmol photon*-1
.0033; %in mmol photon”~-1

gmu = (10+1.86*###) <-Initial H202 concentration
mu (10+41.86*.735); %in m~-1, Equation C.4
q0 4.22E-4; %in mmol photon/(m~2*s)

A = mu*q0*17E-3/r*exp(-2.303*mu* (r-17E-3)); %in mmol photon/(m~2*s) = mmol
photon/ (L*s), Equation 25

dy(1l) = -k6*y(1)*y(3)-phi7*A*2.2E2/mu*y(1); % Equation 32

dy(2) = -phil*A*1.86/mu*y(2)-k2*y(2)*y(3)+k3*y(3)*y(3)+kd*y(4)*y(4); %
Equation 33

dy(3) = -k6*y(1)*y(3)+2*phil*A*1.86/mu*y(2)-k2*y(2)*y(3)-2*k3*y(3)*y(3)-
kS5*y (3)*y(4)-k8*y(5)*y(3)-k9*y(6) *y(3); % Equation 34

dy(4) = k2*y(2)*y(3)-2*k4*y(4)*y(4)-k5*y(3)*y(4)+k10*y(7)*y(2); % Equation 35
dy(5) = -k8*y(5)*y(3)+k10*y(7)*y(2); % Equation 36

dy(6) = -k9*y(6)*y(3); % Equation 37

dy(7) = k8*y(5)*y(3)+k9*y(6)*y(3)-k1l0*y(7)*y(2); % Equation 38
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C.3. Summarized Matlab Qutput for Reactor 1

Table 18. Average Effluent Metronidazole Concentrations for Reactor 1 at Various
Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M™s!. All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of

typical tap water used.
Reactor Residence Influent H;O; Concentration (mg/L)
Radius Time
(mm) (s) 10 25 50 75 100
50 8.3 5.85 5.71 5.60 5.55 5.53
100 37 5.76 5.58 5.46 542 541
150 84 5.75 5.58 5.48 547 5.48
200 150 5.75 5.61 554 5.54 5.56
250 235 5.77 5.65 5.60 5.60 5.62
Notes:

All reported average effluent metronidazole concentrations in pM. Average effluent concentration
calculated utilizing the trapezoidal rule.

Concentration in bold represents the lowest average effluent concentration observed.

Table 19. Average Effluent H;O; Concentrations for Reactor 1 at Various Operating
Conditions

Treating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, kg, of 1.98 x 10° M5t All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used.

Reactor Residence Influent H,0; Concentration (mg/L)
Radius Time
(mm) (s) - 10 25 50 75 100
50 83 0.294 0.734 147 220 294
100 37 0.294 0.734 147 220 293
150 84 0.294 0.734 1.47 220 293
200 150 0.294 0.734 147 220 293
250 235 0.294 0.734 1.47 2.20 293
Notes:

All reported average effluent H,O; concentrations in mM. Average effluent concentration calculated

utilizing the trapezoidal rule.

99




Reactor 1 — Example Matlab Output for Radius = 50 mm and Influent H,0, = 100 mg/L

Note that “span” is in seconds, and output Y concentrations are in mM, with the exception of y1,

which is in pM. The columns of the matrix “Ans” correspond to radial position, y1, and y2,

respectively.
Router =

0.0500
span =

0 8.3000

yo =

0.0060 2.9400 0 0 1.5000 0 0
Ans =

17.0000 4.5568 2.9254
18.0000 4.6663 2.9266
19.0000 4.7655 2.9278
20.0000 4.8555 2.9288
21.0000 4.9374 2.9297
22.0000 5.0122 2.9305
23.0000 5.0804 2.9312
24.0000 5.1430 2.9319
25.0000 5.2004 2.9325
26.0000 5.2532 2.9330
27.0000 5.3018 2.9335
28.0000 5.3466 2.9340
29.0000 5.3881 2.9344
30.0000 5.4264 2.9347
31.0000 5.4619 2.9351
32.0000 5.4948 2.9354
33.0000 5.5254 2.9357
34.0000 5.5538 2.9359
35.0000 5.5803 2.9362
36.0000 5.6050 2.9364
37.0000 5.6279 2.9366
38.0000 5.6494 2.9368
39.0000 5.6694 2.9370
40.0000 5.6882 2.9372
41.0000 5.7057 2.9374
42.0000 5.7221 2.9375

100



43.0000
44.0000
45.0000
46.0000
47.0000
48.0000
49.0000
50.0000

5.7376
5.7520
5.7656
5.7783
5.7902
5.8014
5.8120
5.8219

2.9376
2.9378
2.9379
2.9380
2.9381
2.9382
2.9383
2.9384
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C.4. Summarized Matlab Output for Reactor 2

Table 20. Average Effluent Metronidazole Concentrations for Reactor 2 at Various
Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° M'-s!. All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of

typical tap water used. '

Reactor Residence Influent H,0, Concentration (mg/L)
Radius Time
(mm) ) 25 50 75 100
50 83 5.60 545 5.38 5.35
100 37 543 527 523 522
150 84 544 5.33 531 533
200 150 5.50 542 542 5.45
250 235 5.56 5.50 5.51 5.54
Notes:

All reported average effluent metronidazole concentrations in pM. Average effluent
concentration calculated utilizing the trapezoidal rule.

Concentration in bold represents the lowest average effluent concentration observed.

Table 21. Average Effluent H;0, Concentrations for Reactor 2 at Various Operating
Conditions

Treating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10° Ms™!. All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used.

Reactor Residence Influent H,0, Concentration (mg/L)
Radius Time
(mm) (s) 25- 50 75 100
50 83 0.734 147 2.20 293
100 37 0.733 147 220 293
150 84 0.733 1.47 220 293
200 150 0.733 1.47 2.20 293
250 235 0.733 147 220 293
Notes:

All reported average effluent H,O, concentrations in mM. Average effluent concentration
calculated utilizing the trapezoidal rule.
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C.5. Calculation of Average Effluent Concentrations from Matlab Output

Average effluent concentrations of metronidazole and H,0, for Reactor 1 and Reactor 2 were
determined utilizing the trapezoidal rule numerical integration technique. The average effluent

concentration of any compound can be expressed as:

—_ [[cyr-dr-a8 2z [Cyr-ar 2[C,r-dr

7 Hr.dr.d() 2”1’2|R ~ R-R? €7
2 Ix
Therefore, the trapezoidal rule was used to solve:
I= JC,ﬂr-dr (C.8)
Applying the trapezoidal rule yields:
I=[Cyr-dr=5 (s =1 )X Cog juilinn + Cop 1) C9)

2

The value of I is then substituted into Equation C.8 to determine the value of ’CTI.
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Below is an example of the calculation of the average effluent metronidazole concentration of

Reactor 1 with a radius of 50 mm and an influent H,O, dose of 100 mg/L.

r Cy Cyr 1,
17 4.557 77.47
18 4.666 83.99 80.73
19 4.766 90.54 87.27
20 4.856 97.11 93.83
21 4.937 10369  100.40
22 5.012 11027  106.98
23 5.080 11685  113.56
24 5.143 12343 120.14
25 5.200 130.01 126.72
26 5.253 13658  133.30
27 5.302 14315 139.87
28 5.347 14970  146.43
29 5.388 15625  152.98
30 5.426 16279 159.52
31 5.462 169.32  166.06
32 5.495 17583  172.58
33 5.525 18234  179.09
34 5.554 188.83  185.58
35 5.580 195.31 192.07
36 5.605 201.78 19855
37 5.628 20823  205.01
38 5.649 21468 21145
39 5.669 221.11 217.89
40 5.688 22753  224.32
41 5.706 23393 23073
42 5.722 24033 23713
43 5.738 246.72 24352
44 5.752 253.00  249.90
45 5.766 25945 25627
46 5.778 26580 26263
47 5.790 27214 26897
48 5.801 27847 27530
49 5.812 28479 28163
50 5.822 20110 287.94
=3I, @Mmm’) = g0g3
R* =R} (mm’)= 5y
Cqg WM)=" 553

Therefore, the average effluent concentration of metronidazole is 5.53 puM.
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APPENDIX D — Multi-Lamp UV Reactor: Simulation Model
Development, Matlab Code, and Selected Output
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D.1. Background Calculations

For the multiple UV lamp reactor, as described in Section 3.1.2, the LVREA at any position in
the reactor can expressed as the sum of the contributions from all the lamps in the system. For
Reactor 3, there are four lamps centered at (0.5R, 0), (0, 0.5R), (-0.5R, 0), and (0, -0.5R). Asa

result, for any location within the reactor, the total LVREA can be expressed as:
A=A +A,+A4,+ 4, (D.1)

where A;, Az, A3 and A4 represent the LVREA due to lamps 1, 2, 3 and 4, respectively, and, based

on the relationship shown in Equation 27, can be expressed as follows:

R, o230 1, (Jx-05RY+(yF ~R,) (D.2)
JG&-0.5R) +(y)’

Al = /‘sqo

e-zsos,u,(J(x)‘ +(y-0.5R) -R,) (D.3)

R
=44, '
i J&x)? +(y-05R)

R, o230, (a0 SRV +OF -R) (D4)

JG+0.5R) +(3)

=H4,

o230 (V=Y +(y+05RY -R) (D.5)

=H,

J&)? + (y +0.5R)?

The outer radius of the quartz sleeve, R;, was taken to be 17x 107 m for all lamps used in Reactor
3.

The radiant energy flux at the outer surface of the quartz sleeve of each lamp, g,, was calculated

based on the UV lamp output of 36 W, and the outer surface area of the quartz sleeve:

Surface area of quartz sleeve:

S =27R L =27x(17x10"m)(1.2m) = 0.128m’ (D.6)
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For each lamp in Reactor 3:

D.7
0.128m> | W | 4.713x10°J m s (D7

0 =( 36W % (mol photon254,,m)= 5.97x10-+ Mo} photon
The extinction coefficient of the aqueous solution was assumed to be constant for all locations
within the photoreactor, and was calculated based on the extinction coefficient of tap water and
in the influent concentration of H0,. The UV absorptive properties of metronidazole were
neglected due to its low influent concentration, and the influent concentration of H,0O, was used
because it was assumed that very little H O, would be consumed, resulting in an almost uniform
concentration of H,O, throughout the reactor. Based on the above assumptions, the solution

extinction coefficient, g, (m™), to the base 10, for the solution in the reactor can be written as:
B, =p, +840,Chp i =10.0+1.86C,, 5 i (D.8)

where u,, is the extinction coefficient of average tap water, in m”, and €,0, is the molar

absorptivity (mM'm™) of H,0,, and Ch202,ins is the influent concentration (mM) of H,0,.
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D.2. Matlab Code Development — Reactor 3

Presented below is code for Matlab files “reactor3main.m”, which calls the predictor/corrector
method to solve the set of ODE’s in file “reactor3model.m”.
For reference, concentrations of compounds in the reaction model are represented as follows:

o C,y isrepresented as y(1);

e Cyp, is represented as y(2).
e C,,y isrepresented as y(3),

e C, 0; is represented as y(4);

o CHCO; is represented as y(5).

e C_,- isrepresented as y(6);

e C.q, isrepresented as y(7).

The reaction rate constants and extinction coefficients are represented as follows:
e ¢, isrepresented as phil, and ¢, is represented as phi7.

e kisrepresented as k2, k; is represented as k3, etc.; and

Other parameters, as outlined in Section B.1, are represented as follows in the Matlab code:
e Aisrepresented as A;
e A isrepresented as Al, A, is represented as A2, etc.;
® g,isrepresented as q0,

e u,isrepresented as mu,
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In the file “reactor3model.m”, the final seven lines of code represent the chemical reaction model
equations presented in Section 3.3. As an example, Equation 32 in Section 3.3, incorporating the

relationship presented in Equation 26, can be written as:

oCry
or

&
==Rpy ==keCpy Coon — 8,4, w =—ksCrnyCoon —$,4 A Cru (D.9)

s

This equation appears as follows in the file “reactor3model.m™:
y(1l) = -k6*y(1)*y(3)-phi7*A*2.2E2/mu*y(1) (D.10)

All initial concentrations, as represented in the vector y0 in the file “reactor3main.m”, are
reported in mM. As such, initial H,O, concentrations were converted from mg/L to mM using
the molar mass of H,0; of 34 mg/mmol. Initial concentrations of carbonate and bicarbonate ions

are based on an alkalinity of 75 mg/L as CaCOj; (see Appendix B, Section B.3).

In the file “reactor3main.m”, the value of the vector span is set to cover the retention time of
within the reactor, [0, 7]. The predictor/corrector method is called to solve the set of ODE’s in
the file “reactor3model.m” for pairs of x- and y-coordinates, varying by 1 mm increments along
each axis, for one quadrant of the reactor only. Pairs of x- and y-coordinates that fall within the
location of the UV lamps were ignored. The matrix Y is created each time the predictor/correct
method is called, providing the concentration profiles vs. retention time for all modeled
compounds at a particular location within the reactor. The matrix Ans is used to hold the values
of the effluent concentrations of metronidazole and H,0; for each pair of x- and y-coordinates.
Before storing the effluent concentrations in the matrix Ans, the concentration of metronidazole,

¥(1) (or the first column of the answer matrix Y), is converted to pM.

Due to the nature of the information stored within the Ans matrix, the average effluent
concentrations of metronidazole and H,0; could be calculated directly by taking the average of

the values stored in the Ans matrix.

CPU time required to complete simulation runs varied from 18 seconds (reactor radius of 50
mm) to 13 minutes 28 seconds (reactor radius of 250 mm) using an AMD Athlon 64 Processor
3200+.

109



File “reactor3main.m”

clear
clc

global xaxis yaxis Router
Router = 250e-3;

$span = [0 ##] <- residence time
span = [0 231.3] $span of duration of simulation

3y0 = [0.006 #### O
0

00 .... <= Y2 initial value
y0 = [0.006 0.735 0 1.

5 0 0] %vector of initial conditions in mmol/L

options = odeset ('RelTol’,le-6, 'AbsTol', [le-6 le-6 le-6 le-6 le-6 le-6 le-
6]):

i=0;
j=0;
for xaxis = 0:Router*1000;

for yaxis = 0:Router*1000;

if sqrt((xaxis-0.5*Router*1000)* (xaxis-
0.5*Router*1000) +yaxis*yaxis) /1000 > 17e-3;

if sqrt(xaxis*xaxis+(yaxis-0.5*Router*1000)* (yaxis-
0.5*Router*1000)) /1000 > 17e-3;

if sqrt(xaxis*xaxis+yaxis*yaxis)/1000 <= Router;

i=1i+1;
[t, Y)=odel5s(@reactor3model, span, y0, options):;

Y(:,1)=Y(:,1)*1000; %convert concentration of metro into micromol/L

[m,n] = size(Y):;

Ans (i, l)=xaxis;
Ans (i, 2)=yaxis;
Ans (i, 3)=Y(m,1);
Ans (i, 4)=Y(m,2);

end

end
end

end
end

$Ans;
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Ans(:,1); %x axis
Ans(:,2); %y axis
Ans(:,3); %concentration of metro in micromol/L
Ans(:,4); %concentration of peroxide in mmol/L

Q0 oo
nmonn

metro = mean(c) %average effluent metro concentration in micromol/L
perox mean(d) %average effluent peroxide concentration in mmol/L

ti = 0:1:Router*1000;

[XI, YI]

meshgrid(ti,ti);
21 = griddata(a, b, c, XI, YI);

[C,h] = contourf(XI, YI, ZI, 10);
clabel (C, h, 'manual')
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File “reactor3model.m”

function dy = reactor3model(t,y)
dy = zeros(7,1); % a column vector

global xaxis yaxis Router

k2 = 3.0E4; %in mM"-1*s~-1

k3 = 6.5E6;

k4 = 1.5E3;

k5 = 1.4E7;

k6 = 1.98E6; %k of metro from model calibration
k8 = 2.0E4;

k9 = 3.7ES;

k10 = 8.0E2;

phil = 0.5;

phi7 = 0.0033; %in mmol photon”-1

$mu = (10+1.86*###) <-Initial H202 concentration
mu = (10+1.86*0.735); % Equation D.8

rl=sqrt( (xaxis-0.5*Router*1000) * (xaxis-0.5*Router*1000)+yaxis*yaxis)/1000;
r2=sqrt (xaxis*xaxis+(yaxis-0.5*Router*1000) * (yaxis-0.5*Router*1000))/1000;
r3=sqrt( (xaxis+0.5*Router*1000) * (xaxis+0.5*Router*1000) +yaxis*yaxis)/1000;
r4=sqrt (xaxis*xaxis+(yaxis+0.5*Router*1000) * (yaxis+0.5*Router*1000))/1000;

g0 = 5.97E-4; %in mmol photon/(m"2*s)

Al = mu*q0*17E-3/rl*exp(-2.303*mu* (rl1-17E-3)); %in mmol photon/(L*s),
Equation D.2

A2 = mu*q0*17E-3/r2*exp(-2.303*mu* (r2-17E-3)); %in mmol photon/(L*s),
Equation D.3

A3 = mu*q0*17E-3/r3*exp(-2.303*mu* (r3-17E-3)); %in mmol photon/(L*s),
Equation D.4

A4 = mu*q0*17E-3/rd4*exp(-2.303*mu* (r4-17E-3)); %in mmol photon/(L*s),
Equation D.5

A = Al+A2+A3+A4; % Equation D.1

dy (1) ~-k6*y (1) *y(3)-phi7*A*2.2E2/mu*y(1); % Equation 32

dy(2) = -phil*A*1.86/mu*y(2)-k2*y(2)*y(3)+k3*y(3)*y(3)+kd*y(4)*y(4); %
Equation 33

dy(3) = -k6*y(1)*y(3)+2*phil*A*1.86/mu*y(2)-k2*y(2)*y(3)-2*k3*y(3)*y(3)-
K5*y(3) *y(4)-k8*y (5) *y(3)-k9*y(6) *y(3); % Equation 34

dy(4) k2*y(2) *y(3)-2*k4*y (4) *y (4)-k5*y(3) *y(4)+k10*y(7) *y(2); % Equation 35

dy(5)

-k8*y(5)*y(3)+k1l0*y(7)*y(2); % Equation 36
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dy (6) -k9*y(6)*y(3); % Equation 37

dy(7) k8*y (5) *y(3)+k9*y (6) *y(3)~k10*y(7) *y(2); % Equation 38
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D.3. Summarized Matlab Output for Reactor 3

Table 22. Average Effluent Metronidazole Concentrations for Reactor 3 at Various
Operating Conditions

Treating a solution of metronidazole with an initial concentration of 6 uM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, ks, of 1.98 x 10 M5 Al
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used.

Reactor Residence Influent H,0, Concentration (mg/L)
Radius Time
(mm) ) 25 50 75 100
S0 5.1 5.18 4.88 4.74 4.67
100 33 421 3.75 3.60 3.54
150 81 4.06 3.68 3.61 3.63
200 146 4.15 3.87 3.85 3.92
250 231 431 4.10 4.12 421
Notes:

All reported average effluent metronidazole concentrations in pmol/L.
Concentration in bold represents the lowest average effluent concentration observed.

Table 23. Average Effluent H,O; Concentrations for Reactor 3 at Various Operating
Conditions

Treating a solution of metronidazole with an initial concentration of 6 pM, and an alkalinity of
75 mg/L at a flow rate of 2.0 L/s. Model predictions obtained utilizing a value for the reaction
rate constant between metronidazole and the hydroxyl radical, kg, of 1.98 x 10° M-t All
other rate constants and quantum yield values as listed in Table 5. Extinction coefficient of
typical tap water used.

Reactor Residence Influent H,0; Concentration (mg/L)
Radius Time
(mm) ) 25 S0 75 100
50 51 0.732 146 2.19 293
100 33 0.729 1.46 2.18 291
150 81 0.728 145 2.18 291
200 146 0.728 1.45 2.18 291
250 231 0.728 145 2.18 291
Notes:

All reported average effluent H,0, concentrations in mM.
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D.4. Example Concentration Profiles Within Reactor 3
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Figure 14. Metronidazole Concentration Profile for a Quadrant of Reactor 3 with [H203)ins
=100 mg/L and R = 100 mm at the middle of the reactor, a distance of 1.2 m from the
reactor inlet

Treatment of a 6 UM metronidazole solution with an alkalinity of 75 mg/L and pH of 6, at a flow
rate of 2.0 L/s. Shown above at an equivalent residence time of 17 seconds, with an average
metronidazole concentration of 4.56 uM.
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Figure 15. Metronidazole Concentration Profile for a Quadrant of Reactor 3 with [H;Oz]inf
=100 mg/L and R = 100 mm at the reactor outlet, a distance of 2.4 m from the reactor inlet

Treatment of a 6 uM metronidazole solution with an alkalinity of 75 mg/L and pH of 6, ata flow
rate of 2.0 L/s. Shown above at an equivalent residence time of 33 seconds, with an average
metronidazole concentration of 3.54 uM.
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APPENDIX E — Sample Calculation for the Determination of Operating
Costs Per Amount of Target Compound Removed
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The following sample calculation presents the methodology used to determine the operating cost

($/mmol metronidazole removed) for the Reactor 1 under the following operating conditions:
[H,0,] ;=25 mg/L =0.735 mM
[metrom'dazole]i“r =6 uM
R=50mm

Based on the results presented in Appendix B, for the above set of operating conditions:

[7,0,],= 5 mg/L = 0.734 mM

[metronidazole|,, = 5.7114 yM

Electrical costs are based on the total lamp wattage. In the case of Reactor 1, the input wattage
of each UV lamp used is 75 W. Based on an operating cost of $0.11/kWh, the electrical

operating costs, Sk, to operate both lamps within Reactor 1 are:

(so ll)(75W{ X X‘“"‘) ~4.58x10°3 (E.1)
1,000 A\ 60min /\ 60s s

Chemical costs are based on the cost for H0, , which is a function of influent H2O2

concentration, and the cost for NaOCI, which is a function of influent H,O, concentration. From
Equation 29, it is know that 1 mole of NaOCl is required to quench 1 mole of H,O,. Based ona
cost of $0.14/L for a 12% (w/v) NaOCl solution, and $1.10/kg for H,O,, the chemical operating

costs, Sc, are:

s - ( $0.14 IL NaOCl SoI'nI74.44 g NaOCII mol NaOCI Io.m x 10~ mmol H,0, 4 Iz.OL) +
c

“\ L NaOCl Sol'n \ 120g NaOC! )\ mol NaOCI ) mol H,0, , L s
-3
$1.10 34g H,0, Y 0.735x10” mol H,0, ., 2'01‘)=l.82x10“ $ (E.2)
kgH Oyine lOOOg mol H,0, L s s

Therefore, the value of the ratio of operational cost to the amount of target compound removed,
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F, can be calculated as follows:

4.583><10°“§+1.825x10"§
S.+S $
F= = > . =033

QCoanint = Creg) (2.0£XG.OOOXIO" '"'Z"' ~5.714x107 ""Z‘” ) mmol
S

(E3)
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