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The global presence of xenobiotic organic compounds, such as pharmaceuticals 

and personal care products (PPCPs), in drinking water supplies and wastewater effluents 

has raised concerns regarding their potential effects on aquatic life, human health, and 

antibacterial resistance. Traditional treatment systems, not specifically designed to target 

removal of these compounds, vary with respect to their ability to remove PPCPs. 

Therefore, research focused on the development and optimization of treatment processes 

that can remove PPCPs is warranted.  

Advanced oxidation processes (AOP) have been shown to be effective at 

degrading a number of pharmaceuticals. These processes are defined by the production of 

radicals, such as superoxide and hydroxyl radicals, which are highly reactive and can, 

therefore, oxidize target contaminants more effectively than common oxidants such as 

ozone and ultraviolet (UV) light. One such AOP is photocatalysis, in which the radicals 

are created by the illumination of a photocatalyst. Photocatalysis has been previously 
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demonstrated for degradation of the antibiotic ciprofloxacin, the selected pharmaceutical 

in this research. 

In this work, the impact of sorption on the photocatalysis of ciprofloxacin was 

studied by developing a mixed phase photocatalyst that optimized sorption.  Titanium 

dioxide (TiO2) is a commonly used photocatalyst. However, TiO2 particles have limited 

surface area and varying affinity for ciprofloxacin as a function of pH.  Aluminum oxide 

(Al2O3) was chosen as the sorbent to mix with the TiO2 due to its ability to sorb 

ciprofloxacin over the pH range of natural waters and its ability to prevent the 

recombination of photo-generated electron-hole pairs, which are vital for the production 

of hydroxyl radicals.  The particles were synthesized using pure TiO2 and other particles 

that ranged in aluminum oxide content (68% - 100% by mass) using a sol-gel process to 

achieve high surface areas. The 100% TiO2 particle was pure anatase, while the mixtures 

and the 100% Al2O3 particle consisted gamma-alumina and anatase when the titania was 

present.  

Sorption was found to be pH dependent for both Al2O3 and TiO2 with maximum 

adsorption at pH 6 and 7, respectively. The synthesized particles resulted in linear 

equilibrium sorption constants at fixed pH that varied with alumina content, with the 90% 

alumina material adsorbing the most at pH 8 due to its high surface area. Photocatalysis 

using the synthesized particles under UV irradiation at 365 nm effectively oxidized 

ciprofloxacin and the rates were faster than photolysis, but slower than the standard 

photocatalyst Degussa P25 TiO2 and synthesized pure TiO2. Sorption followed the 

Langmuir isotherm and oxidation followed first order kinetics if the assumption of low 
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concentration (relative to the Langmuir sorption coefficient) was applied, typical of 

environmental conditions. Experiments revealed that rapid exchange of ciprofloxacin 

with pure TiO2 occurred as rate constants determined from aqueous phase concentrations 

were comparable to rate constants determined by monitoring the concentration of 

ciprofloxacin within the total reactor (surface and aqueous phases).  In contrast, 

differences between rate constants measured by these two methods suggest that at high 

aluminum contents a fraction of the sorbed ciprofloxacin was not rapidly accessible to the 

oxidant. Nevertheless, the ability to temporally separate adsorption and photocatalysis 

was demonstrated which lays the foundation for optimizing this treatment scheme for 

ciprofloxacin removal from water.   
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Chapter One: Introduction 

BACKGROUND 

Americans use more medications than other developed countries (Paris 2014). 

According to a 2009 Mayo Clinic study, nearly 70% of Americans use at least one 

prescription drug and about 20% receive prescriptions from five or more drug groups. 

The most commonly prescribed drugs are antibiotics, antidepressants, and opioids (Zhong 

et al. 2013). Americans spent $250 billion on prescription drugs in 2009 and this is 

expected to continue growing in the coming years (National Center for Health Statistics 

2012). This number is much larger when over-the-counter medications are also 

considered. Billions of dollars are being spent on the production of new drugs, and 

pharmaceutical companies are spending more to market these drugs than they are in 

researching and developing effective ones (Gagnon and Lexchin 2008).  

While easy access to prescriptions generally improves the quality of life, the high 

consumption of drugs is accompanied by high amounts of residuals of those same drugs 

being released to the environment, and as a result, these compounds are later frequently 

detected in drinking water sources. Pharmaceutical compounds have been detected in 

locations around the globe usually at ng/L and µg/L levels. The high use of the 

fluoroquinolone antibiotic ciprofloxacin is interesting, as it is detected frequently in water 

and wastewater and has been detected at concentrations as high as 31 mg/L downstream 

of a pharmaceutical manufacturing plant (Larsson et al. 2007). 

Pharmaceuticals are different from other organic contaminants, such as 

polychlorinated biphenyls (PCBs) and polyaromatic hydrocarbons (PAHs), because they 
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are produced for the purpose of human and animal consumption. Since they are present in 

drinking water at very low concentrations, a person would have to consume water over 

multiple decades to reach an equivalent prescribed dose. The concern arises from the fact 

that there are multiple pharmaceuticals present in water. Currently, there is no specific 

information about how humans will be affected by the presence of a veritable 

pharmaceutical cocktail in drinking water. The World Health Organization (2011) 

completed a risk assessment and determined that, similar to other studies, “discernible 

risks to health arising from trace levels of pharmaceuticals in drinking-water are 

extremely unlikely,” but research should assess the risks for sensitive populations, such 

as pregnant woman and patients with particular diseases. In addition to human health, 

pharmaceuticals that are released untreated from wastewater treatment plants pose 

deleterious effects to aquatic life, and antibiotics specifically contribute to antibacterial 

resistance (Daughton and Ternes 1999). Due to the dearth of information on the health 

effects of these contaminants, the United States has not imposed treatment guidelines on 

any pharmaceutical compound. However, a few endocrine disrupting compounds (EDCs) 

and pharmaceuticals are on the EPA Candidate Contaminant List 4 (EPA 2009), 

indicating that these compounds are being seriously considered as a threat to natural 

water sources. In light of this, viable treatment options to remove pharmaceuticals from 

drinking water and wastewater are needed.  
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PROBLEM STATEMENT 

Traditional wastewater treatment plants are designed to remove pathogens, 

suspended solids and biodegradable organic compounds.  Specific chemicals that are 

associated with the suspended solids or are readily degraded biologically are removed 

with high efficiency.  Unfortunately, large, complex, polar organics compounds that are 

characteristic of many pharmaceuticals are not removed or degraded. As an alternative, 

researchers have begun looking at enhanced sorption and advanced oxidation processes 

(AOPs) to target the treatment of chemical species that are currently inefficiently 

removed. AOPs are processes that utilize radical species to react with target organic 

contaminants. These radical species have a high reactivity and low selectivity, making 

them very attractive as a solution to the pharmaceutical problem. Heterogeneous 

photocatalysis is one type of AOP that uses a solid semiconductor photocatalyst, often 

titanium dioxide, to create the radical species. Preliminary work utilizing photocatalysis 

as a treatment option for pharmaceuticals has been performed (Doll and Frimmel 2005, 

Paul et al. 2010, Van Doorslaer et al. 2011).  

Heterogeneous photocatalysis has the advantage of being a relatively quick 

treatment that has the capability of mineralizing organic compounds into innocuous 

species, i.e., oxidation of organic compounds to CO2, H2O, and associated inorganic 

components such as Cl-, Br-, SO4
2-, NO3

-, etc. (Hoffmann et al. 1995). Researchers have 

shown that photocatalysis is enhanced by adsorption (Paul et al. 2007). However, not 

much work has been done to synthesize materials that improve adsorption capacity for 

enhanced pollutant removal as well as improving the performance of photocatalysts in the 
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oxidation of pharmaceutical residuals. In addition, it is possible to envision the use of 

photocatalytic materials with high adsorption capacity in a sequential mode in which 

adsorption is carried out in the absence of UV light, and photocatalysis is conducted 

following the adsorption process.  This type of process would require an adsorbent with 

high capacities in environmentally relevant pH ranges. 

OBJECTIVES 

The research described within this dissertation expands the knowledge of 

photocatalysis for the oxidation of pharmaceuticals by focusing on the adsorption 

process, which concentrates the chemical species on or near the photocatalyst for direct 

oxidation or reactions with reactive oxidant species formed by the photocatalyst. Mixing 

an adsorbent such as aluminum oxide with titanium dioxide may enhance the 

photocatalytic process by pre-concentrating the contaminant near the oxidant species or 

reduce accessibility to the reactive species produced by the photocatalysis. For 

ciprofloxacin in particular, the use of aluminum oxide is advantageous with respect to 

pre-concentration, as hydrous aluminum oxides are known to retain the compound on soil 

and sediment solids in the natural environment.  Thus, the overall objective of this 

research is to evaluate whether mixed alumina-titania materials can enhance adsorption 

while maintaining the photocatalytic properties of the TiO2. Specific tasks are as follows: 
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1. Synthesize and characterize novel mixed alumina-titania nanomaterials prepared 

using a sol-gel process. 

Photocatalysts of high surface areas were synthesized at varying ratios of 

aluminum oxide to titanium dioxide using a sol-gel process. Structural and chemical 

properties of the particles, including surface area, pore size distribution, phase 

determination, and surface charge, were characterized using various analytical 

techniques.  

2. Characterize the adsorption and photocatalytic behavior of ciprofloxacin on sol-gel 

synthesized and titanium dioxide commercially available titanium dioxide.  

To develop a baseline for comparison of the performance of the synthesized 

materials, the standard Degussa P25 TiO2 was utilized to adsorb and photocatalyze 

ciprofloxacin. The results were compared to that of TiO2 prepared by a sol-gel process 

and the physical and chemical characteristics were evaluated to elucidate their influence 

on any differences between the behavior of the two materials. The photooxidation rates 

were fit with the Langmuir-Hinshelwood model for photocatalysis. Both the full 

expression for the model and the reduced form (low concentration) of the equation were 

evaluated. The hydroxyl radical exposure was also measured to elucidate the effect of pH 

on radical generation. 
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3. Characterize the adsorption and kinetics of oxidation of ciprofloxacin using mixed 

alumina-titania photocatalysts. 

Ciprofloxacin has a high affinity for aluminum oxides, which was characterized 

by determining adsorption isotherms at various pH conditions for the materials generated 

in this research as well as commercially available aluminum oxides. Sorption of 

ciprofloxacin to the sol-gel materials was evaluated at a specific pH, and the trends 

among the various ratios of alumina to titania were elucidated. Furthermore, the oxidation 

kinetics using the synthesized photocatalysts was studied with respect to the various 

ratios of alumina to titania. The results were compared with the oxidation that occurs for 

pure TiO2. 

DISSERTATION STRUCTURE 

The remainder of this dissertation is organized as follows. Chapter 2 provides a 

background on the field of pharmacy with respect to the production of pharmaceuticals 

and their distribution, the presence of pharmaceuticals in water, the fate and transport of 

ciprofloxacin (the probe compound used in this work), adsorption models, and 

photocatalytic oxidation. Chapter 3 describes the synthesis of the alumina-titania 

photocatalysts that are used in this work. It also provides a detailed analysis of the 

characterization of these particles as well as reference alumina and titania particles. 

Chapter 4 provides results on the adsorptive properties and photocatalytic rates of 

titanium dioxide materials. Chapter 5 presents results on the sorption and photocatalytic 

oxidation of ciprofloxacin using mixed alumina-titania synthesized photocatalysts. 
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Chapter 6 summarizes the conclusions from this work and discusses future work that 

must be completed to fully realize the possibilities of this treatment process for waters 

contaminated with pharmaceuticals.  
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Chapter Two: Background Literature 

OVERVIEW 

In the past twenty years, the number of publications documenting the presence of 

pharmaceutical compounds in surface waters and wastewaters has substantially increased 

(Halling-Sørensen et al. 1998, Karthikeyan and Meyer 2006, Kolpin et al. 2002, Vieno et 

al. 2007). Though these compounds have been released to the natural environment for 

decades, concern related to their presence in natural water and drinking water occurred in 

the 1990s in large part because methods for their analytical detection improved 

(Daughton and Ternes 1999). 

Pharmaceuticals and personal care products (PPCPs) have since been detected in 

drinking water and wastewater effluents at relatively low concentrations. Vieno et al. 

(2007) documented the occurrence of beta-blockers, one antiepileptic drug, one lipid 

regulator, four anti-inflammatories, and three fluoroquinolones in the River Vantaa in 

southern Finland. Most of the compounds were found at concentrations above 10 ng/L, 

with the most dominant, metoprolol, sotalol, carbamazepine, ibuprofen, and atenolol, 

having maximum concentrations ranging from about 60 to 100 ng/L (Vieno et al. 2007). 

Kolpin et al. (2002) assessed the presence of pharmaceuticals and other anthropogenic 

compounds in 139 streams across the United States in 1999 and 2000. Even though 

pharmaceutically active compounds were measured at low levels (ng/L to μg/L), they 

were among the most frequently detected (Kolpin et al. 2002). 
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PHARMACEUTICAL USE AND TOXICITY  

Multiple classes of pharmaceutical compounds are used for a range of 

applications. They are classified according to their therapeutic purpose, e.g., analgesics, 

anti-inflammatories, and antibiotics. Furthermore, under each class multiple groups can 

exist based on their chemical structures. From the perspective of their primary use, the 

varied structure of pharmaceutical compounds is what makes them so effective.  

In the United States, the increase in pharmaceutical sales is roughly seven times 

that of the growth of the population (Figure 2-1). Additionally, out of the 15 to 25 new 

drugs that are approved on average every year, “85-90% of new products over the last 50 

years have very little benefit and considerable harms” (Light and Lexchin 2012). As a 

result, the pharmaceutical industry is increasingly introducing new compounds into the 

environment.  

 
Figure 2-1. U.S. population growth and pharmaceutical sales (Khetan, 2007) 
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As the use of pharmaceuticals continues to grow, studies of their fate, transport, 

and health effects are increasingly important. It was estimated that in 2004, 24.6 million 

pounds of antibiotics were used annually in animal agriculture in the United States 

(Mellon et al. 2001). This is in stark contrast to the only 3 million pounds annually used 

for human medicine (Mellon et al. 2001). Antibiotics have even been used in the 

production of “organic” apples and pears (Stockwell and Duffy 2012). 

Although these compounds are present at relatively low concentrations, i.e., up to 

μg/L levels, potential negative health implications for aquatic organisms and humans still 

exist. Acute exposure to pharmaceuticals does not cause harmful effects, but rather the 

chronic exposure over the long term poses the most concern. 

Data documenting the effect of long-term exposure to humans is not yet available. 

However, Pomati et al. (2006) found that a mixture of drugs at environmentally relevant 

levels inhibited the growth of human embryonic kidney cells by up to 30%, suggesting 

that pharmaceuticals in water can inhibit cell proliferation by affecting their physiology 

and morphology (Pomati et al. 2006).  

Studies show that different combinations of drugs affect low-level organisms, 

whether the resulting toxicity is due to additive effects of the individual compounds or if 

there is synergism with respect to the presence of multiple compounds (Fent et al. 2006). 

This finding is especially important due to the fact that, depending on the water source, 

there will be varied combinations of pharmaceuticals present. 
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GOVERNMENT REGULATIONS 

Regulation of pharmaceuticals and their relationship to the environment can be 

broken down into three areas: manufacturing plants, disposal of unused pharmaceuticals 

by consumers and healthcare facilities, and wastewater treatment plants. 

The Clean Water Act sets “Best Available Technology” standards for 

pretreatment of waste for direct and indirect (to a Publicly Owned Treatment Works) 

discharges. The final rule, published in the Federal Register (40 CFR Part 439) in 1998 

and amended in 2003, has limits for chemicals such as acetone, acetonitrile, and cyanide. 

While no effluent limits for specific pharmaceuticals exists, there is a limit for chemical 

oxygen demand (COD), an aggregate parameter that gives an indication of all organic 

compounds present in water. The implementation of the guidelines is determined by the 

states that issue National Pollutant Discharge Elimination System (NPDES) permits for 

each facility. 

Factors such as expired medications, allergic reactions, and cheaper alternatives 

contribute to the accumulation of unused medications. Consumers are not mandated to 

follow any set rule for disposing of pharmaceuticals. Instead they are encouraged to 

participate in community take-back programs or instructed to deface the medication label, 

mix in something undesirable such as cat litter, and toss pharmaceuticals in the trash.  

According to the 2005 U.S. Census, over 50,000 health care facilities (e.g., 

continuing care retirement communities and general medical hospitals) are in operation, 

all of which must deal with the task of disposal of unused pharmaceuticals. The EPA 

reports a 2008 publication by Kansas State University researchers who concluded that 59 
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local long-term care facilities disposed of pharmaceuticals down the drain 46 percent of 

the time (EPA 2008). Federal regulations, under the Controlled Substances Act (CSA), 

provide registrants the options to return unused pharmaceuticals to the manufacturer, to 

destroy them in accordance with state guidance and with appropriate documentation, or 

to transfer them to reverse distributors, which are private companies that handle expired 

medications for manufacturers and pharmacies (EPA 2008). For the 5% of 

pharmaceuticals that are considered hazardous waste (such as nitroglycerin, warfarin, and 

some chemotherapy agents), the Resource Conservation and Recovery Act requires that 

these and other hazardous wastes be transported in approved containers to permitted 

hazardous waste disposal facilities by a hazardous waste transporter (EPA 2008). Many 

state regulations require that hospitals and long-term care facilities destroy unused 

pharmaceuticals, but do not specify the required means of destruction (EPA 2008). 

Additionally, while some states allow healthcare facilities to reuse uncontaminated 

pharmaceuticals, reuse is strictly prohibited in at least five states: Arizona, Kentucky, 

Mississippi, New Mexico, and Texas. When there is no onsite pharmacy or preexisting 

relationship with a hazardous waste hauler, sewage disposal becomes the primary means 

of disposal (EPA 2008). 

Currently no regulations are in place for treatment of pharmaceuticals for drinking 

water and wastewater treatment plants. The EPA’s Candidate Contaminant List (CCL) 3, 

which lists 116 chemicals and microbiological agents that may require regulation under 

the Safe Drinking Water Act, included several hormones and pharmaceutical compounds 

such as equilenin, equilin, 17α-estradiol, erythromycin, mestranol, nitroglycerin, and 19-
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norethisterone (EPA 2009). From that list, only five are being considered for drinking 

water regulation: strontium, dimethoate (insecticide), 1,3-dinitrobenzene (industrial 

chemical), terbufos (insecticide), and terbufos sulfone (pesticide degradate). The most 

recent Candidate Contaminant List, CCL4, was drafted in early 2015 and contains 100 

chemicals, including the same pharmaceutical compounds found on CCL3 (EPA 2015). It 

is clear that the EPA recognizes the imminent threat of these compounds and is taking 

steps to address it. 

PHARMACEUTICAL FATE AND TRANSPORT 

Pharmaceuticals and personal care products (PPCPs) enter the natural system 

through a variety of pathways, including excretion due to incomplete metabolism, treated 

wastewater effluent, and improper disposal (Figure 2-2). Pharmaceuticals can be 

administered orally or intravenously, which has an impact on their metabolism 

(Kümmerer 2004). Most antibiotics are poorly metabolized after intake, with 25-75% 

leaving the organism unaltered via urine or feces (Chee-Sanford et al. 2001). The parent 

compound and its metabolites enter municipal sewage and sewage treatment plants. If not 

eliminated in the treatment plant, they may enter the aquatic environment and eventually 

reach drinking water supplies (Kümmerer 2004). 

Despite nationwide drug take-back programs, public service announcements, and 

the White House Office of National Drug Control Policy consumer guidance on the 

proper disposal of prescription drugs (2007), medications are often disposed of via 

household drains. A study conducted by Seehusen and Edwards (2006) found that more 
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than half of the patients surveyed reported storing unused or expired medications in their 

homes and more than half had flushed them down the toilet. Surprisingly, the U.S. Food 

and Drug Administration approves some pharmaceuticals to be flushed down the drain 

(FDA 2015) due to the danger to pets and small children. However, just like other 

pharmaceuticals, these will end up in treatment plants effectively untreated. 

Drugs that are used in animal husbandry, for veterinary purposes and as growth 

promoters, are excreted along with their metabolites, including in manure. The manure 

and sewage sludge is often used to fertilize the soils and the pharmaceuticals may reach 

the surface water due to runoff (Daughton and Ternes 1999).  
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Figure 2-2.  PPCP transport in the environment (EPA 2010). 
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INTERACTION WITH NATURAL SYSTEMS: SOIL, SEDIMENTS, AND WATER 

Empirical Sorption Models 

The partitioning of a hydrophobic chemical between the water phase and the 

solid-phase sorbent is frequently described with the sorption coefficient, KD, because the 

compounds are present at low concentrations within the Henry’s isotherm region. The 

linear model is: 

 
 𝐾! =

𝑞!
𝐶!

 Eq. 2-1 
 

qe and Ce represent the equilibrium sorbent phase concentration (mass adsorbed/mass 

sorbent) and aqueous phase concentration, respectively. As made clear by the equation, a 

high value of KD indicates that the contaminant sorbs readily to the solid phase.  

More common isotherms are the Langmuir and Freundlich models. In the 

Langmuir isotherm model, it is assumed that there is monolayer adsorption and no 

sorbate-sorbate interactions. 

 
𝑞! =

𝑞!"#𝐾!𝐶!
1+ 𝐾!𝐶!

 Eq. 2-2 

where qmax and KL are the Langmuir parameters. At low concentrations, KLCe are much 

less than unity and the model converges to a linear isotherm. In this model, there are a 

limited number of sorption sites and each site has the same binding energy. In contrast, 

the Freundlich isotherm, 

 𝑞! = 𝐾!𝐶!! Eq. 2-3 
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assumes there are multiple types of sorption sites with each site exhibiting a different 

total site abundance (Schwarzenbach et al. 2003). The Freundlich isotherm can be 

derived assuming a Gaussian distribution of binding energies at the sorption sites, but in 

general it is an empirical isotherm appropriate over the range of concentrations for which 

the model is calibrated. KF and n are the Freundlich constant and exponent, respectively. 

When n is equal to 1, the Freundlich isotherm is identical to the linear isotherm. By 

definition, isotherms describe the sorption relationship at a constant temperature. 

Additionally, a given isotherm is valid for a specific pH value, determined 

experimentally. 

 While these models are adequate for describing the sorption of many organic 

compounds to natural and engineered materials, sorption of many pharmaceuticals and 

personal care products occurs via interactions between functional groups on the chemical 

(e.g., carboxylic groups which have pKas in the range of 4-6) and reactive sites on the 

mineral (e.g., hydroxyl groups). In such cases, adsorption is frequently pH dependent and 

a function of the acidity of the hydroxyl group of a particular surface. The Langmuir 

model described above can capture the adsorption behavior in these systems if limited to 

a single pH. Otherwise, more sophisticated approaches are required such as surface 

complexation modeling. Thus, to understand the adsorption of pharmaceuticals, it is 

necessary to examine the structure of the compound and the adsorbent. 
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CIPROFLOXACIN  

Ciprofloxacin belongs to the fluoroquinolones class of antibiotics. 

Fluoroquinolones are used for killing urinary bacterial pathogens, gastrointestinal 

bacterial pathogens, and certain other bacteria that are difficult to treat, such as 

methicillin-resistant Staphylococcus aureus (Wolfson and Hooper, 1985). 

Fluoroquinolones work by blocking DNA replication via attack of the A-subunit of the 

enzyme DNA gyrase and topoisomerase IV, which are used to cut DNA strands during 

splitting to relieve tension. This causes cell division to be inhibited and ultimately results 

in the death of the bacteria (Wolfson and Hooper 1985). 

As pathogenic organisms have developed resistance to historic antibiotics, 

ciprofloxacin has become one of the most commonly used prescription medications in 

circulation, especially for veterinary applications. This is a contributing factor to it being 

one of the most detected pharmaceutically active compounds in water and the most 

persistent in treatment processes (Vieno et al. 2007). Ciprofloxacin has been found in 

hospital effluent, wastewater treatment plant (WWTP) influent and effluent, and in 

surface waters (Table 2-1) (Santos et al. 2010). Studies have documented evidence of 

toxicity to aquatic organisms (Robinson et al. 2005). Additionally, there is the risk of 

antibacterial resistance, with fluoroquinolone resistant genes detected in hospital and 

wastewater effluent (Wolfson and Hooper 1985). Resistance to fluoroquinolones involves 

mutations altering the A subunit of DNA gyrase and other processes such as decreased 

drug permeation (Wolfson and Hooper 1985).  
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Table 2-1.  Environmental concentrations of ciprofloxacin  

Sample Location Concentration (ng/L) Reference 

WWTP Effluent USA 150 Karthikeyan and Meyer (2006) 

Hospital Effluent Portugal 79.6 - 119.2 Pena et al. (2007) 

River Water Italy ND - 26.2 Calamari et al. (2003) 

River Water Finland ND - 36.0 Vieno et al. (2007) 

 
 

The impact of ciprofloxacin in the environment is dependent on its fate and 

transport in the environment. Sorption of ciprofloxacin to soils and sediments is one 

process responsible for controlling its fate and transport in aqueous systems, and as stated 

above sorption will be dependent on its chemical properties. Ciprofloxacin is a polar, 

relatively soluble compound with a corresponding low octanol-water partition coefficient, 

Kow (see Table 2-2), which is indicative of low sorption potential to organic matter 

associated with soils. However, the two pKas at 6.18 and 8.76 corresponding to 

deprotonation of the carboxylic and secondary amine groups, respectively, can form ion 

pairs or surface complexes with charged surfaces. As a result, sorption is expected to be 

pH dependent and higher than expected based on log Kow linear free energy relationships. 

For constant pH or low concentrations, Langmuir or linear isotherms may also fit 

sorption data. 
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Table 2-2.  Properties of ciprofloxacin 

Type (Class) Antibiotic (Fluoroquinolone) 
Structure 

 
Log α– pH Diagram 

 
Aqueous Solubility (mM)* 0.21 to 9.89 

Log KOW* -1.51 to -1.13 
Molecular Weight 331.35 

UV/Vis Spectrum 
(1 mg/L) 

 
*(Gu and Karthikeyan 2005) 

 

The factors that determine the interaction between ciprofloxacin and soils also 

include the soil’s cation exchange capacity, which is related to the clay content and 

surface area of inorganic surfaces. Carrasquillo et al. (2008) found that ciprofloxacin  
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sorbed better onto soils with high effective cation exchange capacity (ECEC) values. This 

was attributed to the greater distance between the anionic and cationic groups, which 

maximized Coulombic attraction to the surface (Carrasquillo et al. 2008).  

Vasudevan et al. (2009) studied the interaction of ciprofloxacin with 30 different 

soils from across the eastern United States that exhibited varying characteristics, such as 

ECEC, aluminum and iron oxide content, and total organic carbon. The three 

mechanisms that were responsible for sorption were cation exchange (the transfer of 

surface-associated cations with positively-charged ions in solution), cation bridging 

(bonding of the compound via surface-associated cations), and surface complexation (the 

formation of complexes between surface functional groups and the aqueous compound). 

Across the pH values studied (3 to 8), ciprofloxacin preferred cation exchange to cation 

bridging or surface complexation when the soil had a high ECEC (Figueroa et al. 2004, 

Vasudevan et al. 2009). For soils exhibiting a lower ECEC (ECEC < 20 cmol/kg), 

sorption was dominated by the zwitterionic species. In these soils, higher aluminum oxide 

and iron oxide content resulted in better sorption due to surface site availability for 

surface complexation (Vasudevan et al. 2009). 

Aluminum oxides are important components of environmental particles. 

Supporting the findings of Vasudevan et al. (2009), Gu and Karthikeyan (2005) 

determined that the interaction of ciprofloxacin with hydrous aluminum oxide (HAO) 

was via an inner-sphere, monodentate mononuclear surface complex with respect to the 

carboxylate group and a weak hydrogen bonding association between the keto- group of 
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ciprofloxacin and the protonated surface hydroxyl group (Figure 2-3). The maximum KD 

was 394 L/kg (Gu and Karthikeyan 2005). 

 
Figure 2-3.  Surface complexation of ciprofloxacin on aluminum oxide (Adapted from 

Gu and Karthikeyan (2005)) 

 

A model developed by Gu and Karthikeyan (2005) describes the pH dependence 

on the overall KD: 

 𝐾! = 𝐾!!"#!𝛼!"#! + 𝐾!
!"#±𝛼!"#± + 𝐾!!"#!𝛼!"#! Eq. 2-4 

where 𝐾!!"#!, 𝐾!
!"#±, and 𝐾!!"#!are the individual sorption coefficients for the cationic, 

zwitterionic, and anionic species, respectively; 𝛼!"#!, 𝛼!"#±, and 𝛼!"#! are the fractions 

of ciprofloxacin in the cationic, zwitterionic, and anionic form at a certain pH, 

respectively. The model closely matched the experimental data, both following the pH-

dependent distribution of the neutral zwitterionic species and, therefore, its importance in 

the sorption to HAO. Furthermore, in their investigation, it was found that at a pH value 

of 7.1, where maximum adsorption occurred, the sorption was well described using the 

Langmuir isotherm equation (Gu and Karthikeyan 2005). This sum of linear partitioning 

works somewhat fortuitously for HAO surfaces because the charge of the hydrous 

aluminum oxide was constant over the pH range studied. 



 23 

TREATMENT TECHNOLOGIES 

Traditional wastewater treatment plants are not designed to remove 

pharmaceutical compounds before release into the environment. Minimal removal is 

achieved in some unit operations, but generally speaking, these polar, water soluble, 

slowly biodegradable compounds are unaffected.  

A pilot-scale drinking water plant in Finland achieved an average of 13% removal 

for the 13 pharmaceuticals studied via coagulation, sedimentation, and rapid sand 

filtration (Vieno et al. 2007). Most of the pharmaceutical elimination (to below their limit 

of quantitation) was achieved by ozonation. Ciprofloxacin was found to be almost 

unaffected through all of the other treatment steps (Vieno et al. 2007). Ternes et al. 

(2002) showed that flocculation achieved no significant elimination of pharmaceuticals.  

Adsorption, especially onto activated carbon, which has a high surface area, is an 

effective method for the removal of some pharmaceuticals from water. Activated carbon 

was effective at removing the compounds via adsorption, although NOM lowered the 

sorption coefficient of the pharmaceuticals presumably due to competition for adsorption 

sites or pore blockage. However, activated carbon is an expensive material, the presence 

of NOM decreases its capacity to adsorb target species, and regeneration is difficult 

(Vieno et al. 2007). Bui and Choi (2009) examined the use of mesoporous silica as an 

adsorbent for five pharmaceutical compounds and found that sorption was dependent on 

pH, but desorption was limited (Bui and Choi 2009). 
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Advanced Oxidation Processes 

Because of the ubiquitous presence of PPCPs, novel treatment technologies have 

been investigated. Some new approaches to removing pharmaceutical compounds include 

reverse osmosis, ozonation, and advanced oxidation processes. 

In the ozonation process, ozone decomposes to form reactive oxygen species 

(ROS) such as superoxide and hydroxyl radical radicals and subsequently, both ozone 

and the ROS react with the target compound (Blaney 2011). Ozonation is an effective 

means of pharmaceutical oxidation of ciprofloxacin, resulting in an apparent reaction rate 

constant of 1.57 x 104 M-1s-1 (Blaney 2011). Dodd et al. (2006) suggested that 

ciprofloxacin reacts with ozone primarily via oxidation of the amine group in the 

piperazine ring moiety and that the kinetic constant for the reaction is pH dependent. One 

of the limitations to ozonation, though, is that in bromide-containing waters, the 

suspected carcinogen bromate can be formed. 

The most promising of the new technologies are advanced oxidation processes 

(AOPs). AOPs are those that produce ROS, which are highly reactive and nonselective 

and because the structures of pharmaceutical compounds are varied, the use of AOPs for 

pharmaceutical treatment is advantageous. The AOPs that have been recently studied for 

the removal of pharmaceuticals include catalytic ozonation, homogenous photocatalysis 

(e.g., UV/H2O2), and heterogenous photocatalysis (e.g., UV/TiO2) (Blaney 2011, Paul et 

al. 2007, Rosal et al. 2008, Yuan et al. 2011).  
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Heterogeneous Photocatalytic Oxidation 

The use of photolytic and photocatalytic oxidation to treat pharmaceuticals is a 

research area that has promise. Many pharmaceuticals are subject to photolytic 

degradation via UV exposure. Ciprofloxacin, specifically, has been shown to 

photolytically degrade by UV with a reported rate of 2.3 x 10-3 min-1 at pH 3 (Paul et al. 

2007). However, this process is relatively slow (t1/2 = 5 h) and the mechanism has resulted 

in byproducts that are more toxic than the parent compound.  

By definition, heterogeneous photocatalytic oxidation involves the use of a solid 

catalyst that is activated by photons. The photons must have enough energy to excite 

electrons from the valence band of the photocatalyst to the conduction band, i.e., the band 

gap. Band gap energies and corresponding wavelengths for several photocatalysts are 

shown in Table 2-3. Titanium dioxide is one of the most commonly used photocatalysts 

in the treatment of organic compounds. It exists naturally as three phases: anatase, rutile, 

and brookite, which vary with respect to their photoreactivity.  

Table 2-3.  Band gap energies and corresponding irradiation wavelength required for 
the excitation of various semiconductors (Rajeshwar and Ibanez 1997). 

Semiconductor Band Gap Energy (eV) Wavelength (nm) 
TiO2 (anatase) 3.2 < 388 
ZnO 3.2 < 388 
ZnS 3.6 < 335 
CdS 2.4 < 516 
Fe2O3 2.3 < 443 
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Figure 2-4 illustrates the production of ROS with a photocatalyst upon excitation 

of the electron and Eq. 2-5 gives the mechanistic steps with of photocatalysis with TiO2. 

The excitation of the electron to the conduction band forms a positively charged hole in 

 
Figure 2-4.  Scheme of photocatalytic process. 

 

the valence band (electron-hole pair). The hole reacts with hydroxide to produce 

hydroxyl radicals, which is the main oxidant in photocatalysis. The excited electron 

reacts with oxygen to produce superoxide, and subsequently form hydroperoxyl radical 

(HO2
.), hydrogen peroxide (H2O2), and additional hydroxyl radicals.  

 TiO2 + hν → e-CB + h+VB Eq. 2-5 

 h+VB + 𝑂𝐻! → 𝑂𝐻∙ 

𝑂𝐻∙ + 𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 → 𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 

e-CB + 𝑂! → 𝑂!∙! 

𝑂!∙! + 𝐻! → 𝐻𝑂!∙  
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𝐻𝑂!∙ + 𝐻𝑂!∙ → 𝐻!𝑂! + 𝑂! 

𝐻!𝑂! + e-CB → 𝑂𝐻∙ + 𝑂𝐻! 

e-CB + h+VB → TiO2 → 𝑅𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 

Anatase is the most photoreactive of the three phases of TiO2 (band gap energy = 

3.2 electron-volts) but in many cases, the more stable rutile phase is added to prevent 

recombination of the electron-hole pairs Eq. 2-5 (Dalrymple et al. 2007).  

Many researchers have found the Langmuir-Hinshelwood kinetic model best 

describes the kinetics of photocatalysis of organic pollutants at the liquid-solid interface 

(Bekbolet et al. 2002, Paul et al. 2007):  

 
𝑟 = 𝑘!""

𝐾!𝐶!
1+ 𝐾!𝐶!

   Eq. 2-6 
 

where r is the rate of oxidation, kapp is the photoinduced oxidation rate constant, Ce is the 

equilibrium aqueous concentration of the compound, and KL is the adsorption coefficient. 

Because pharmaceuticals are present in trace concentrations, often KLCeq << 1, and the 

equation becomes first order with linear partitioning. Then the overall photocatalytic 

reaction can be described by the following equation: 

 

 
𝑟 =

𝑑[𝐶]
𝑑𝑡 = −𝑘𝐶!   Eq. 2-7 

 

where k is the pseudo-first-order rate constant. 

An et al. (2010) investigated the role of hydroxyl radical and hydrated electron on 

the rate of ciprofloxacin photocatalytic degradation with TiO2 as the photocatalyst. The 

first order rate constants were measured to be in the range of 0.06 – 0.38 min-1 depending 



 28 

on the pH of the solution. Numerous intermediates were detected during the course of the 

reaction, but further exposure resulted in the breakdown of their quinolone structure. It 

was determined that hydroxyl radical addition and photo-hole attack are mainly 

responsible for rapid oxidation of ciprofloxacin in water. Paul et al. (2010) also looked at 

the reaction of ciprofloxacin with TiO2 and UV irradiation. Table 2-4 gives representative 

reaction rates from the literature. The byproducts retained the core quinolone structure, 

but the antibacterial potency was reduced in relation to the amount of ciprofloxacin 

degraded, indicating that the byproducts retain negligible antibacterial activity (Paul et al. 

2010).  

Table 2-4.  Representative photolytic and photocatalytic oxidation rate constants. 

UV or Visible 
Light? 

TiO2 Loading  
(g/L) 

k  
(min-1) Reference 

UV - 0.0023 Paul et al. (2007) 
UV 0.5 0.137 Van Doorslaer et al. (2011) 

Visible - - Paul et al. (2007) 
Visible 0.5 0.184 Paul et al. (2010) 

 

Solar irradiation has also been studied for photocatalytic applications because it is 

sustainable and relatively inexpensive. It is based on the collection of only high-energy 

short-wavelength UV and near UV light (300 – 400 nm) (Dalrymple et al. 2007). Paul et 

al. (2007) reported that the visible portion of solar light can also be used for 

photocatalysis. Ciprofloxacin does not degrade under visible light alone. However, 

adsorption onto TiO2 photocatalyst causes a red shift to occur in the titania absorption 

spectrum, thereby making visible light absorption possible (Paul et al. 2007). For visible 
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light photocatalysis, the mechanism that is proposed for fluoroquinolones is via 

photooxidation of the adsorbed surface complexes. 

Commercially available TiO2, such as Degussa P25, is pure and well-crystallized, 

thereby contributing to its efficiency as a photocatalyst. However, TiO2 does not adsorb 

xenobiotics well. There have been a small number of studies that have investigated the 

addition of other solids as adsorbents to improve performance, either as the photocatalyst 

support or incorporated into the photocatalyst synthesis. This is advantageous because the 

added material not only adsorbs the target contaminant for oxidation, but it also retains 

intermediates for subsequent oxidation (Torimoto et al. 1996). In addition, support of 

TiO2 allows for easier separation of the photocatalyst (Dalrymple et al. 2007). Yang et al. 

(2009) used alumina-incorporated titania to photodegrade salicylic acid. It was found that 

the adsorption was proportional to the atomic ratio of Al/Ti of the photocatalyst. Zhao et 

al. (2010) looked at the use of TiO2 supported on zeolites for the photocatalysis of the 

antibiotic oxytetracycline and found that the loading of TiO2 onto the zeolite did not 

affect the adsorption of tetracycline. The highest capacity was measured at 654 mg/g for 

5A zeolite and 1497 mg/g for 13X zeolite at a pH of 7. Toxicity studies determined that 

the use of the zeolite adsorbent was beneficial in limiting inhibition by retaining the 

byproducts for continued degradation (Zhao et al. 2010).  

Review of the literature supports the goals of this research, namely, that there is 

potential to develop a mixed alumina-titania oxide material that can combine the sorption 

potential of aluminum oxides and the photocatalytic properties of titanium oxides to sorb 

and degrade ciprofloxacin. The review also highlighted the importance of examining 
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sorption as a function of pH and understanding the role of the aluminum oxide on the 

effectiveness of TiO2 photocatalysis.  
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Chapter Three: Synthesis and Characterization of Alumina-Titania 
Particles 

BACKGROUND 

The interest in heterogeneous photocatalysis can be traced back to 1972 when 

Fujishima and Honda discovered the photochemical splitting of water into hydrogen and 

oxygen in the presence of TiO2 (Fujishima and Honda 1972). More recently, multiple 

researchers have investigated the utility of heterogeneous photocatalysis for applications 

in water and air treatment (Dalrymple et al. 2007, Polat et al. 2015). The most commonly 

used photocatalyst, titanium dioxide (TiO2), has been shown to be an effective material 

for the degradation of organic and inorganic contaminants. In this process, a 

photocatalyst is illuminated with light that has enough energy to excite an electron from 

the valence band to the conduction band (band gap), creating electron (e-)–hole(h+) pairs. 

These separated electrons and holes can then react with hydroxide and oxygen to 

generate reactive oxygen species (ROS), mainly hydroxyl radicals, to oxidize target 

compounds. While these materials have shown substantial promise for oxidizing 

pharmaceuticals, potential limitations that can reduce the effectiveness of TiO2, as well as 

other lesser-used semiconductors, include the possible recombination of generated 

electron-hole pairs and relatively low surface areas of many materials. Both factors 

impede the generation of ROS. Nevertheless, research on photocatalysis using TiO2-

containing particles is extensive (for a review, see Dalrymple et al. (2007)) and it 

substantially increases rates of oxidation of many organic compounds relative to 

photolysis.  
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Titanium dioxide exists as three natural phases: anatase, brookite, and rutile. 

Anatase is a metastable polymorph of rutile, indicating that it can be transformed to rutile 

under conditions where the temperature is greater than 500 °C. However, anatase is the 

most photoactive phase and has been the focus of most of the photocatalytic work on 

TiO2 surfaces. The effectiveness of TiO2 is hindered by its low sorption capabilities due 

to its relatively low surface area (50 ± 15 m2/g vs 1130 m2/g for activated carbon (Takeda 

et al. 1995)). Studies have shown that the photocatalytic performance is improved by 

introducing a second material, namely other metal oxides, to enhance the photocatalytic 

activity of the TiO2 and/or to enhance the adsorption of target contaminants onto the 

oxide surface. These modifications allow the hydroxyl radicals to reach the contaminant 

more efficiently. To achieve improved photocatalytic activity, the mode of action of the 

additional material is to serve as a charge transfer catalyst that will impede the 

recombination of photogenerated electron-hole pairs. Yang et al. (2009) synthesized 

alumina-incorporated titania particles and showed that, at a 4.4% alumina content, 

photogenerated electrons were trapped in the alumina domain to allow the holes in the 

TiO2 crystals to create hydroxyl radicals. Alternatively, improved sorption has the 

advantage of pre-concentrating the contaminant close to the TiO2 surface to facilitate 

photocatalysis. Anderson and Bard (1997) showed that improved photocatalysts could be 

prepared by combining the photocatalytic properties of TiO2 and the adsorptive properties 

of high surface area Al2O3 or SiO2 materials. In the range of 10 – 25% alumina, the rate 

constants for photocatalysis were twice that of Degussa P25. Similar results were shown 

by embedding silica into titania (Jung and Park 2000), where the photoactivity was 5 
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times as high as Degussa P25 TiO2. Specifically, the introduction of aluminum oxide 

increases sorption of the contaminant from the aqueous phase onto the solid phase, 

thereby pre-concentrating the contaminant in the vicinity of the photocatalyst. An 

additional advantage of incorporating a second metal oxide into the TiO2 is that it helps 

maintain the metastable anatase phase, allowing the anatase to become more crystalline 

without transitioning to rutile (Jung and Park 1999, Rajesh Kumar et al. 2000). 

Sol-gel Processing 

The synthesis of the photocatalyst is one of the most important aspects of 

developing a mixed metal ion-photocatalyst. The mixed photocatalyst must be able to 

achieve the goals set forth, namely (1) the ability to physically sorb the target 

contaminant from water and (2) absorb light incident radiation for the photooxidation of 

the contaminant, in this case ciprofloxacin. 

Various methods that can be utilized to synthesize metal oxides, including 

chemical vapor deposition, sol-gel, and sputter coating processes. The sol-gel method 

was chosen because it results in materials with high surface areas. The primary goal of 

this research was to produce a highly adsorbent photocatalyst. Other advantages to using 

the sol-gel method are that it results in pure products, requires low processing 

temperatures and the final structure can be controlled (Pierre 1998). The sol-gel is a wet-

chemical process that utilizes a precursor (typically a metal alkoxide) to create a sol that 

is transformed to a gel through hydrolysis and condensation polymerization. Heat 

treatment is then used to obtain desired mechanical properties and stability. One of the 
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benefits of using the sol-gel method is that various structures can be created, such as 

powders, monoliths, and coatings (Pierre 1998). 

This chapter describes the process for synthesizing and characterizing the 

alumina-titania photocatalysts that was subsequently used in adsorption and 

photocatalytic oxidation experiments with ciprofloxacin. The materials were 

characterized using a variety of methods to understand the structure and reactivity. 

Commercially available reference Al2O3 and TiO2 materials were also characterized to 

provide a basis for comparison of the sol-gel generated single and mixed oxides. 

MATERIALS AND METHODS 

Chemicals 

Titanium tetraisopropoxide (TTIP) (Acros Organics, >98%, Morris Plains, NJ) 

and aluminum isopropoxide (AIP) (Sigma-Aldrich, St. Louis, MO) were used as 

precurscors for titanium dioxide and aluminum oxide, respectively. Butanol was 

purchased from EM Science (99.4%, Gibbstown, NJ). Degussa P25 TiO2 was supplied by 

Degussa Corporation (now Evonik, Germany) and kept in a dark environment at room 

temperature. Degussa P25 TiO2 is a mixed nanophase material (mean particle size = 30 

nm) that is composed of 70-80% anatase and 20-30% rutile (ratio depends on particular 

batch) and has a specific surface area of approximately 50 m2/g (Bekbolet et al. 2002). 

Aluminum oxide nanopowder was purchased from Sigma-Aldrich (St. Louis, MO). The 

particle size is <50 nm as specified by the manufacturer and confirmed with 

Transmission Electron Microscopy analysis (method described below). 
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Synthesis of Photocatalysts 

The method for sol-gel synthesis of the mixed metal oxide particles was adapted 

from Lee et al. (2013). A typical synthesis route is described as follows. 18 MΩ 

deionized water was mixed with n-butanol and heated to between 70 and 80 °C in a tri-

neck bottle. One neck was equipped with a condenser for refluxing, one was equipped 

with a thermometer to monitor temperature, and the third was sealed with a glass septum. 

The AIP and TTIP precursors were then added to maintain a molar ratio of 1:3:8 

alkoxide:n-butanol:water. The alkoxide ratios were calculated to result in 0, 75, 90, 100 

weight % aluminum oxide with the balance as titanium dioxide. The sol–gel was 

maintained under reflux at 70 – 80 °C for 4 h (Figure 3-1). Then, the solvents were 

evaporated on a hot plate at 80 °C and ground with mortar and pestle. Afterwards, the 

solids were annealed at 500 °C for 4 h using a heating rate of 4 °C/min. Pure titania was 

also annealed at 450 °C and 600 °C. The resulting mixed solids were labeled as AXTY, 

where X denotes Al2O3 content, and Y TiO2 content, or AX where X is the percentage of 

Al2O3 and 100-x is the implicit TiO2 content. The pure alumina and pure titania particles 

are simply denoted A100 and T100, respectively. 
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Figure 3-1.  System for the synthesis of photocatalysts. 

 

 

Characterization of Photocatalysts 

Scanning Electron Microscopy/Electron Dispersive Spectroscopy 

Scanning electron microscope (SEM) (Model Quanta 650 FEG, FEI Company 

Inc, Oregon) was utilized for imaging of the solids. Particles were mounted on double-
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sided carbon tape and coated using a platinum sputtering technique and analyzed under 

high vacuum mode. Initial analysis with SEM imaging utilized a spot size of 3 nm and 

beam energy of 10 kV, while electron dispersive spectroscopy (EDS) (Bruker XFlash 

Detector 5010, MA) used a spot size of 4 nm and beam energy of 20 kV. These 

parameters were varied to yield the optimum results for imaging and spectroscopy as 

necessary. 

 

Transmission Electron Microscopy 

Transmission Electron Microscopy measurements were performed using a FEI 

Tecnai G2 F20 X-TWIN TEM(Hillsboro, Oregon) with particles dispersed with sonication 

in aqueous solutions and transferred and dried on copper grids for analysis. 

 

X-ray Diffraction 

The phases of the metal oxides, commercial and synthesized, were determined 

with X-ray diffraction (XRD) (Philips Diffractometer and Rigaku MiniFlex 600). The 

solids were mounted on glass slides using ethanol for adhesion. Particles were analyzed 

using a Philips automated vertical scanning general powder diffractometer (PANalytical 

Inc., Westborough, MA). The XRD patterns were recorded from 10 - 80° 2Θ with a step 

size of 0.02° and a scan speed of 1°/minute. The instrument was run at 40 kV and 15 mA. 
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Nitrogen Adsorption 

Nitrogen adsorption (Quantachrome Autosorb-1 and Micromeritics ASAP 2020) 

was used for estimation of surface area and porosity of all the materials. The surface area 

was analyzed using the Brunauer-Emmet-Teller (BET) liquid nitrogen adsorption 

isotherm, which allows for quantification of specific surface area. The pore size 

distribution and average pore radius was determined by the Barrett-Joyner-Halenda 

method (BJH), which is typically used for mesoporous materials. Samples (mass 10 – 60 

mg) were degassed for 6 hours under vacuum at 300 °C prior to analysis.  

Zeta Potential 

Zeta potential was measured using dynamic light scattering (Malvern Zetasizer 

Nano ZS) for Degussa P25 TiO2, NanoAlumina, and the synthesized particles. For 

Degussa P25 TiO2 and aluminum oxide, colloidal samples were prepared in water and the 

pH was altered by adding NaOH and HCl. Sample holders were flushed with ethanol for 

cleaning before use, and then injected with samples dispersed in aqueous media for 

analysis. Each sample was measured in triplicate.  

UV-Visible Diffuse Reflectance Spectroscopy 

UV–vis diffuse reflectance spectroscopy (UV–vis DRS) measurements were 

performed with a custom-made LED Mightex multi-wavelength light source using a 6-

around-1 style fiber optic probe. The reflectance standard was a 99% Spectralon Diffuse 

Reflectance Standard made by Labsphere (New Hampshire). The band gap of the 

materials was derived from the resulting spectra. 
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RESULTS 

SEM, EDS, TEM 

Scanning electron microscopic imaging was used to determine the morphological 

structure of the particles, while EDS provided information about the composition, 

specifically, the amount of aluminum, titanium, and oxygen contained within the 

particles. It was assumed that the detected titanium and aluminum content was solely 

attributed to TiO2 and Al2O3, respectively, i.e., one mole titanium is equivalent to one 

mole TiO2 and one mole Al is equivalent to half a mole Al2O3. The elemental results 

obtained from EDS were converted to the metal oxide ratios and agree well with the 

values targeted during the synthesis (Table 3-1).  

Table 3-1.  Metal oxide percentages of photocatalysts as determined by EDS. 

Target Al2O3 
Amount (%) 

Actual Al2O3 
Amount (%) 

Actual TiO2 
Amount (%) Material ID 

0 0 100 T100 

75 68.5 31.5 A68 

90 90.5 9.5 A90 

100 99.9 0.1 A100 
 

SEM images show aggregated nanoparticles for both Degussa P25 (Figure 3-2(a) 

and (b)) and the sol-gel synthesized particles (Figure 3-2 (c) through (e)). All of the sol-

gel synthesized particles appear to have similar morphologies, with varying grain sizes, 

irrespective of the Al2O3: TiO2 ratio. This difference is likely due to the mode of  
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Figure 3-2.  SEM micrographs of (a) Degussa P25 TiO2 at 500x magnification (b) a 
blow-up the red box of Degussa P25 (c) NanoAlumina (d) A100 
(e) A90T10 (f) A90 EDS spectra (1.49 keV (Kα)) and Ti (4.51 keV (Kα)) 
and (4.93 keV (Kβ)). 
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synthesis. Degussa P25 is generated from an aerosol flame synthesis method, where there 

is precise control of the particle size and crystallinity (Strobel et al. 2006). Though the 

morphologies of the A90 and A100 particles are similar, the agglomerated A100 particles 

are larger. This could be attributed to unidentified variances in the synthesis method, but 

the results imply that the external surface area of the A90 should be larger even though it 

contains TiO2. The NanoAlumina powder exhibits distinct particles that have not 

agglomerated. Alumina-titania particles synthesized by Yang et al. (2009) that had 

significantly more titania than alumina, displayed similar aggregated nanoparticles in 

SEM micrographs. A representative spectra, obtained from analysis of the A90T10 

particles (Figure 3-1(f)), shows two titanium peaks, 4.51 keV (Kα) and 4.93 keV (Kβ), 

and one aluminum peak at 1.49 keV (Kα). The presence of these peaks in each of the 

spectra obtained (n = 3 for each material) is evidence of the successful synthesis of 

heterogeneous alumina-titania with a maximum distance of 4 nm between aluminum and 

titanium based on the spot size of the measurements. TEM images of Degussa P25 TiO2 

and NanoAlumina powder (Figure 3-3) confirm that the particle size ranges agree with 

that reported by the manufacturer. The Degussa P25 TiO2 particle diameter determined 

from the TEM was 30 – 50 nm while that of the NanoAlumina powder was less than 50 

nm. TEM images of the synthesized alumina-titania particles at varying ratios confirm 

the SEM results. Morphologies of the various sol-gel materials are consistent and the 

interaction between the particles is different than the commercial metal oxides. The TEM 

images of the alumina-containing materials (Figure 3-3c) show the presence of particles 
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with a needle-like morphology, which is typical of sol-gel processed alumina systems. 

Indeed, this needle-like morphology is absent in the T100 TEM image (Figure 3-3b). The  

 

 

 
Figure 3-3.  TEM micrographs of (a) Degussa P25 TiO2 (b) T100 (c) A90T10. 

 

same morphology was seen by Padmaja et al. (2009) in mixed alumina-titania particles. 

In addition, particles with a spherical morphology are present in the materials. A similar 

morphology was seen by Akbarnezhad et al. (2011) in mixed alumina-titania particles 

produced via sol-gel processing, with a particle size of less than 40 nm. In both the 

Degussa P25 TiO2 and the T100, polyhedron grains are present, where the latter exhibits 

a	

b	 c	
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more agglomeration. This geometry is consistent with an anatase phase (Yin et al. 2001). 

The T100 particles also have a smaller grain size compared to the Degussa P25 TiO2, 

which could explain the high intensity and crystallinity found in the XRD pattern (Figure 

3-5).  

X-ray Diffraction 

Diffraction patterns provide fundamental information about the phase of the metal 

oxides and the crystallinity of the particles that could have implications with respect to 

the photocatalytic performance of the materials. The diffraction patterns of the TiO2 in 

Figure 3-4 show differences in the degree of crystallinity and the phases present as a 

function the calcination temperature. The peaks that appear in the patterns at 300 °C and 

450 °C are similar with prominent peaks centered at 25.28°, 37.80°, 48.05°, 55.06°, and 

62.69° 2θ which are assigned to the (101), (004), (200), (211), and (204) orientations of 

the anatase phase. There is a slight enhancement in crystallinity, most prominently seen 

for the 25.28° peak. No rutile peak is observed at either 300 °C or 450 °C calcination. 

The rutile phase does appear at a calcination temperature of 600 °C with peaks centered 

at 27.45°, 36.09°, 41.23°, 44.05°, 54.32°, 56.64°, and 69.01° which are assigned to the 

(110), (101), (111), (210), (211), (220), and (301) orientations. The appearance of the 

rutile phase at the higher temperature confirms a transition to the more stable phase after 

this point. This phase change was shown by Su et al. (2004), who found the phase 

transition from the metastable anatase to rutile visible at about 500 °C. However, the 

results from this research are different. At 500 °C (Figure 3-5), the diffractogram clearly 



 44 

 
Figure 3-4.  XRD patterns of sol-gel synthesized TiO2 powders calcined at various 

temperatures. 

 

shows a pure anatase phase material. At 600 °C, the appearance of the rutile phase is 

similar to that found by Su et al. (2004) and the particles are more crystalline as shown by 

the sharper peaks. Figure 3-5 shows diffraction patterns of sol-gel synthesized TiO2 at 

500 °C and Degussa P25 TiO2. The Degussa P25 TiO2 contains both anatase and rutile 

phases while the synthesized material only contains anatase. Though the presence of the 

rutile phase is beneficial to the prevention of electron-hole recombination, replacing it 

with aluminum oxide could serve the same purpose (Dalrymple et al. 2007, Yang et al. 
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2009). It could also facilitate the enhanced crystallinity of the anatase without the need to 

anneal at higher temperatures (Jung et al. 2008).  

 
Figure 3-5.  XRD patterns of Degussa P25 TiO2 and sol-gel synthesized TiO2 

calcinated at 500 °C. A= Anatase, R= Rutile. 
 

The diffraction pattern for the sol-gel synthesized Al2O3 shows similar peaks to 

that of the NanoAlumina powder (Figure 3-6) for which the dominant phase is γ-alumina. 

Thus, both the NanoAlumina and the sol-gel alumina have similar mineralogy though the 

peak broadening in the A100 material suggests amorphous character. The A100 and 

NanoAlumina SEM and TEM images show different morphologies (all images not 

shown). The diffraction patterns of all of the sol-gel synthesized particles are presented in 

Figure 3-7. A few features are apparent. The presence of peak broadening suggests that 
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the particles have some amorphous characteristics and have low crystallinity. The mixed 

oxide particles, A68T32 and A90T10, are mixtures of pure γ-phase aluminum oxide and 

pure anatase-phase titanium dioxide. The relative intensity of titania peaks to alumina 

peaks is a reflection of the amount of each metal oxide in the material. As in the case of 

the T100, there is no evidence of a rutile phase in the mixed oxides. 

 
Figure 3-6.  XRD patterns of NanoAlumina powder and sol-gel synthesized Al2O3 

calcinated at 500 °C. 
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Figure 3-7.  XRD patterns of synthesized particles. 

 

The crystallite size was calculate by MDI Jade 5.0 software using the Scherrer 

equation: 

 
𝐿 =

κλ
βcosθ 

Eq. 3-1 
 
 

 

where L is the crystallize length of the crystal, κ is the Scherrer constant at 0.94, λ is the 

wavelength of the radiation used at (1.5405 Å for Cu Kα), β is the full width at half- 

maximum (FWHM) of a selected peak and θ is the Bragg’s angle of diffraction for the 

corresponding peak. The results of these calculations along with a summary of the size 

characteristics determined by the other techniques are shown in Table 3-2. 



 48 

Table 3-2.  Particle size measurements of commercial and synthesized particles from 
XRD, SEM, and TEM analysis. 

 Material Mineral 
Phase 

Diffraction 
Angle (2θ) 

FWHM  
(degrees) 

Crystallite  
Size 
(nm) 

SEM 
(µm) Aggregates? TEM 

(nm) 

Degussa P25  Anatase 
Rutile 

25.37 
27.49 

0.394 
0.415 

23.8 
22.5 < 1 Yes 20 – 40 

T100 Anatase 25.03 0.725 11.9 < 60 Yes 10 – 30 

A68T32 Anatase 
γ- Alumina 

24.98 
21.45 

0.802 
9.005 

10.3 
0.9 < 350 Yes <50 

A90T10 Anatase 
γ- Alumina 

25.160 
21.970 

0.803 
6.560 

10.7 
1.2 < 100 Yes 10 – 30 

A100 γ- Alumina 21.788 6.001 1.4 < 400 Yes <100  

NanoAlumina γ- Alumina 67.127 2.301 4.2 < 130 No <50 
 

The particle size estimates from the Scherrer equation are comparable to the TEM 

estimates. All of the particles are on average below 25 nm with Degussa P25 TiO2 being 

the largest. A FWHM value of greater than approximately 5 degrees is indicative of 

amorphous material. This is confirmation of what is shown in the diffractograms for 

alumina-containing sol-gel particles. Though the NanoAlumina has a FWHM less than 5 

degrees, it is still an order of magnitude larger than what is shown for the anatase. 

Additionally, it appears as though the presence of the amorphous anatase in the sol-gel 

synthesized materials has a small effect on the crystallite size of the anatase as the sizes 

are reduced by 13% for A68 and by 10% for A90. 
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Surface Area and Porosity 

The BET isotherm and pore size distribution of each of the materials is presented 

in Figure 3-8 to Figure 3-13, and a summary of the analysis is presented in Table 3-3. By 

comparison of the ordinates, it is evident that the Degussa P25 TiO2 adsorbs lower 

volumes of nitrogen gas than either the sol-gel synthesized materials or the NanoAlumina 

powder. Degussa P25 TiO2 exhibits a Type II isotherm according to the IUPAC 

classification scheme with no desorption hysteresis (Figure 3-8), and is indicative of a 

nonporous structure. The lack of porosity is confirmed by the plot of the pore size 

distribution, and is in stark contrast to the Type IV isotherms observed for the other 

materials. Type IV isotherms are typical of mesoporous materials.  

The T100 and alumina-containing particles exhibit Type H3 hysteresis loops 

typically associated with aggregates of plate-like particles which give slit-like pores, 

random pore structures or represent the agglomeration of primary crystallites as observed 

in the TEM and SEM images of the synthesized materials. The distinct hysteresis loop 

observed in the range of 0.5-1.0 p/p0, indicates the presence of mesopores (2-50 nm). At 

sizes in the 3 – 8 nm range, the pores of the materials used in this work are at the lower 

limit (see also Table 3-3). The surface area of T100 is more than double the surface area 

of Degussa P25 TiO2 suggesting that the sol-gel process produced a high surface area 

material. However, based on the large pore volumes generated, a significant amount of 

the additional surface area is associated with pores. In contrast to the remaining sol-gel 

synthesized materials, T100 has a relatively narrow pore size distribution range. The 
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Table 3-3.  Surface area and pore characteristics of commercial and synthesized 
particles 

*Calculated from BJH desorption  
  

distribution shows a range of pores from 2 to 6 nm with the greatest number of pores at 

about 4 nm. These small pores are consistent with the TEM morphology, which suggests 

that these are intra-nanoparticle pores. 

Similar results were observed with respect to the surface area of the synthesized 

versus commercial alumina where the surface area is almost tripled for the A100 particles 

relative to the NanoAlumina. Both the NanoAlumina and the A100 particles had about 10 

percent microporosity and a broad mesoporus pore size distribution. The similarities in 

the isotherm hysteresis between the two particles is somewhat surprising given that the 

SEM images show very different morphologies of the particles. 

The mixed sol-gel materials also exhibit wide pore size distributions. This 

indicates that the addition of aluminum oxides causes the individual pores to become 

larger and to have a greater range of pore sizes. Additionally, both A68T32 and A90T10 

have high specific surface areas at 286 and 367 m2/g, respectively. It is expected that the 

A100 sol-gel material would have had the highest surface area. However, it has a slightly 

Material Surface Area 
(m2/g) 

Micropore 
Surface Area 

(%) 

Pore Volume 
(cm3/g)* 

Average Pore 
 Radius  
(nm)* 

Degussa P25 TiO2 42.3 0 - - 
NanoAlumina 119 12 0.359 4.04 

T100 106 0 0.253 3.72 
A68T32 286 0 0.999 6.55 
A90T10 367 3.5 1.363 6.56 

A100 310 9.3 1.393 7.73 
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lower surface area than the A90T10 material. The same trend was shown by Jung et al. 

(2008), where the pure alumina particles had lower surface area compared to material 

with 90% alumina content. In that case, the cause was attributed to the pure alumina 

lacking a well-developed porous structure. In this work, the difference appears to be 

caused by the smaller particles of the A90 material as shown in the SEM micrographs as 

the pore volumes for A90 and A100 are almost identical, but the average pore radius is 

larger for the A100. The pore volume for A68T32 lies within the pore volumes for the 

two end members as expected. 
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Figure 3-8.  BET isotherm (top) and pore size distribution (bottom) for Degussa P25 

TiO2.  
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Figure 3-9.  BET isotherm (top) and pore size distribution (bottom) for T100 particles.  
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Figure 3-10.  BET isotherm (top) and pore size distribution (bottom) for NanoAlumina.  
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Figure 3-11.  BET isotherm (top) and pore size distribution (bottom) for A100 particles.  



 56 

 
Figure 3-12.  BET isotherm (top) and pore size distribution (bottom) for A90T10 

particles. 
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Figure 3-13.  BET isotherm (top) and pore size distribution (bottom) for A68T32 

particles.  
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Zeta-Potential 

Zeta potential measurements provide information about the surface charge of 

colloid systems as a function of pH. The isoelectric point, or point of zero charge (pHpzc) 

determined from Figure 3-15 is approximately 6.1 for TiO2. This value is in agreement 

with the range of 4.3 - 6.8 found in the literature (Liu et al. 2012, Su et al. 2004). The 

higher isoelectric point of 8.8 for the aluminum oxide is also in agreement with the range 

of 7 - 9 found in literature for γ-Al2O3 (Moreau et al. 2013). 

The measured zeta potentials of the sol-gel synthesized materials presented in 

Figure 3-15 indicates that the isoelectric points of the materials vary between 6.5 and 9.0. 

The isoelectric point of the T100 material, while still within the range reported in the 

literature, has a slightly larger value than that of the Degussa P25 TiO2. This higher value 

is attributed to the fact that the materials have different crystallinity, that is, Degussa P25 

TiO2 is a mixture of anatase and rutile, while the T100 material is 100% anatase. 

Kosmulski (2002) did, in fact, find that anatase has a higher pHpzc than rutile. The pHpzc of 

the remaining materials lies between 7 and 8, which again agrees with the literature. The 

pHpzc of A68T32 being lower than the other two materials is evident of the mixed phase. 

The A90T10 material though, has a pHPZC higher than that of the A100 material. 

However, both fall within the range expected for γ-Al2O3.  
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Figure 3-14. Zeta potential curve of Degussa P25 TiO2 and NanoAlumina powder. 
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Figure 3-15.  Zeta potential curve for sol-gel synthesized materials. 
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Optical Properties 

The optical properties of the particles were determined by UV-vis DRS. UV-Vis 

absorption spectra of the sol-gel synthesized particles is shown in Figure 3-16, along with 

the NanoAlumina and Degussa P25 TiO2 reference particles. It is evident from the plot 

that materials with similar compositions have similar spectra. Namely, A100 and 

NanoAlumina absorb approximately the same amount of light in this region. Conversely, 

T100 and Degussa P25 TiO2 absorb a significant amount of light in the 300 – 350 nm 

range, a dip occurs at approximately 350 nm, and at 365 nm a peak in absorption occurs 

before dropping off again into the visible portion of the spectrum. The mixed oxides, A68 

and A90, have character similar to the spectra of titania materials, showing that there is 

absorption in the UV range. However, the peak at 365 is less defined compared to the 

titania materials.  

The band gap of semiconductors can be determined using Eq. 3-2 : 

 
𝐸! =

hc
λ!

 Eq. 3-2 
 

For which the band gap energy is Eg in Joules (1 eV equals 1.6 x 10-19 J) h is Planck’s 

constant- 6.626 x 10-34
 J-s, c is the speed of light- 3.0 x 108 m/s, and λg is the wavelength 

value corresponding to the intersection point of the vertical and horizontal parts of the 

UV-vis DRS spectra (Fu et al. 2012). As displayed in Figure 3-16, λg for Degussa P25 is 

410 nm, which corresponds to a band gap energy of 3.03 eV.  This band gap energy for 

Degussa P25 TiO2 is lower than the commonly reported value of 3.2 eV. However, 

similar results in the 3.02 eV to 3.03 eV range were reported by Al-Rasheed and Cardin 
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(2003) and (Hsien et al. 2001). Band gap values for the other materials are presented in 

Table 3-4. 

 

Figure 3-16.  UV-DRS of NanoAlumina, Degussa P25 TiO2 and sol-gel synthesized 
particles. 

 
Table 3-4.  Band gap energy of materials as determined by UV-vis DRS. 
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Degussa P25 TiO2 3.03 
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Aluminum oxide is a known insulator, having a large band gap (7.6 eV (Filatova 

and Konashuk 2015)). It has no band gap in the UV-visible region, indicating that it does 

not absorb light at the relevant conditions. Therefore, it does not contribute to the 

photocatalytic activity. T100 has a slightly higher energy at 3.09 eV than Degussa P25, 

likely due to T100 being pure anatase, which is reported to have a higher band gap than 

rutile; Degussa P25 contains about 20% rutile (Soylu et al. 2014).  

As the alumina content increases in the material, the band gap increases, with the 

A90 material having a band gap of 3.27 eV. Since titania is the material responsible for 

absorbing the light, reducing the amount of titania in the particles demands a higher 

energy requirement to achieve the same absorption as pure titania, and therefore, a larger 

band gap. This phenomena was also witnessed by Fu et al. (2012) and Soylu et al. (2014), 

where the increased Al2O3 content resulted in an increased band gap for V2O5 and TiO2, 

respectively. It might be expected then, that reducing the ability of TiO2 to absorb light 

would lead to lowered creation of hydroxyl radicals, which are necessary to make 

photocatalysis effective.  

CONCLUSIONS  

Aggregated nanoparticles of alumina-titania mixed oxides were successfully 

synthesized using sol-gel methods. By varying the concentrations of precursors in the 

synthesis solution, the composition was controlled. The characterization of the particles 

provides an indication of how the materials will perform as adsorbents and as 

photocatalysts. First, the sol-gel synthesized particles are mixtures of anatase TiO2 and γ-
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Al2O3. Due to the presence of the γ-Al2O3 the mixed particles have much higher surface 

areas than Degussa P25 TiO2 and larger pore size distributions with pores predominantly 

in the mesoporous range. This fact, along with the change in the zeta-potential could 

mean more adsorption of target contaminants for the mixtures, especially those that are 

negatively charged around pH 8 where the photocatalyst experiments were performed 

(Chapters 4 and 5). The addition of alumina means that the anatase phase may be more 

stable and could replace the rutile that is normally present with anatase in commercially 

used Degussa P25 TiO2 solids. The rutile acts to prevent the recombination of 

photogenerated electrons and holes. It is possible that the incorporated alumina could 

serve the same purpose to allow more hydroxyl radicals to be created. On the other hand, 

the introduction of alumina causes the particles to become more amorphous which 

implies fewer opportunities for hydroxyl radical generation. And lastly, there is a change 

in the band gap with the addition of alumina, requiring more light energy as the 

aluminum oxide content increases. Many of the potential positive attributes created with 

the sol-gel materials are related to sorption, and since enhanced sorption is the goal of 

this work, it is desired that these aspects outweigh the potential disadvantages to 

ultimately achieve effective photocatalysis.  
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Chapter Four: The Effect of Sol-Gel Synthesized Titanium Dioxide 
on the Photocatalysis of Ciprofloxacin 

INTRODUCTION 

The presence of pharmaceuticals in natural water systems throughout the world is 

a growing concern as they have the potential to negatively impact aquatic life and human 

health (Daughton and Ternes 1999). Traditional treatment facilities are not designed to 

remove these xenobiotic compounds, thereby allowing them to pass through treatment 

plants and persist in the environment.  

Ciprofloxacin, in particular, has been detected regularly in drinking water and 

wastewater effluents (Kolpin et al. 2002). It is a commonly used fluoroquinolone 

antibiotic for treatment of infections caused by gastrointestinal pathogens, ear infections, 

and anthrax infections. It is also a primary degradation product of enrofloxacin, which is 

used in aquaculture and agricultural applications (Cardoza et al. 2005). 

Though ciprofloxacin is susceptible to photodegradation in surface waters, the 

presence of natural organic matter has been shown to impede the rate by binding it and 

rendering it inaccessible to photons (Belden et al. 2007, Cardoza et al. 2005). Advanced 

oxidation processes have emerged as promising technologies to treat organic 

contaminants like dyes and pharmaceuticals. Advanced oxidation processes (AOPs), such 

as photocatalysis, have proven to be a viable means to treat both contaminated water and 

air (Dalrymple et al. 2007, Hoffmann et al. 1995).  Photocatalysis creates reactive oxygen 

species, (ROS), mainly hydroxyl radicals, that are strong oxidizing agents. Many 

semiconductors can be used as the photocatalyst for this application, including tin oxide 
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(SnO2) and zinc oxide (ZnO), but TiO2 is the most common due to its low cost, high 

stability, and nontoxicity (Fujishima et al. 2000). These qualities make photocatalysis 

with TiO2 an attractive option to remove pharmaceuticals such as ciprofloxacin. The 

reactivity of TiO2 is also highly dependent on the mineral forms present and any attempt 

to improve its photocatalytic performance requires an understanding of its chemistry. A 

number of researchers have already studied the kinetics of ciprofloxacin photocatalytic 

degradation with the commonly used and commercially available Degussa P25 TiO2 

(Paul et al. 2010, Van Doorslaer et al. 2011), concluding that photocatalysis is influenced 

by the pH of the aqueous solution and the energy of the irradiated light. Thus, Degussa 

P25 TiO2 commonly serves as a baseline for comparison of other TiO2 based materials.  

Titanium dioxide exists naturally in three forms: anatase, rutile, and brookite. 

Anatase has been proven to be the most photoreactive of the three, with a wide band gap 

at 3.2 eV (Hoffmann et al. 1995). The reaction steps for TiO2 photocatalysis are presented 

in Equations 4-1 through 4-7. Upon illumination with energy larger than the band gap (λ 

< 388 nm for TiO2), an electron is excited from the conduction band to the valence band 

of the semiconductor, producing electron (e-)–hole (h+) pairs (Eq. 4-1). The positively 

charged holes within the conduction band can oxidize surface adsorbed water and 

hydroxide molecules to create hydroxyl radicals (Eq. 4-2) that proceed to oxidize the 

organic compound(s) (Eq. 4-3). Meanwhile, the electron reacts with oxygen gas to 

produce a superoxide radical, and through a series of reactions (Eq. 4-4 to Eq. 4-6) can 

generate more hydroxyl radicals. Hydroxyl radicals are very reactive and nonselective, 
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thereby making this method an attractive treatment option for a range of organic 

contaminants. 

 

 TiO2 + hν → e-CB + h+VB Eq. 4-1 

 h+VB + 𝑂𝐻! → 𝑂𝐻∙ Eq. 4-2 
 

 𝑂𝐻∙ + 𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡 → 𝑂𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 Eq. 4-3 
 

 e-CB + 𝑂! → 𝑂!∙! + 𝐻! → 𝐻𝑂!∙  Eq. 4-4 
 

 𝐻𝑂!∙ + 𝐻𝑂!∙ → 𝐻!𝑂! + 𝑂! Eq. 4-5 
 

 𝐻!𝑂! + 𝑂!∙! → 𝑂𝐻∙ + 𝑂𝐻! + 𝑂! Eq. 4-6 
 

 e-CB + h+VB → TiO2 → 𝑅𝑒𝑐𝑜𝑚𝑏𝑖𝑛𝑎𝑡𝑖𝑜𝑛 Eq. 4-7 
 

The last step in the reaction process (Eq. 4-7), recombination, is undesired, as the 

electron (e-)–hole (h+) pairs are not accessible for producing ROS. Therefore, the 

photocatalytic reaction is hindered when Eq. 4-7 proceeds. Degussa P25 TiO2 is designed 

to prevent recombination by mixing rutile with the photoactive anatase (reported as 

between 20 to 30% anatase). 

Adsorption of fluoroquinolones (FQs) to TiO2 has been minimally addressed but 

it has been determined that pH is a major influence (Van Doorslaer et al. 2011), as both 

the FQ and the solid are affected by the pH of the aqueous environment. Moreover, 

adsorption of ciprofloxacin and other zwitterionic pharmaceuticals has been studied on 

other oxide minerals and clays, where the importance of pH was demonstrated (Figueroa-

Diva et al. 2010, Gu and Karthikeyan 2005); the maximum adsorption was a function of 

both the point of zero charge of the mineral and the pKas of the compound.  
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Ciprofloxacin has two dissociable hydrogens at approximate pKa values of 6.1 from the 

carboxylic group and 8.7 from the amine group (Figure 4-1). The pH of the point of zero 

charge (pHPZC) for titanium dioxides varies but is typically in the pH 4.3 – 6.8 range.  For 

example, in this research a pHPZC of 6.1 was determined for Degussa P25 TiO2 and a 

value of 6.7 was measured for T100 (Chapter 3).  Therefore, the surface has a net positive 

charge below pH 6– 6.7 and a net negative charge above pH 6 – 6.7. Thus, the adsorption 

of ciprofloxacin species (cation, zwitterion and anion) will vary depending on the pH of 

the solution, with maximum adsorption expected at pH values below (or near) the pHPZC 

and above pKa1 where the surface is positively charged and the carboxylic group is 

deprotonated.   

The photocatalyst Degussa P25 TiO2 has a relatively low surface area and low 

porosity, limiting its ability to adsorb, especially for negatively charged species at 

circumneutral pH values and higher. This issue can be resolved by preparing high surface 

area TiO2 using synthesis procedures, such as the sol-gel process. Sol-gel synthesis of 

metal oxides has been investigated as a means to produce high surface area powders, 

coatings, and films as the structural and textural properties can be controlled (López-

Granada et al. 2013). Nanoparticles consisting of pure TiO2 were synthesized via the sol-

gel method (described in Chapter 3), and it was possible to increase the surface area by a 

factor of three compared to Degussa P25 TiO2. Not only was the crystallite size of the 

anatase reduced from 23.8 nm for Degussa P25 to 11.9 nm for the synthesized material 

(T100), a significant amount of the increase in surface area was due to the creation of 

pores in the structure. 
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Figure 4-1.  a.) Ciprofloxacin structure and b.) speciation as a function of pH. 
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nanoparticle could increase the extent of adsorption and improve the removal of the 

pharmaceutical ciprofloxacin. Specifically, the adsorptive behavior and kinetics of 

photocatalytic oxidation with Degussa P25 TiO2 and a sol-gel synthesized TiO2 (Chapter 
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APPROACH, MATERIALS AND METHODS 

The experimental approach was designed to evaluate adsorption and 

photocatalysis of TiO2. The adsorptive performance of Degussa P25 TiO2 with 

ciprofloxacin was investigated under varying pH conditions so that the mechanism of 

adsorption could be confirmed, and the effect of pH on adsorption could be evaluated at 

environmentally relevant concentrations.  Adsorption of the sol-gel synthesized TiO2 was 

then evaluated at pH 8 to provide a comparison between the two materials.  Both 

materials were then used in ciprofloxacin photocatalysis experiments with ultraviolet 

light to compare the kinetics of oxidation between the two materials. Photolysis was also 

conducted to provide a baseline for comparing the impact of the materials on degradation 

of ciprofloxacin. The hydroxyl radical exposure that was generated during photocatalysis 

was quantified with pCBA for Degussa P25 at three pH values to estimate the impact of 

pH on photocatalysis.  

Chemicals 
Ciprofloxacin was purchased from VWR (Radnor, PA) in white powder form and 

stored in a desiccator in a 4 °C, dark environment. Stock solutions of 100 mg/L were 

prepared by dissolving in 0.01 M hydrochloric acid and further diluting in DI water to 

make 10 mg/L working solutions. Stock solutions and working solutions were made fresh 

every three months and one month, respectively. Solutions were kept in amber vials and 

stored at 4 °C in a dark environment. To monitor hydroxyl radical formation in the 



 71 

reactors, para-chlorobenzoic acid (pCBA, Acros Organics, 99%) stock solutions 

(400 μM) were made in deionized water and stored in the dark at 4°C. 

Sorbents 

Titanium Dioxide 

Degussa P25 TiO2 was supplied by Degussa Corporation (now Evonik, Canada) 

and kept in a dark, cool environment. Degussa P25 TiO2 is a mixed phase nanophase 

material (mean particle size = 24 nm, Table 3-2) that is composed of approximately 80% 

anatase and 20% rutile and has a specific surface area of 42.3 m2/g (as measured by BET 

analysis- details in Chapter 3). The method for sol-gel synthesis of the pure titanium 

dioxide was adapted from Lee et al. (2013). Briefly, titanium tetraisopropoxide (TTIP) 

(Aldrich) was added to an aqueous solution of n-butanol at a molar ratio of alkoxide/n-

butanol/water at 1/3/8. The sol–gel was maintained under reflux at 70 - 80 °C for 4 h. The 

solvent was then evaporated on a hot plate at 80 °C and ground with mortar and pestle. 

Afterward, the solid was annealed at 500 °C for 4 h using a heating rate of 4 °C/min. The 

sol-gel titanium dioxide is denoted T100. 

Equipment 

pH measurements were monitored with a PHM 290 pH-stat (Radiometer 

Copenhagen) and calibrated before use with three standard buffers (pH 4.0, 7.0, and 

10.0). For adsorption experiments, pH measurements were taken before and after 

experimentation at ambient temperature. 
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To maintain constant pH conditions during photolytic and photocatalytic 

experimentation, the above-referenced pH-stat was used, along with Radiometer 

Analytical ABU 901 autoburette equipped with a 2-mL dispenser to inject 0.01 M NaOH 

(prepared with reagent grade anhydrous pellets, ≥98%) and 0.01 M HCl (prepared from 

reagent grade concentrated solution, 37%) into the reactor. 

All photolysis and photocatalytic experiments were conducted using a UV Pen-

Ray® lamp with a main peak at 365 nm (300-400 nm spectral output). The intensity was 

145 µW/cm2 and the length of the illuminated portion of the lamp was 57.2 mm and 

outside diameter of 9.5 mm. 

Adsorption Experiments 

Adsorption isotherms for ciprofloxacin and Degussa P25 TiO2 were constructed at 

each pH level between 4 and 10 using the following buffers: acetate (pH= 4 – 6), 1,4-

Piperazinediethanesulfonic acid (PIPES) (pH= 7), and 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) (pH = 8), and 2-Amino-2-hydroxymethyl-propane-1,3-

diol (Tris) (pH= 9 – 10). For T100, an isotherm was developed solely at pH 8. Potassium 

nitrate (KNO3) at 10 mM was used to set the ionic strength. For low-level ciprofloxacin 

concentrations, solids were added to amber vials and pre-wet overnight with 10 mL of the 

buffer solution. The appropriate amount of ciprofloxacin working solution was added to 

each vial to give an initial concentration of 100 μg/L. Some isotherm experiments were 

conducted by varying the ciprofloxacin concentrations (50 to 10,000 µg/L) with a 

constant 2 g/L solid loading. The vials were then rotated end-over-end for 24 hours to 
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achieve equilibration. Preliminary experiments showed that 24 hours was sufficient for 

equilibrium. Samples were filtered using 0.22 µm PVDF syringe filters for preparation of 

HPLC analysis. Controls (no solid) were also prepared using the above-referenced 

procedure to ensure minimal losses to glass tubes and other reactions occurring in 

solution. Results from control experiments indicate that there were no significant losses 

of sorption due to glassware (recoveries greater than 95%).  

 The linear sorption coefficient (KD in L/kg and KD’ in L/m2) was calculated for 

low concentration (low Ce) data using the following equation: 

 𝐾! =
𝑞!
𝐶!

 Eq. 4-8 
 

 

where Ce (µg/L) is the equilibrium aqueous concentration of ciprofloxacin, and qe (µg/g 

and µg/m2) is the amount of ciprofloxacin sorbed per unit of solid material, which was 

determined by:  

 
𝑞! =

𝐶! − 𝐶!
S  Eq. 4-9 

 

where Co (µg/L) is the initial aqueous concentration of ciprofloxacin, and S is the solids 

concentration (g/L). Langmuir model parameters KL (L/kg) and qmax (ug/kg) were 

determined by non-linear regression of qe and Ce for extended ranges of Ce (beyond the 

linear region): 

 
𝑞! =

𝑞!"#𝐾!𝐶!
1+ 𝐾!𝐶!

 Eq. 4-10 
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Photolytic and Photocatalytic Experiments 

A representation of the batch reactor for the photolysis and photocatalysis 

experiments is shown in Figure 4-2. A 300-mL capacity Pyrex vessel was utilized as the 

batch reactor (d = 6.8 cm, h = 11 cm), and a Plexiglas cover contained openings for 

addition of O2 gas, titrant dispenser, and the pH probe. An additional port was used for 

sample retrieval. A quartz well that houses the UV lamp fits inside of the vessel (d = 1.3 

cm). The reactor was setup using an initial volume of 200 mL and an initial aqueous 

ciprofloxacin concentration of either 100 µg/L or 1,000 µg/L. The TiO2 loading in most 

experiments was 0.25 g/L. Ionic strength (10 mM KNO3) was added to each experiment. 

Photolytic experiments were adjusted to the desired pH and exposed to UV light for 15 

minutes with samples retrieved approximately every 2.5 min. Dark control experiments 

conducted over a period of one hour resulted in a loss of less than 1%. For the 

photocatalytic experiments, reaction solutions were equilibrated for 24 hours with 

periodic pH adjustment to pre-adsorb ciprofloxacin. Before the solutions were exposed to 

UV light, oxygen was bubbled and the pH was readjusted to the desired value. After 

another 30 minutes of equilibration time, the solutions were exposed to UV light and 5-

mL samples were retrieved. All photocatalytic reactions were separated into an aqueous 

rate experiment, where samples were simply filtered with 0.22 µm polyvinylidene 

difluoride (PVDF) syringe filters before analysis, and a reactor rate experiment, where 

both the aqueous and sorbed ciprofoxacin were recovered and analyzed by extracting the 

sorbed ciprofloxacin remaining at each time step with NaOH. For the samples from the 

total system experiment, there was a 24-hour extraction time to maximize recovery of the 
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remaining ciprofloxacin from solution. An aliquot was filtered and analyzed to determine 

the ciprofloxacin concentration. Recovery from control samples that were not exposed to 

light was at least 93% from Degussa P25 and between 68 – 79% from T100. 

 

Figure 4-2.  Batch Reactor. Cap (left) and Inside of Reactor (right). 

Hydroxyl Radical Quantification 

To determine the production of hydroxyl radicals from Degussa P25 TiO2, batch 

photocatalytic experiments were conducted using the same method as described above, 

with para-chlorobenzoic acid (pCBA) as a radical scavenger. The properties of pCBA are 

shown in Table 4-1. The experiment was conducted at pH 5, 8, and 10, and the initial 

pCBA concentration was 10 mM (Daoud 2013). 

The change in pCBA concentration can be used to solve for the hydroxyl radical 

exposure by utilizing the relationship shown in Eq. 4-11.  
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𝑑[𝑝𝐶𝐵𝐴]
𝑑𝑡 = 𝑘!!!"",!"∙ 𝐻𝑂 ∙ [𝑝𝐶𝐵𝐴] Eq. 4-11 

Integration with respect to time yields 

ln 
[𝑝𝐶𝐵𝐴]
[𝑝𝐶𝐵𝐴]!

= −𝑘!!!"",!"∙ 𝐻𝑂 ∙ 𝑑𝑡
!

!
 Eq. 4-12 

and the hydroxyl radical exposure, 𝐻𝑂 ∙!
!  can be determined.  

Quantitative Analysis 

Ciprofloxacin was measured by high performance liquid chromatography (HPLC; 

Water 2795, Waters Corporation, Milford, MA) equipped with a fluorescence detector 

(FLD); a Phenomenex (Torrence, CA) Luna 5u C18(2) (250 x 4.6mm, 5µm) column was 

utilized for analyte separation. Fifty microliter aliquots were directly injected into the 

HPLC via autosampler. This analytical method is based on the procedure developed by 

Golet et al. (2001), but several changes were made to optimize the response of the 

instrument. The eluent gradient was 7% acetonitrile (ACN), 93% 25-mM H3PO4 for 2 

min; 3 min ramp to 12% ACN, 88% 25-mM H3PO4; 2 min ramp to 15% ACN, 85% 25-

mM H3PO4; 3 min ramp to 20% ACN, 80% 25-mM H3PO4; 10 min isocratic. The flow 

rate was 0.7 mL/min, and the column temperature was set at 40 °C. Excitation and 

emission wavelengths were set at 278 nm and 445 nm, respectively. Under the HPLC 

conditions, ciprofloxacin eluted at 12.2 minutes. The minimum detection limit was 1 

µg/L. LC-MS grade methanol and the 25 mM phosphate buffer, discussed above for 

ciprofloxacin analysis, were employed for HPLC analysis of pCBA (Table 4-1). The 

hydroxyl radical probe compound, pCBA, was measured at 234 nm using an HPLC 



 77 

(Waters Corporation) with PDA. HPLC separation was achieved with a C18 column 

(Sonoma C18(2), 3µ 100 A). The eluent, 60% MeOH, 40% 25-mM H3PO4, was pumped 

at a constant flow rate (0.5 mL/min). pCBA was eluted after 5.35 minutes. 

Table 4-1.  Properties of pCBA 

Chemical Property pCBA 
Chemical Formula C7H5ClO2 

Molecular Weight (g/mol) 156.57 

kOH (M-1s-1) 5 x 109 

(Elovitz and von Gunten 1999) 

Structure 

 
 

RESULTS AND DISCUSSION 

Adsorption and photocatalysis of ciprofloxacin are both highly dependent on pH 

and the surface characteristics of the media. The surface properties of the two 

photocatalysts studied in this research are discussed in Chapter 3. A summary of several 

of the parameters presented in Chapter 3 is also provided in Table 4-2. As shown in the 

table, Degussa P25 TiO2 has larger crystals and is made of anatase and rutile phases of 

TiO2, while T100 is pure anatase. The surface area of T100 is more than twice that of 

Degussa P25 TiO2 and has a larger average pore size. The point of zero charge of T100 is 

higher than for Degussa P25.  
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Table 4-2.  Summary of surface properties of Degussa P25 TiO2 and T100 (sol-gel 
synthesized TiO2). 

Property Degussa P25 TiO2 T100 
Phase 80%Anatase/20%Rutile  Anatase 
Surface Area (m2/g) 42.3 106 
Average Pore Radius (nm) - 4.04 
pHPZC 6.1 6.7 
Average Crystallite Size (nm) 23.2 11.9 
Band gap (eV) 3.03 3.09 

Adsorption of Ciprofloxacin  

Effect of pH 

Previous research examining ciprofloxacin adsorption to hydrous aluminum and 

hydrous iron oxides showed that the extent of adsorption (measured by KD) was 

dependent on the ciprofloxacin charge, and the zwitterion exhibited the highest KD values 

(Gu and Karthikeyan 2005). At low pH, adsorption increased with increasing pH as the 

fraction of molecules with a deprotonated carboxylic group increased (pKa1 = 6.2).  At a 

pH of approximately 7, both the zwitterion fraction and adsorption reached a maximum. 

At higher pH values (pH 7 to pH 9.5), the KD values decreased with increasing pH likely 

due to the decrease in surface charge of the metal oxides (pHpzc = 9.5 for HAO and 8.7 for 

HFO) as well as the speciation of the ciprofloxacin.  As shown in Figure 4-3a, sorption of 

100 µg/L ciprofloxacin to 6 g/L of Degussa P25 TiO2 is also highly pH dependent over 

the range studied. Sorption initially increased with increasing pH and reached a peak at 

approximately pH 5, achieving 86.6% removal, then decreased at higher pH values for 

the conditions studied. The plot shows that the sorption to TiO2 mimics the shape of the 

zwitterion fraction of ciprofloxacin, but not the location with respect to pH, as was the 
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case for ciprofloxacin sorption to hydrous aluminum oxide and hydrous ferric oxide (Gu 

and Karthikeyan 2005). This difference is due to the significantly lower pHPZC of the 

TiO2. Indeed, the maximum sorption for ciprofloxacin occurs close to the pHPZC of the 

Degussa TiO2 of 6.1. The decrease in adsorption above the pH 5-6 range is consistent 

with the negative surface charge of the TiO2 surface in the pH range.   

A similar pH dependency was shown by Paul et al. (2012) for the sorption of 

ofloxacin (a fluoroquinolone compound with pKa values comparable to to ciprofloxacin) 

to TiO2 (Figure 4-3b). These researchers were able to successfully model adsorption to 

the TiO2 surface by using a surface complexation model to describe the reactions between 

the surface and the carboxylate group of the ciprofloxacin. Van Wieren et al. (2012) 

indicates that the carboxylate anion is attracted to the positively charged titanium dioxide 

surface. Additionally, the sorption is enhanced by the repulsion of the protonated 

piperazinyl ring from the positively charged surface, thereby enhancing surface 

complexation (Van Wieren et al. 2012). Paul et al. (2012) employed a tridentate surface 

complex for ofloxacin adsorption to TiO2 in which both oxygens from the carboxylate 

group exchange surface (hydr)oxide ligands from neighboring TiOH2
+0.5 groups to form 

inner- sphere  coordination complexes, and a third TiOH2
+0.5 surface site donates an H-

bond to the quinoline ring carbonyl oxygen. The involvement of the oxygen from the 

carbonyl explains why there would be a significant contribution from the protonated 

piperazinyl ring.  

This formation of inner sphere complexes has implications for the photocatalysis 

of fluoroquinolones as it forms a red-shifted band. The red shift indicates that TiO2 is 
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now able to become photoexcited by photons with energies lower than the 2.9 to 3.2 eV 

necessary for the unassociated TiO2, specifically visible light (Figure 4-4). 

  

 
Figure 4-3. Fluoroquinolone adsorption as a function of pH. (a.) Adsorption Edge for 

Ciprofloxacin on Degussa P25 TiO2. Experimental Conditions: 
Ciprofloxacin Initial Concentration = 100 µg/L and 1 mg/L, Solid 
Concentration = 250 m2/L (6 g/L), Ionic Strength = 10 mM with KNO3. 
(b.) Adsorption Edge of Ofloxacin onto Anatase TiO2 from (Paul et al. 
2012). Ciprofloxacin Concentrations = 20 µM (6.6 mg/L), 100 µM (33.1 
mg/L), and 500 µM (165 mg/L), Solid Concentration = 0.5 g/L (145 m2/L) 
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This ability to absorb visible light is promising for developing sustainable systems that 

will be able to utilize solar light for treatment. For the system investigated in this work, it 

signifies that the full spectral output of the UV lamp was utilized for photoexcitation. 

 
Figure 4-4.  Illustration of band energy distribution of TiO2 without FQ sorbed (left) 

and  FQ-sorbed TiO2 (right).  3.2 eV is frequently reported as the band gap 
of Degussa P25. 

 

Isotherms 

The effect of pH can also be seen by examining adsorption isotherms at controlled 

pH values for ciprofloxacin adsorption to TiO2 (Figure 4-5). Within the Ce range of 

environmentally relevant samples, below 100 µg/L, the isotherms appear linear and a 

linear sorption coefficient can be applied to describe the isotherms in the range.  Table 

4-3 confirms that the KD increases as the pH increases, reaches a peak of 1049 L/kg at pH 

5, and then decreases to 10.7 L/kg at pH 9. The KD at pH 5 is comparable to that achieved 

by ofloxacin adsorption to anatase TiO2 at pH 6, 1288 L/kg (Van Wieren et al. 2012), 

which is not surprising given the similarites between the structure of the molecules and 

the pKas of the two compounds.  
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Table 4-3.  Distribution coefficients for the linear portion of adsorption isotherms 
with ciprofloxacin to Degussa P25 TiO2

 and T100. Errors represent 95% 
confidence intervals. 

pH KD (L/kg) KD
’ (10-3 L/m2) KD (L/kg) KD

’ (10-3 L/m2) 
 Degussa P25 TiO2 T100 
4 152.4 ± 7.6 3.6 ± 0.18   
5 1048.7 ± 44.4 24.8 ± 1.05   
6 860.3 ± 22.4 20.3 ± 0.53   
7 332.5 ± 11.8 7.9 ± 0.28   
8 95.5 ± 7.6 2.3 ± 0.18 286.7 ± 10.62 2.7 ± 0.10 
9 10.7 ± 2.5 0.3 ± 0.06   

 

 

 
Figure 4-5.  Adsorption isotherms for ciprofloxacin onto Degussa P25 TiO2 over a 

range of pH values along with linear fits to the data. Initial ciprofloxacin 
concentration was 100 µg/L. I = 10 mM. All R2 values are greater than 
0.97. 

 

While the development of a surface complexation model to describe adsorption of 

ciprofloxacin to TiO2 is possible (and has been done for ofloxacin), a number of 



 83 

researchers have utilized more simplistic empirical approaches when the isotherm 

behavior is linear within environmentally relevant ranges and the pH is controlled. 

Langmuir (1997) demonstrated for metal cations that log KD values for sorption on 

hydrous ferric oxide were linearly related to pH. For example, he developed an empirical 

equation, log KD = -5.48 + 1.77pH, for sorption of zinc to hydrous ferric oxide, and 

recently a relationship for copper onto a porous iron oxide was developed as log KD 

= -2.76 + 1.17pH (Barrett 2014). However, a plot of log KD vs pH would not be linear 

across the pH range for ciprofloxacin as adsorption is a function of both the pHPZC and the 

pKas of ciprofloxacin (Figure 4-6). 

Gu and Karthikeyan (2005) were able to empirically model an overall KD value 

for ciprofloxacin by using a combination of individual KD values for each of the charged 

and zwitterion species multiplied by the fraction of each species present at each pH. This 

was only possible because of the high pHPZC of both HAO and HFO; the oxide surface 

was positive through most of the pH range. Moreover, the assumption of having different 

contributions of cation, zwitterion and anion species is not consistent with the surface 

complexation framework in which speciation is explicitly incorporated by aqueous and 

surface complexation and acid/base reactions. Nevertheless, the utility of a simple 

description of isotherm behavior, especially within the linear region of sorption is 

appealing.  
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Figure 4-6.  Log KD as a function of pH for the adsorption of ciprofloxacin onto 

Degussa P25 TiO2. 

 

The adsorption isotherm of ciprofloxacin to the sol-gel synthesized titanium 

dioxide, T100, at pH 8 is plotted in Figure 4-7 and fit to both a linear isotherm and 

Langmuir isotherm, using non-linear regression. The linear regression results in a KD 

value of 4x10-3
 L/m2. Regression of the Langmuir isotherm in Figure 4-7 yields KL = 

1.9x10-4 L/µg and qmax = 22.6 µg/m2. At the upper end of the T100, pH 8 isotherm where 

Ce = 1,000 µg/L, KLCe = 0.19 indicating that linearity cannot be assumed. In contrast, the 

assumption of linearity is appropriate for low Ce values and the linear model can be 

utilized. 
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Figure 4-7.  Adsorption isotherm for ciprofloxacin onto T100 at pH 8 values along 

with Langmuir and linear isotherm model fits to the data. Initial 
ciprofloxacin concentration was 50 - 2000 µg/L. I = 10 mM. 

 

Table 4-3 provides the KD values on a per kilogram and per meter squared basis 

for the linear range of the T100 isotherm as well as the Degussa P25 TiO2 isotherm. 

Comparing the materials at pH 8, it is evident that the two TiO2 samples have comparable 

KD’ values on a per meter squared basis. This similarity is not surprising since both 

materials are titanium dioxide. Furthermore, the KD’ value for T100 is approximately 

17% greater than the KD’ of Degussa P25 TiO2. This difference may be explained by the 

phase composition of the materials. As shown by the XRD data in Chapter 3, Degussa 

P25 is a combination of rutile (approximately 20 percent) and anatase (approximately 80 

percent) while the sol-gel synthesized titania, T100, is pure anatase. The lower pHPZC of 
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rutile reported as 5.4 versus that of anatase at 5.9 indicates that rutile would absorb less at 

a higher pH (Kosmulski 2002). 

Photodegradation of Ciprofloxacin 

Photolysis 

It is well documented that ciprofloxacin, along with many other pharmaceuticals, 

are subject to photolytic degradation in natural systems with half-lives on the order of 1–

2 hours (Belden et al. 2007, Cardoza et al. 2005, Lam et al. 2003). To understand the 

improved ciprofloxacin degradation performance that photocatalysis has over photolysis, 

batch solutions of ciprofloxacin were exposed to UVA light at 365 nm at pH 6 and pH 8. 

The two pH values were chosen to determine the rates of photolytic degradation at 

environmentally relevant conditions. The kinetic data for these experiments is presented 

in Table 4-4 and plotted in Figure 4-8. Typical rate constants for the photolytic 

degradation of ciprofloxacin reported by other researchers at varying pH conditions are 

also shown in the table.  

For both pH 6 and pH 8, ciprofloxacin degradation can be described by a pseudo-

first-order rate law. Therefore, the half-life, t1/2, can be calculated as 

𝑡!/! =
0.693
𝑘  Eq. 4-13 

where k is the pseudo-first-order rate constant. The rate constants and corresponding half-

lives are presented in Table 4-4. It is clear that there is a pH dependence on the rate of 

photolytic oxidation of ciprofloxacin. This dependence has been reported by other studies 
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for fluoroquinolones as a class (Langlois et al. 2005, Van Doorslaer et al. 2011). 

Ciprofloxacin degrades almost twice as fast at pH 8 (k = 0.075 min-1, t1/2 = 13.6 min) than  

Table 4-4.  Rate constants and half-lives of ciprofloxacin photolytic degradation. 

pH 

Initial 
Ciprofloxacin 
Concentration 

(mg/L) 

Rate Constant 
(min-1) 

Half-life 
(min) Source 

6 1.0 0.030 ± 0.001 23.1 Current Work 
8 1.0 0.051 ± 0.003 13.6 Current Work 
8 0.1 0.075 ± 0.001 8.9 Current Work 
3 33.1 0.0023  ± 0.0006 301.3 Paul et al. (2007) 

7 15.0 0.097 ± 0.005 7.1 Van Doorslaer et al. 
(2011) 

9 0.1 0.030 23.1 Vasconcelos et al. 
(2009) 

 

at pH 6 (k= 0.028 min-1, t1/2 = 23.1 min). At pH 6, ciprofloxacin is present both as a 

positive species and as the zwitterion (pKa,1 is 6.2) while at pH 8, it exists predominantly 

as a zwitterion (pKa,2 is 8.6). These differences in the charge of the molecule affect its 

light absorption. As shown in Figure 4-9 for moxifloxacin, another fluoroquinolone 

molecule, the absorption spectra shifts with pH due to the differences in the molecular 

species (Langlois et al. 2005).  
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Figure 4-8.  Ciprofloxacin (CIP) degradation during UV photolysis at 365 nm in batch 

reactions. Reaction Conditions: Initial Ciprofloxacin Concentrations = 100 
µg/L and 1 mg/L, Ionic Strength= 10 mM with KNO3, pH 6 and 8. Error 
bars represent standard deviation of 3 replicate experiments. 

 

 
Figure 4-9.  pH-dependent UV absorption spectra for moxifloxacin (Langlois et al. 

2005). 
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In addition to pH dependence, the observed rates are also a function of the initial 

concentration of ciprofloxacin. Photolytic degradation of ciprofloxacin at an initial 

concentration of 100 µg/L resulted in a rate constant of 0.075 min-1, which is 

approximately 47% faster than at a 1 mg/L initial concentration. It has been shown in 

other research that the reaction rate is inversely proportional to the initial concentration 

(Doll and Frimmel 2003, Torniainen et al. 1996). The relationship between initial 

concentration and rate is illustrated in Figure 4-10. For two reactors with equal radii, 

ideally the photon flux from the light is equivalent. If an aqueous solution is added to the 

reactors, with one having a higher solute concentration than the other, the photon flux is 

no longer equal between the two reactors because the reactor with the higher solute 

concentration absorbs photons at a radius that is shorter than the molecules in the reactor 

with the lower concentration. Thus, in the reactor, past this critical radius, the molecules 

either receive a lower amount of photons or none at all. In comparison, in the reactor with 

the lower solute concentration, the photons are able to travel farther before being 

completely absorbed. These differences in photon flux are reflected in the rate of 

reaction. Doll and Frimmel (2003) found that the relationship between the rate constant 

and the initial concentration is exponential for carbamazepine photolysis. Thus, for much 

lower concentrations, a much higher rate can be expected. This has potential implications 

for the photocatalytic system as molecules in the aqueous solution and molecules sorbed 

to the surface of the photocatalyst that move to and from the perimeter of the reactor to 

the center do not experience the same photon exposure throughout the reactor.  
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Figure 4-10.  a.) Illustration of photon flux with low concentration (left) and high 

concentration (right) of absorbing species. b.) The relationship between 
photolytic rate and initial concentration for carbamazepine. (Doll and 
Frimmel 2003) Dashed line represents the radius at which all of the 
photons are absorbed. 

 

Photocatalysis with Degussa P25 and Sol-gel Synthesized TiO2 

The photocatalytic kinetics of ciprofloxacin with Degussa P25 TiO2 and T100 

material synthesized by sol-gel processes were determined by measuring the decrease in 

aqueous solution concentration and within the overall reactor as function of time (by 

extracting remaining sorbed mass into the solution phase at the end of each time step). 

Before the reactors were exposed to light, 1 mg/L of ciprofloxacin was allowed to sorb to 

the photocatalyst for 24 hours. The extent of adsorption varied with pH and TiO2 source 

a. 

b. 
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as expected from the adsorption data presented above. Differences in the extent of 

adsorption between this initial adsorption step and the adsorption data presented above 

was attributed to variations in pH during the adsorption period and prior to the 

photocatalysis period. The variability in pH was due to the decision to periodically adjust 

the pH rather than using potentially interfering buffers during photocatalysis. Thus, the 

pH was adjusted 30 minutes prior to initiating photocatalysis. 

Linearity is typically assumed for photocatalysis experiments reported in the 

literature, and many researchers employ the Langmuir-Hinshelwood (L-H) kinetic model 

to describe the photocatalytic oxidation of organic pollutants at the liquid-solid interface 

(Bekbolet et al. 2002, Paul et al. 2007). A model was developed to describe the kinetics 

of oxidation of ciprofloxacin within the reactor. The major assumptions in this model are 

that the substrate must be adsorbed to the surface in order to be oxidized, adsorption 

follows the Langmuir adsorption model, and adsorption is rapid. 

 
𝑟 = −𝑘

𝑞!"#𝐾!𝐶!
1+ 𝐾!𝐶!

   Eq. 4-14 
 

where k is the photoinduced oxidation rate constant, Ce is the concentration of the solute 

in the solution as a function of time, and KL is the Langmuir adsorption constant of the 

compound on TiO2. Writing a mass balance on the loss of the substrate, ciprofloxacin, in 

the reactor yields the following equation: 

𝑑(𝑉𝐶!)
𝑑𝑡 +

𝑑(𝑞!𝑊)
𝑑𝑡 = −𝑘

𝑞!"#𝐾!𝐶!
1+ 𝐾!𝐶!

𝑊 − 𝑘!𝐶!𝑉   Eq. 4-15 
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Assuming the rate of photolysis of ciprofloxacin is negligible as compared to the rate of 

photocatalysis and applying Eq. 4-15 to the linear portion of the isotherm, i.e., for KLCe 

<< 1:  

 𝑑𝐶!
𝑑𝑡 = −

𝑘
!

!!!"#!!
+ 1

𝐶!   Eq. 4-16 
 

Lastly,  kapp = k/(V/(WqmaxKL + 1)) where kapp   is the pseudo-first-order rate constant. 

 𝑑𝐶!
𝑑𝑡 = −𝑘!""𝐶!   Eq. 4-17 

 

The development of the model without the KLCe << 1 assumption is included in the 

Appendix. As equilibrium between the bulk liquid and surface is assumed to be rapid, the 

model allows description of the surface reaction by tracking the rate of loss of solute in 

the solution.  Integration yields the following: 

 𝐶 = 𝐶!𝑒!!!""!   Eq. 4-18 
 

where C is the concentration in the liquid at a time, t. 

Rate coefficients determined by non-linear regression of data collected from both 

the aqueous solution and the overall reactor (ciprofloxacin extracted from solids + 

ciprofloxacin in aqueous solution) are reported in Table 4-5, and the model fits are 

plotted in Figure 4-11 and Figure 4-12.  
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Table 4-5.  Photocatalytic degradation rate constants of ciprofloxacin using Degussa 
P25 TiO2 and T100 at pH 6 and 8. Ce is the equilibrium concentration in 
the reactor before UV exposure. KD is the distribution coefficient resulting 
from pre-adsorption. Aqueous Rate Constant is derived from first-order 
fits to analysis of aqueous ciprofloxacin concentration. Reactor Rate 
Constant is derived from first order fits to analysis of ciprofloxacin after 
extraction from the solid. C0 = 1,000 µg/L. 

Photocatalyst pH Ce 
(µg/L) 

KD  
(L/g) 

Aqueous 
Exp. Rate 

Constant, kapp   
(min-1) 

k  
(min-1) 

Reactor Exp.  
Rate 

Constant 
(min-1) 

Equal 
Slope 
Hyp. 
Test 

p value 
 

Accept/ 
Reject 

Null Hyp. 
 at  

95% C.L. 

Degussa P25 6 806 0.963 1.04 5.88 0.96 0.08 Accept 

Degussa P25  8 963 0.154 0.43 17.6 0.46 0.06 Accept 

T100 6 575 2.957 1.01 2.38 0.96 0.06 Accept 

T100 8 735 1.442* 0.64** 4.98 0.52 0.06 
(0.22) 

Accept 
(Reject) 

*For T100 at pH 8, KL (0.195 mg/g) and qmax = 2.39 mg/g were used to determine k as 
indicated by Eq. 4-16. The remaining experiments used the KD in place of KL and qmax. 
**Average of rate constants from duplicate experiments. One replicate resulted in a rate 
constant of 0.55 min-1.  
 

Comparing the overall results of the photolytic experiments (Table 4-4) with the 

aqueous experiment rate constants from the photocatalytic experiments shows that the 

latter degrades ciprofloxacin with rate constants on average 20 times those from 

photolysis alone. This strong rate increase is to be expected, of course, since 

photocatalysis is the production of ROS to “catalyze” a reaction.  

In addition to determining the oxidation rate by sampling the aqueous 

ciprofloxacin concentration, an additional set of experiments was conducted to identify 

potential differences between rates measured in solution versus rates measured from 

changes in the total mass of ciprofloxacin in the system. This was done by adding NaOH 
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to extract ciprofloxacin from the solids at each time step of the experiment. The resulting 

rate constants are also presented in Table 4-5. Comparison of the pH effect, along with a 

comparison of the different materials shows that the rates are statistically comparable for 

the two different experimental protocols; hypothesis testing with Ho = equal slopes was 

accepted for all experiments at the 95% confidence interval. Similar apparent rate 

constants from the aqueous experiment and reactor experiment suggest that exchange of 

ciprofloxacin between the surface and the bulk liquid is rapid and the Langmuir-

Hinshelwood model assumption regarding rapid adsorption is valid for these systems.  

The equilibrium concentrations achieved in the pre-adsorption period indicate that 

T100 sorbs more than Degussa P25 TiO2 and that there is more sorption at pH 6 than at 

pH 8. Reflecting back to the ciprofloxacin-TiO2 adsorption data, this difference is 

expected.  As stated above, the photolytic rates were pH-dependent, where the rate at pH 

8 is faster than the rate at pH 6. However, for photocatalysis, the opposite is true. For 

both solids, the rate constant for pH 6 experimental conditions is faster than at pH 8 

conditions. For example, the rate constant from photodegradation by Degussa P25 at pH 

8 is 0.43 min-1 and at pH 6 is 1.04 min-1. These differences can be attributed to two 

factors. The first is that more ciprofloxacin is sorbed to the surface. Since photocatalysis 

is a surface mediated reaction, the more substrate there is on the surface, the faster the 

apparent rate constant. Secondly, at low pH values, the surface has more acidity due to 

the presence of more protonated hydroxyl groups. The change in surface speciation of 

protonated, neutral, and deprotonated groups leads to changes in the production of 

hydroxyl radicals. 
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Figure 4-11. Rate of ciprofloxacin degradation on Degussa P25 TiO2 and T100 at pH 6 

and 8 as determined by measuring the aqueous concentration. Fit to Eq. 
4-18. C0 = 1000 µg/L. Solid Loading = 0.25 g/L, Ionic Strength = 10 mM 
with KNO3. Ciprofloxacin was pre-adsorbed. 

	 	
Figure 4-12.  Rate of ciprofloxacin degradation on the surface of Degussa P25 TiO2 and 

T100 at pH 6 and 8 with samples extracted from catalyst surface post-
retrieval. Fit to Eq. 4-18. C0 = 1000 µg/L. Solid Loading = 0.25 g/L, Ionic 
Strength = 10 mM with KNO3. Ciprofloxacin was pre-adsorbed. 

 

. 
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To understand the relationship between hydroxyl radical generation and pH, the 

probe compound p-chlorobenzoic acid (pCBA) was employed. Its properties are given in 

Table 4-1. It has been used to determine hydroxyl radical exposure in many systems that 

rely on hydroxyl radicals for oxidation such as ozonation (Dodd et al. 2006), UV/H2O2 

systems (Yuan et al. 2011), and photocatalysis with TiO2 (Daoud 2013). pCBA reacts 

with hydroxyl radicals on the surface and in bulk solution so the loss of pCBA in the 

reactor is directly related to hydroxyl radical production.  

With increasing pH, the hydroxyl radical concentration in the reactor decreases 

(Figure 4-13), suggesting that acidic environments are favorable for producing the 

oxidant compared to alkaline environments. The same pH dependence of hydroxyl 

radical production was shown by Xiang et al. (2011), who provided two explanations. 

The first explanation relates to the decrease in the redox potential of the valence-band 

hole by 0.059 V per unit of pH increase. This causes the oxidizing power of the valence-

band hole to become weaker, thereby resulting in a decrease in hydroxyl radicals formed. 

Another explanation is the OH- preference for positively charged TiO2 particles below the 

point of zero charge (measured as 6.1), favoring reaction of positive holes with OH- on 

the surface of TiO2 and producing more hydroxyl radicals in acidic solutions (Xiang et al. 

2011).  Photocatalysis may be favored at pH values below the pHPZC, but for most natural 

waters pH values are often higher.  
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Figure 4-13.  Hydroxyl radical exposure as a function as determined by reaction of 

Degussa P25 TiO2 with pCBA at pH conditions 5, 8, and 10. 

 

The differences in rates between Degussa P25 TiO2 and T100 at pH 8 reflect the 

fact that adsorption of ciprofloxacin is a critical component to the photocatalytic 

performance. The rate constant for Degussa P25 is 0.43 min-1 and the rate constant for 

T100 is 0.64 min-1. The difference can be explained by the surface areas. Similar to the 

discussion concerning the pH influence on photocatalysis, the T100 has a higher surface 

area (106.2 m2/g) than Degussa P25 (42.3 m2/g); therefore, it sorbs more ciprofloxacin. 

Although rutile is present in the Degussa P25 to enhance the photodegradation rate by 

preventing electron-hole recombination, the results suggest that the surface area also has 

an impact. This result differs from the rate constants obtained from Degussa P25 and 
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T100 at pH 6, which are comparable at 1.04 and 1.01 min-1, suggesting that there is little 

to no advantage of the higher surface area T100 material on the oxidation at this lower 

pH.  

In fact, for the lower pH case, the higher surface area may inhibit photocatalysis. 

At pH 6, titanium dioxide has a higher adsorption capacity than at pH 8. At pH 6, the 

distribution coefficient for T100 was approximately three times that of Degussa P25 

(2957 L/mg vs. 963 L/mg), which suggests that the photocatalytic rate coefficients should 

be higher for T100 as demonstrated in Figure 4-16 for the increase in photocatalytic 

degradation at varying solids concentrations. This result could be attributed to two 

factors. First, the difference in the phase composition of the materials may play a role. 

Degussa P25 contains both anatase and rutile, the latter acts to prevent the recombination 

of electron-hole pairs. The fact that the T100 consists of only anatase could lead to its 

poorer performance under higher electron-hole recombination conditions, despite higher 

adsorption loadings. 

Additionally, recall that Degussa P25 is a nonporous material while T100 has a 

low, but measurable, pore volume of 0.253 cm3/g (Table 4-2). It is possible that 

ciprofloxacin located inside the pores was not accessible to hydroxyl radicals produced 

by the TiO2. However, since the rate constants of the aqueous experiments and the reactor 

experiments are equal, suggesting fast exchange between the surface and the liquid phase, 

this reason may contribute less to the unexpected performance of T100 than the 

recombination factor.  
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Figure 4-14.  First-order oxidation of ciprofloxacin with T100 at varying solids 

concentrations. Initial concentration = 100 µg/L. The T100 is this chart 
was synthesized differently than the T100 reported elsewhere in this 
report. 

 

The photoinduced rate constant, k, describes the rate of reaction on the surface of 

the photocatalyst. These rate constants show that, overall, the T100 particles 

photocatalyze the ciprofloxacin more slowly than the Degussa P25 particles. Also, the 

rate constant at pH 6 is lower than the rate constant at pH 8. This result is different than 

what is expected from pH changes, suggesting that the speciation of the ciprofloxacin has 

a greater effect than the hydroxyl radical formation. A similar conclusion was made with 

the photocatalysis of dyes (Akpan and Hameed 2009). These rate constants, k, are much 

larger than the rate constants from the reactor experiment.  The intrinsic surface 
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photocatalysis rate k can be compared among solid compositions.  The overall reactor 

rates define the rates of loss of ciprofloxacin in the reactor, which depends on the solids 

concentration and distribution coefficient onto the solids surface.  

 

CONCLUSIONS 

The role of adsorption on the photocatalytic degradation of ciprofloxacin by 

Degussa P25 and T100 was elucidated. Adsorption edges and isotherms showed that the 

attraction of ciprofloxacin to the photocatalysts was pH dependent in a manner consistent 

with surface complexation binding between the compound and the surface groups. The 

increased surface area of the T100 led to increased adsorption and confirmed that sol-gel 

processing could synthesize photocatalysts with increased adsorption capacity. 

Photocatalysis of ciprofloxacin led to much quicker oxidation than photolysis by a 

factor of approximately 20 and both processes were pH dependent. For the same pH, 

T100 and Degussa P25 have approximately the same aqueous rate constants. 

Correspondingly, the overall reactor rates were approximately the same for T100 and 

Degussa P25. This is as expected for linear sorption. Increased rates for photocatalysis 

were attributed to the creation of hydroxyl radical species and adsorption effectiveness. 

Though the higher surface area of the T100 was expected to result in faster rates than 

Degussa P25, the materials behaved similarly. Probable reasons for this include the 

absence of rutile in the T100 to prevent recombination, and the higher porosity of T100, 

which may prevent accessibility of some ciprofloxacin to photogenerated hydroxyl 

radicals. The surface rate constants differ from the aqueous reaction rate by the solids 
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concentration ratio and the distribution coefficient, KD. The less porous Degussa P25 has 

higher surface rates than T100 by a factor of 2–3. 

Finally, the assumption of rapid exchange between the surface and the aqueous 

phase was confirmed by the statistically similar rates of photocatalysis measured by 

tracking the aqueous ciprofloxacin concentration and the total reactor concentration.  This 

result suggests that the Langmuir-Hinshelwood model is applicable; however, no 

differences in rate constants were observed between the full kinetics model (as shown in 

the Appendix) and the reduced low concentration pseudo-first order model.   
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Chapter Five: Photocatalytic Oxidation of Ciprofloxacin using 
Alumina-Titania Particles 

INTRODUCTION 

Many synthetic organic compounds, e.g., pesticides, herbicides, pharmaceuticals 

and personal care products (PPCPs) have been detected in wastewater treatment plant 

effluents and natural waters (Kolpin et al. 2002). Pharmaceutical compounds, 

specifically, enter the treatment system via a variety of pathways: incomplete metabolism 

of ingested pharmaceuticals, improper disposal, and agricultural runoff among others 

(Halling-Sørensen et al. 1998). Traditional wastewater treatment plants are not designed 

to treat these compounds and, as a result, these complex soluble chemicals reach 

receiving waters. Similarly, drinking water plants witness these compounds passing 

through without complete removal (Daughton and Ternes 1999). While present at trace 

levels, they have the capacity to cause harmful effects to aquatic life (Daughton and 

Ternes 1999), to affect human health due to chronic exposure of mixtures of 

pharmaceuticals (Pomati et al. 2006), and for antibiotics specifically, to contribute to 

antibacterial resistance (Halling-Sørensen et al. 1998). 

Ciprofloxacin is a fluoroquinolone antibiotic that is used to treat a variety of 

pathogenic organisms in both animals and humans, and its behavior in the environment 

has been investigated. Previous work has indicated that the fate of ciprofloxacin is 

affected by biotransformation (Liu et al. 2013, Parshikov et al. 2001, Wetzstein et al. 

1999), photodegradation (Cardoza et al. 2005, Lam et al. 2003), and adsorption onto 

particles (Carrasquillo et al. 2008, Golet et al. 2003, Gu and Karthikeyan 2005, 
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Vasudevan et al. 2009). In addition to organic particles, ciprofloxacin sorption is 

controlled by the presence of metal oxides, particularly aluminum oxide and hydrous iron 

oxide (Gu and Karthikeyan 2005, Vasudevan et al. 2009). Specifically, surface 

complexation was found to be the dominant mechanism via the bonding of the carboxyl 

to surficial metal ions. 

Photocatalysis, a type of advanced oxidation process, can be implemented as a 

treatment operation to oxidize pharmaceuticals in both drinking water and wastewater 

systems. Titanium dioxide, TiO2, has been the most commonly utilized semiconductor for 

this process and Degussa P25 TiO2 has been the commonly used standard. Degussa P25 

is a mixture of two different phases of TiO2: anatase, the photoreactive form, and rutile as 

a stabilizer to trap photogenerated holes, thereby preventing electron-hole recombination 

that would render the photocatalyst less effective. A limitation of titanium dioxide is that 

it is not an excellent sorbent, especially in the common pH range of natural waters (pH 

6.5-9.5), and researchers have shown that the photocatalytic process is enhanced by 

sorption of the target species (Dalrymple et al. 2007). The introduction of a second metal 

oxide can simultaneously enhance adsorption of the contaminant and, as a charge transfer 

catalyst (CTC), deter the recombination of electron-hole pairs in the way that rutile does 

in Degussa P25 TiO2 (Anderson and Bard 1995). 

The interaction of ciprofloxacin with aluminum oxide in the natural system has 

already been elucidated (Gu and Karthikeyan 2005). Based on its affinity for 

ciprofloxacin, aluminum oxide was chosen as the sorbent to combine with titanium 

dioxide in this work. It is also one of the most common supports for catalytic applications 
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(Fu et al. 2012). The characterization of sol-gel synthesized alumina-titania particles has 

been studied and has been considered for numerous applications such as sensors, 

batteries, and solar cells (López-Granada et al. 2013). Rajesh Kumar et al. (2000) and 

Padmaja et al. (2009) both found that by synthesizing mixtures of alumina and titania via 

sol-gel processing, higher surface area particles were formed and the anatase to rutile 

transformation temperature was raised due to the thermal stability provided by the 

alumina. This is promising for photocatalytic oxidation for two reasons: 1) high surface 

area particles should lead to increased sorption, and possibly faster rates of degradation; 

and, 2) the thermal stability signifies that the photoreactive anatase form will be 

maintained. In research associated with this project, alumina-titania particles were 

synthesized that had high surface areas and no evidence of rutile phase titania (Chapter 

3). If a technology were to be developed that temporally separates the adsorption of 

contaminants from photocatalysis, then there would be an additional advantage to the 

increased sorption capacity provided by a second adsorbent; adsorption could occur in the 

absence of UV light and photocatalysis could be conducted on the pre-sorbed 

ciprofloxacin. 

There is a dearth of research on the implementation of alumina-titania particles 

for water remediation. These mixed particles were used to oxidize the herbicide 2,4 

dichlorophenoxiacetic acid (Lee et al. 2013, López-Granada et al. 2013), dyes such as 

methyl orange (Chen et al. 2005, Liu et al. 2012), and only one pharmaceutical 

compound, salicylic acid (Anderson and Bard 1997). Therefore, there is a need to more 

thoroughly investigate the utility of these mixed phased particles to oxidize the plethora 
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of organic contaminants that threaten water systems. One of the objectives of this 

research was to investigate the adsorptive behavior of ciprofloxacin with commercially 

available alumina to serve as a baseline for comparison of particles synthesized in this 

research. Then, sol-gel synthesized alumina-titania particles (characterized in Chapter 3) 

were used to sorb ciprofloxacin and photocatalytically oxidize it. This is the first study 

that has investigated the adsorption of pharmaceutical compounds, specifically 

fluoroquinolones, to sol-gel synthesized alumina-titania particles. It is also the first study 

to use the particles for the photocatalytic oxidation of fluoroquinolones. The ubiquity of 

ciprofloxacin and other fluoroquinolones and their zwitterion characteristics make it a 

key candidate for this work. 

MATERIALS AND METHODS 

The experimental approach was designed to elucidate the interaction of 

ciprofloxacin with sol-gel synthesized alumina-titania particles via adsorption and 

photocatalysis. Ciprofloxacin adsorption was examined as a function of pH for a 

commercial aluminum oxide (Refer to the Particles section below for information about 

this aluminum oxide). Then adsorption of ciprofloxacin at pH 8 was evaluated for sol-gel 

synthesized particles containing varying alumina-titania ratios. The selection of pH 8 was 

based on the expected high adsorption capacity for aluminum oxide at this pH and the 

relatively low adsorption capacity for TiO2. Finally, the particles were used to 

photocatalyze ciprofloxacin under exposure to ultraviolet light.  
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Chemicals 
Ciprofloxacin was purchased from VWR (Radnor, PA) in white powder form and 

stored in a desiccator in a 4 °C, dark environment. Stock solutions of 100 mg/L were 

prepared by dissolving in 0.01 M hydrochloric acid and further diluting in DI water to 

make working solutions of 10 mg/L. Stock solutions and working solutions were made 

fresh every three months and one month, respectively. Solutions were kept in amber vials 

and stored at 4 °C in a dark environment.  

Particles 

To develop pH adsorption edges (percent adsorbed vs. pH) and isotherms (sorbed 

phase concentration vs. equilibrium adsorbed phase concentration) at varying, but 

constant pH values, granular, 4-8 mesh aluminum oxide (denoted Commercial Al2O3), 

was purchased from Sigma-Aldrich (St. Louis, Missouri). The particles were ground and 

sieved using a No. 325 mesh sieve to less than 45 µm. The specific surface area was 

determined to be 312.2 m2/g. This material was determined to be crystalline mixture of a 

cubic phase Al2O3 and boehmite, (AlO(OH)) from XRD analysis. Aluminum oxide 

nanopowder was purchased from Sigma-Aldrich (St. Louis, MO). The particle size is <50 

nm as specified by the manufacturer and confirmed with transmission electron 

microscopy. The specific surface area was determined to be 118 m2/g. Based on the fact 

that the NanoAlumina exhibited similar mineral crystallography to the A100 synthesized 

particles, it was chosen to compare the performance of the materials. Alumina-titania 

particles were synthesized via the sol-gel method described in Chapter 3. 
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Equipment 
pH measurements were monitored with a PHM 290 pH-stat (Radiometer 

Copenhagen) and calibrated before with three standard buffers (pH 4.0, 7.0, and 10.0). 

For adsorption experiments, pH measurements were taken before and after 

experimentation at ambient temperature. 

To maintain constant pH conditions during photolytic and photocatalytic 

experimentation, the above-referenced pH-stat was used, along with Radiometer 

Analytical ABU 901 autoburette equipped with a 2-mL dispenser to inject 0.01 M NaOH 

(prepared with reagent grade anhydrous pellets, ≥98%) and 0.01 M HCl (prepared from 

reagent grade concentrated solution, 37%) into the reactor. 

All photocatalytic experiments were conducted using a UV Pen-Ray® lamp with 

a main peak at 365 nm (300-400 nm spectral output). The intensity was 145 µW/cm2, and 

the length of the illuminated portion of the lamp was 5.72 cm (2.25 in). 

Adsorption 
Adsorption isotherms for ciprofloxacin and Commercial Al2O3 were constructed 

at each pH level between 4 and 10 using the following buffers: acetate (pH= 4 – 6), 1,4-

Piperazinediethanesulfonic acid (PIPES) (pH= 7), and 2-[4-(2-hydroxyethyl)piperazin-1-

yl]ethanesulfonic acid (HEPES) (pH = 8), and 2-Amino-2-hydroxymethyl-propane-1,3-

diol (Tris) (pH= 9 – 10). For the sol-gel synthesized materials, an isotherm was 

developed at pH 8 for each material using HEPES buffer. Ionic strength was set at 10 

mM using potassium nitrate. For low-level ciprofloxacin concentrations, solids were 

added to amber vials and pre-wet overnight with 10 mL of the buffer solution. The 
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appropriate amount of ciprofloxacin working solution was added to each vial to give an 

initial concentration of 100 μg/L. Some isotherm experiments were conducted by varying 

the ciprofloxacin concentrations (50 to 10,000 µg/L) with a constant 2 g/L solid loading. 

The vials were then rotated end-over-end for 24 hours at room temperature to achieve 

equilibration. Samples were filtered using 0.22 µm polyvinylidene fluoride (PVDF) 

syringe filters for preparation of HPLC analysis. Controls (no solid) were also prepared 

using the above-referenced procedure to ensure minimal losses to glass tubes and other 

reactions occurring in solution. Results from control experiments indicate that there were 

no significant losses of sorption due to glassware (recoveries greater than 95%). 

Data was fit to Langmuir isotherms: 

 
𝑞! = 𝑞!"#

𝐾!𝐶!
1+ 𝐾!𝐶!

   Eq. 5-1 
 

where Ce (µg/L) is the equilibrium aqueous concentration of ciprofloxacin, KL is the 

Langmuir constant describing the affinity of the adsorbent to the adsorbate, qmax is the 

maximum adsorption density, and qe (µg/g or µg/m2) the  is the amount of ciprofloxacin 

sorbed on the metal oxides, which was determined by:  

 
𝑞! =

𝐶! − 𝐶!
S  Eq. 5-2 

 

where Co (µg/L) is the initial aqueous concentration of ciprofloxacin and S is the solids 

concentration (g/L). At low Ce values (less than 100 µg/L), a linear sorption model was 

applied where KD is the linear sorption coefficient: 

 𝑞! = 𝐾!𝐶! Eq. 5-3 
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Photocatalytic Experiments 
The description and illustration of the reactor used in this chapter is described in 

Chapter 4. All photocatalytic experiments were maintained at pH 8 with the pH-stat 

autoburette. The initial concentration of ciprofloxacin in the reactor was 1 mg/L. An 

equivalent solid concentration of 0.25 g/L TiO2 was utilized in all experiments, that is to 

say the mixtures all contained the same concentration of TiO2; 0.79 g/L of A68 and 2.5 

g/L of A90 were added to the reactors. The concentration of A100 in the experimental 

reactors was 0.25 g/L. Preliminary experiments with an anatase material prepared from a 

slightly different sol-gel process than used in this chapter demonstrated that first order 

photocatalytic rate coefficients were approximately proportional to the concentration of 

titania particles (k = 0.15 min-1 for 0.1 g/L, k = 0.32 min-1 for 0.25 g/L and k = 0.69 min-1  

for 0.5 g/L), but it was decided to maintain the same mass of titania in each reactor to  

minimize differences in photocatalysis that could be attributed to the amount of titania 

present. Ionic strength in each experiment was set at 10 mM with potassium nitrate. 

Reaction solutions were equilibrated for 24 hours with periodic pH adjustment. Before 

UV exposure of the solutions, oxygen was bubbled and the pH was readjusted to the 

desired value. After another 30 minutes of equilibration time, a sample was retrieved to 

determine the amount adsorbed during the adsorption period. Then the solutions were 

exposed to UV light and 5-mL samples were retrieved as a function of time.  

All photocatalytic reactions with the materials were conducted in two separate 

sample sets. In the first sample set, an aqueous liquid experiment, samples were retrieved 

at preset intervals and filtered with 0.22 µm PVDF syringe filters before analysis to 
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determine the free aqueous concentration. In the second set, termed the reactor 

experiment, NaOH was added at the end of the reaction time to extract ciprofloxacin 

from the solid. After 24 hours, the samples were filtered and the aqueous solution was 

analyzed to determine the ciprofloxacin concentration. Recoveries ranged from 55-87%, 

with the lowest from A100 particles. The recoveries were comparable to T100 but lower 

than Degussa P25 (Chapter 4), which was above 90%. 

Quantitative Analysis 
Ciprofloxacin was measured by high performance liquid chromatography (HPLC; 

Water 2795, Waters Corporation, Milford, MA) equipped with a fluorescence detector 

(FLD); a Phenomenex (Torrence, CA) Luna 5u C18(2) (250 x 4.6mm, 5µm) column was 

utilized for analyte separation. Fifty microliter aliquots were directly injected into the 

HPLC via autosampler. This analytical method is based on the procedure developed by 

Golet et al. (2001) (Golet et al. 2003)but several changes were made to optimize the 

response of the instrument. The eluent gradient was 7% acetonitrile (ACN), 93% 25-mM 

H3PO4 for 2 min; 3 min ramp to 12% ACN, 88% 25-mM H3PO4; 2 min ramp to 15% 

ACN, 85% 25-mM H3PO4; 3 min ramp to 20% ACN, 80% 25-mM H3PO4; 10 min 

isocratic. The flow rate was 0.7 mL/min, and the column temperature was set at 40 °C. 

Excitation and emission wavelengths were set at 278 nm and 445 nm, respectively. Under 

the HPLC conditions, ciprofloxacin eluted at 12.2 minutes. 
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RESULTS AND DISCUSSION 

Adsorption 

Aluminum Oxide 

In Chapter 4, the pH dependent sorption of ciprofloxacin to titanium dioxide and 

sorption was attributed to surface complexation with maximum adsorption at pH 5. Since 

the goal of adding aluminum oxide was to increase sorption capacity, it was important to 

characterize the interaction of ciprofloxacin with aluminum oxide as a function of pH as 

well. The sorption of ciprofloxacin to both commercial Al2O3 along with Degussa P25 

TiO2 (data already shown in Chapter 4) is shown in Figure 5-1. As with titanium dioxide, 

sorption to aluminum oxide is highly pH dependent in the range studied (between pH 4 – 

10). As pH increases, sorption of ciprofloxacin increases. For aluminum oxide, peak 

adsorption occurs at pH 7, which is similar to the pH observed for maximum adsorption 

of ciprofloxacin to hydrous aluminum oxide (a less crystalline form of aluminum oxide). 

It is evident that the trend for sorption of ciprofloxacin to Al2O3 is consistent with the 

speciation of the ciprofloxacin zwitterion (dashed curve) in which the zwitterion is 

assumed to adsorb to the greatest extent. However, it does not mimic the speciation 

exactly as suggested by Gu and Karthikeyan (2005). The maximum sorption of 

ciprofloxacin occurs at a slightly lower pH than the maximum fraction of the zwitterion 

species. This phenomena was also reported for ofloxacin sorption to alumina 

nanoparticles (Figure 5-1) (Goyne et al. 2005). Recall from Chapter 3 that alumina is 

positively charged at pH 7 (pHPZC values ranges from about 8 to 9.1, (Kasprzyk-Hordern 
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2004)). In this pH range, Gu and Karthikeyan (2005) suggested that adsorption of 

ciprofloxacin occurs through formation of an inner-sphere monodentate mononuclear 

surface complex via the carboxylic group on the zwitterion (C-3) and the positively 

charged alumina surface. Figure 5-2 also shows a weak hydrogen bond between the 

adjacent keto group and protonated surface group (Goyne et al. 2005, Gu and 

Karthikeyan 2005). This model of adsorption suggests that the surface charge of the 

mineral is a contributing factor to ciprofloxacin adsorption. Thus, as the pH increases, the 

surface of the aluminum oxide becomes less positive and adsorption of the negatively 

charged carboxylic group is reduced.  

Maximum ciprofloxacin removal was 87% for aluminum oxide, higher than the 

62% achieved by Degussa P25 TiO2 at pH 7 with the equivalent surface area 

concentration at 250 m2/L. This is a positive result, indicating that at environmentally 

relevant pH conditions, aluminum oxide does a better job at removing ciprofloxacin and, 

thus, its choice as an adsorbent to combine with TiO2 for the photocatalytic process is 

reasonable. 

Isotherms 

Isotherms were developed for each of the sol-gel synthesized particles and two 

commercial aluminas (a boehmite based Al2O3 and a gamma alumina – NanoAlumina)  
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Figure 5-1.  a.) Adsorption edge for ciprofloxacin on Degussa P25 TiO2 and 

Commercial Al2O3. b.) Sorption of ofloxacin to mesoporous aluminum 
oxide (Al-P) and nonporous aluminum oxide (Al-NP) as a function of pH 
(Goyne et al. 2005). Dashed curve represents ciprofloxacin zwitterion. 
Experimental Conditions: Ciprofloxacin Initial Concentration = 100 µg/L 
and 1 mg/L, Solid Concentration = 250 m2/L, Ionic Strength = 10 mM 
with KNO3. Red lines are at the pH for maximum adsorption and blue 
lines are the maximum zwitterion fraction. 
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Figure 5-2.  Proposed sorption mechanism of ciprofloxacin to aluminum oxide based 

on FTIR spectra from (Gu and Karthikeyan 2005). 

 

over a wide range of ciprofloxacin concentrations (10 µg/L to 4000 µg/L) at pH 8. The 

data for all of the isotherms were non-linear over the full range and fit to a Langmuir 

model. At low concentrations, the isotherm was fit to a linear isotherm mode. (See Figure 

5-3 for typical isotherm fits for both models using the boehmite based commercial 

Al2O3). Langmuir isotherms are at fixed pH and are simplistic representations of the non-

electrostatic surface complexation sorption model. Thus, they are consistent with the 

proposed mechanism of inner-sphere adsorption. The Langmuir isotherm constants are 

qmax = 5.3 x 103 µg/g and KL = 2.7 x 10-4 L/µg for ciprofloxacin adsorption to commercial 

alumina. In accordance with the Langmuir model, when KL x Ce << 1, the isotherm is 

linear. This is the case when Ce is less than 500 µg/L, and as a  
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Figure 5-3.  Experimental isotherm for ciprofloxacin with commercial Al2O3 at pH 8. 

Ionic Strength = 10 mM with KNO3. Data fit with Langmuir and linear 
isotherm models. The equations are associated with the primary y-axis. 

 

result, this is also true at environmentally relevant concentrations, which are typically on 

the order of ng/L. Therefore at low concentrations, KD values, determined from the slope 

of linear fits, can be utilized to describe the interaction of ciprofloxacin with aluminum 

oxide. These data for pH values 4 through 10 and the corresponding linear isotherms are 

shown in Table 5-1 and Figure 5-4, respectively. 

Comparison of the adsorption capacity of the metal oxides per unit of surface area 

reflects the affinity of ciprofloxacin for the adsorbent as a function of pH. In Chapter 3, 

the adsorption capacity of Degussa P-25 TiO2 was determined as a function of pH and 

those values are also reported in Table 5-1. At pH values up to 6, titania has higher 
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sorption capacity than alumina. At higher pH levels, the alumina has a higher sorption 

capacity for ciprofloxacin. These differences (on a per m2 basis) are due to the differences 

in the surface charge characteristics of the minerals and the acid/base behavior of 

ciprofloxacin. The surface charge of the alumina is positive up to pH 6 as is 

ciprofloxacin. In contrast, at pH 6 the TiO2 surface is negatively charged and the 

ciprofloxacin is positively charged in this region below pKa1. So based on electrostatic 

interactions and ciprofloxacin speciation, sorption to titania is greater at pH 6 and below. 

Above pH 6, the surface of the titania is negative and the ciprofloxacin exists as a 

zwitterion between pKa1 = 6.18 to pKa2 = 8.76. Thus, adsorption of the negatively 

charged carboxylic group to a negatively charged surface is not electrostatically favored. 

Nonetheless, there is some adsorption to titania in this region between pH 6 and 8 

because ciprofloxacin complexation with a surface hydroxyl group is a strong interaction 

that can overcome coulombic repulsion to form a surface complex. For ciprofloxacin 

adsorption to alumina in the pH 6-8 range, both electrostatics and surface complexation 

contribute to the affinity of ciprofloxacin to the surface. The comparison of ciprofloxacin 

sorption to commercial aluminum oxide and titanium dioxide would suggest that 

mixtures of the two would reflect their attraction to ciprofloxacin depending on pH 

conditions. 
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Table 5-1.  Sorption coefficients for ciprofloxacin adsorbed to Degussa P25 TiO2 and 
Al2O3. Initial ciprofloxacin concentration = 100 µg/L. 

pH KD (L/kg) KD
’ (L/m2) * 10-3 

 Titania Alumina Titania Alumina 
4 152.4 N/A* 3.6 N/A* 
5 1048.7 87.2 24.8 0.3 
6 860.3 2403.9 20.3 7.7 
7 332.5 11283 7.9 36.1 
8 95.5 2072.4 2.3 6.6 
9 10.7 655.5 0.3 2.1 
10 N/A* 321* N/A* 1.0 
* Indicates that sorption was too low to quantify. 

Adsorption of Ciprofloxacin on Sol-gel Synthesized Particles 
The sorption and photocatalytic studies with sol-gel synthesized particles were 

investigated at pH 8, a realistic condition for treatment systems. At this pH, it was 

expected that ciprofloxacin would have more affinity for aluminum oxide than TiO2, and 

the solid’s high specific surface area would yield high ciprofloxacin removal. The 

adsorption isotherms for ciprofloxacin sorption to the synthesized nanoparticles are 

shown in Figure 5-5 and fit to the Langmuir isotherm model. Because sorption to both 

pure aluminum oxide and titanium dioxide is the result of surface complexation, the data 

were modeled using Langmuir isotherms at fixed pH. The model parameters are included 

in Table 5-2. Sorption capacity for ciprofloxacin follows the trend T100 < A68 < A100 < 

A90.  
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Figure 5-4.  Adsorption isotherms for ciprofloxacin onto commercial Al2O3. a.) q in 

µg/g and b.) q in µg/m2. Initial ciprofloxacin concentration equals 100 
µg/L. Ionic strength = 10 mM. 

 

a. 

b. 
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The materials that contain aluminum oxide, either in pure form or as a mixed 

oxide, have higher capacities for ciprofloxacin than T100. By comparing these results 

with the characterization of the materials, it is evident that the sorption trends reflect the 

surface acidity and surface area of the materials. At pH 8, aluminum oxide is positively 

charged, while titanium dioxide is negatively charged. It follows then that introduction of 

titania into aluminum to produce sol-gels would decrease the surface charge of the 

material and reduce the interaction between the negatively charged carboxylic group of 

the ciprofloxacin and the surface on a per m2 basis. While the trend in adsorption 

behavior generally agrees with this argument, the A90 particles adsorb significantly more 

ciprofloxacin than the A100 particles. Results from Chapter 3 provide some data to 

support this observation in that the measured zeta potential of the A90 material was more  

 

Table 5-2.  Langmuir isotherm constants for sol-gel synthesized particles. 

Material KL 
(L/mg) 

qmax 
(µg/g) 

qmax 
(µg/m2) 

T100 0.195 2394 22.55 
A68 0.324 7924 27.70 
A90 2.04 3478 8.97 
A100 0.185 19050 61.50 

NanoAlumina 0.587 1317 10.98 
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Figure 5-5.  Adsorption isotherms of ciprofloxacin on sol-gel synthesized solids and 

NanoAlumina at pH 8. a.) q in µg/g and b.) q in µg/m2. Initial 
ciprofloxacin concentration equals 100 µg/L. Ionic strength = 10 mM with 
KNO3.  
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positive than the A100 material and the surface area was higher. It is not clear how the 

synthesis of the A90 led to a more positive surface charge or a higher surface area given 

that all of the other material combinations were consistent with the trends in surface 

charge and surface area based on the two end members (A100 and T100).  

The sol-gel synthesized photocatalysts were used to oxidize ciprofloxacin in batch 

systems. The mass balance used to model the kinetics is discussed in Chapter 4. The final 

equation: 

 

 𝐶 = 𝐶!𝑒!!!""!   Eq. 5-4 
 

describes the loss of ciprofloxacin in the system as a pseudo-first-order rate with kapp as 

the pseudo-first-order rate constant. The rate of the surface reaction, k, can be calculated 

from the expression kapp = k/(V/(WqmaxKL + 1)) where Ce is the equilibrium concentration 

in the solution after adsorption (before UV exposure), and KL is the adsorption constant 

of the compound to the surface.  

The experimental data were fit to the nonlinear regression of the first order rate 

equation Eq. 5-4 as opposed to the linear regression, i.e., ln(C/Ce) = -kappt, which is what 

is typically done. In the linear regression, the term ln(C/Ce) is used to minimize the sum 

of squares of the residuals between experimental and predicted values.  When non-linear 

regression is applied to Eq. 5-5, the data are weighted differently and yield different 

parameter values compared with regression of the linearized equation. The kinetics of the 

oxidation are shown in Figure 5-6 for the experiments in which both the aqueous 

ciprofloxacin concentration and the total reactor concentration were measured.  
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All materials that contained titania, i.e., T100, A68, and A90, had an equivalent mass of 

0.25 g/L of titania in the system. The photocatalyst concentration, the pre-adsorbed 

equilibrium concentration, and the rate constants obtained through both linear and non-

linear regression of Eq. 5-5 of the experimental data from each experiment are compiled 

in Table 5-3. The concentrations of A100 and NanoAlumina were 0.25 g/L and the 

results show the rates were the slowest. This is directly attributed to the fact that the 

A100 is absent of any titanium dioxide and, therefore, there is no photocatalysis 

occurring. The rate constants of from the A100 and NanoAlumina are relatively 

comparable. The rate constant from use of A100 is nearly identical to the photolysis of 

ciprofloxacin without any material in the reactor, 0.051 min-1, but the rate constant for 

NanoAlumina depends on the method of regression. Using a linear regression of ln(C/Ce) 

provides the same rate constant as determined for A100 and photolysis. These results 

imply that photolysis of ciprofloxacin is not hindered by the presence of aluminum oxide.  

Among the titania-containing materials, it is clear that aluminum oxide addition 

increases the amount of ciprofloxacin adsorbed to the material, which is the goal of the 

work, but there is loss of photoreactivity. The addition of aluminum oxide was expected 

to enhance the titanium dioxide in its mode of photodegradation of ciprofloxacin due to 

the pre-concentration, but there appear to be phenomena that prevent this from occurring. 
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Figure 5-6.  Ciprofloxacin concentration for a.) aqueous experiments and b.) reactor 

experiments. Colored lines represent nonlinear fits and give the rate 
constant, kapp. Black lines represent ciprofloxacin concentration using kapp 
determined from the linearized rate equation. 

 

a. 

b. 
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Table 5-3.  Pseudo-first order rate constants for the photocatalysis of ciprofloxacin with 
sol-gel synthesized alumina-titania particles at pH 8 and C0 = 1 mg/L. 

Photo-
catalyst 

Solid 
Conc. 
(g/L) 

TiO2 
Conc. 
(g/L) 

Ce 
(µg/L) 

Aqueous* 
Exper. 
Rate 

Constant, 
kapp (min-1) 

k   
(min-1) 

Reactor* 
Exper. 
Rate 

Constant 
(min-1) 

Equal 
Slope 
Hyp. 
Test 

p value 
 

Accept
/Reject 

Null 
Hyp. 

at 95% 
C.L. 

T100 0.25 0.25 735 0.52 4.98 0.52 0.06 Accept 

A68 0.79 0.25 195 0.23 
(0.20) 0.343 0.19  

(0.16) 0.001 Reject 

A90 2.5 0.25 98 0.102 
(0.11) 0.108 0.040 

(0.038) <0.001 Reject 

A100 0.25 0 420 0.052 
(0.051) 0.110 0.038 

(0.039) 0.85 Accept 

Nano-
Alumina 0.25 0 860 0.040 

(0.051) 0.247 0.052 
(0.051) 0.16 Accept 

*Numbers in parenthesis are fits to lnC/Co = – kappt and 95% C.L. on the rate constants 
ranged from 0.001 to 0.02 

 
A90, which has a very high surface area (367 m2/g), adsorbs approximately 90% 

of the aqueous ciprofloxacin. Compared to the T100, the photoreactivity decreased by a 

factor of five. Similar, but less drastic reductions were observed for A68, even though 80 

percent of the ciprofloxacin adsorbed to the surface during the pre-adsorption period.  In 

addition, the reactor experiment rate constant for both A90 and A68 were statistically 

different than the aqueous experiment; for A90 the rate constant of 0.038 min-1 was lower 

than photolysis. These differences between the aqueous experiment rate constant and the 

reactor experiment rate constant signify that not all of the sorbed ciprofloxacin is being 

photocatalyzed. The fact that the A90 and A68 exhibited different rates from the aqueous 

and reactor experiments suggests that not all of the sorbed ciprofloxacin had accessibility 
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to hydroxyl radicals. However, it should be noted that recoveries for A90 and A68 from 

extraction prior to photocatalysis were low (less than 60 percent). While this may have 

contributed to the lower rate in the total reactor experiment, recoveries for T100 were 

only 68% and the rate constants for the aqueous experiment and the total experiment 

were identical. The poor recovery for A68 and A90 also emphasizes that ciprofloxacin 

may have sorbed within pores that led to desorption hysteresis, and perhaps reduced 

photocatalysis. 

Analysis of the photoinduced rate constant, k, shows similar phenomena among 

the photocatalyst. The T100 material performs the best with a rate constant of 4.98 min-1, 

indicating that it oxidizes the ciprofloxacin on the surface the better than the other 

particles. The addition of the aluminum oxide significantly slows down the rate of 

oxidation, as the A68 material, has a k value of 0.343 min-1. The A90 and A100 particles 

result in comparable rate constants, suggesting that the A90 has little to no photocatalytic 

activity. Surprisingly, the NanoAlumina material results in a higher rate constant. The 

reason for this is unknown. However, nanoparticles can act as lenses to focus light 

intensity at the surface where the ciprofloxacin is sorbed. Additionally, it is less porous 

than the other alumina-containing materials. 

Overall, the addition of aluminum oxide to titanium dioxide hinders the oxidation 

of ciprofloxacin. Multiple characteristics of the system are working simultaneously, and 

could be responsible for this result. First, there is a large amount of aluminum oxide in 

relation to titanium dioxide. While the objective of the work was to produce 

photocatalysts that were good sorbents, the amount of sorbent outweighed the amount of 
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photocatalyst. Researchers that used alumina-titania particles to improve photocatalysis 

typically produced photocatalysts that had a higher amount of titanium dioxide than 

aluminum oxide (Lee et al. 2013, López-Granada et al. 2013), and for those that 

investigated a full range of Al2O3 to TiO2 ratios, the materials that had a higher amount of 

titania to alumina performed better than their counterparts (Jung et al. 2008). In fact, 

Anderson and Bard (1997) found that the materials that contained 25% and 50% titania 

did worse than Degussa P25 TiO2. Even though aluminum oxide is acting to sorb the 

ciprofloxacin, the titanium dioxide is not able to promote oxidation. Although the 

synthesized particles resulted in a heterogeneous mixture of the alumina and titania, the 

large amount of alumina meant that some of the sorbed ciprofloxacin was not in close 

proximity to the titania to be oxidized.  

This leads to the second contributor to lowered oxidation rates. The materials with 

high surface areas also had large pore volumes. The introduction of alumina to the 

particles increased the pore volume from 0.253 cm3/g for T100 to 0.999 cm3/g for A68, a 

300% increase. The A100 particles have a pore volume of 1.40 cm3/g. It is evident that 

the amount of alumina controls the pore volume. The pore volumes of the alumina-

containing particles are significantly greater than reported for other alumina-titania 

particles. The alumina-titania particles synthesized by Padmaja et al. (2009) had a range 

of pore volumes that depended on the calcination temperature and the alumina to titania 

ratio, but the pore volumes were all less than 0.35 cm3/g. Rajesh Kumar et al. (2000) 

reported particles with no more than 20% alumina that had a pore volume of 0.324 cm3/g. 

These pores and accompanying high surface areas were shown to enhance the sorption of 
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ciprofloxacin. However, it is plausible that the hydroxyl radicals that are generated on the 

outer surface of the photocatalyst are not accessing ciprofloxacin in the pores. In the case 

of decafluorobiphenyl, its photodegradation was relatively fast with Degussa P25 but was 

impeded by the presence of the aluminum oxide (Minero et al. 1992). This was attributed 

to the inability of the hydroxyl radicals to reach the location of the substrate. 

Takeda et al. (1995) made a similar finding with the use of TiO2/activated carbon, 

where it was concluded that the high porosity of the activated carbon prevented 

penetration of light into the pores where the pollutants were trapped. This would be 

especially true for light with low intensity. The UV light used in this research had an 

intensity of 0.145 mW/cm2 as compared to the work of other researchers at the same 

wavelength of 365 nm: 7 mW/cm2 (El-Sheikh et al. 2007), 5 mW/cm2 (Xiang et al. 2011), 

and 0.525 mW/cm2 (Jiao et al. 2008).  

Another factor contributing to the decreased photoreactivity of the mixed 

alumina-titania particles versus pure titania is the crystallinity of the particles. It is 

apparent from the XRD patterns that the particles become amorphous once alumina was 

introduced to titania. While the amorphous characteristic is beneficial for producing high 

surface areas, it also signifies that there are bulk defects. These defects are the sites for 

recombination of photogenerated electrons and holes (Yu et al. 2007), thereby hindering 

the formation of hydroxyl radicals. 
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Figure 5-7.  Photodegradation of decafluorobiphenyl by Degussa P25 TiO2 (hν ≥ 300, 

A4), Degussa P25 TiO2 (hν ≥ 340, A5), by Degussa P25 TiO2 in the 
presence of alumina particles (A10) and by TiO2 beads (A9). 

 

CONCLUSIONS 

The results given in this chapter demonstrate that synthesized alumina-titania 

particles can increase the adsorption capacity of ciprofloxacin relative to pure titania. The 

adsorption of ciprofloxacin to the particles was well described by Langmuir isotherms, 

but at environmentally relevant concentrations the isotherm can be simplified to a linear 

relationship between the equilibrium aqueous and sorbed concentrations. The addition of 

aluminum oxide increases the particle surface areas such that it effectively sorbed the 

target compound. The high surface area was related to increased pore volume.  
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Adsorption, though, proved to decrease the photocatalytic activity of the titanium 

dioxide. The pure T100 particles showed that the there was a fast exchange of 

ciprofloxacin between the aqueous solution and the surface as evidenced by the identical 

rate constants of the aqueous experiment and reactor experiment. The A90, which had the 

highest surface area and pore sizes of all the materials, caused a significant decrease in 

the photoreactivity of titanium dioxide. The differences between the rates for the aqueous 

experiment and the reactor experiment signify that adsorption within pores hindered 

much of the ciprofloxacin from being targeted by hydroxyl radicals and, therefore, only a 

fraction of it was photocatalyzed. It is possible that other factors contributed to the 

decline of the photoreactivity of titanium dioxide, but other experiments will need to be 

conducted to quantify them. 

The surface rate constants decreased with the increase of aluminum oxide. The 

value, k, depends on the solids concentration and the distribution coefficient for each 

material since all titania-containing materials had the same amount of titanium dioxide 

(0.25 g/L), but differing total solids concentrations. Thus, A68 and A90 have slower 

intrinsic surface rate constants compared to T100 because the total solids concentrations 

are higher. The changes in KD for T100, A68, and A90 also influence the surface rate 

constant but the differences in porosity also influence the available sites for reaction. 

While the presence of aluminum oxide reduced photocatalysis in the mixed 

oxides, the rate of oxidation of the A68 mixture (the lowest Al:Ti ratio) was still higher 

than photolysis, and the removal of ciprofloxacin from solution through sorption was 

significant. This result suggests that there is potential for these sol-gel materials to be 
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used in a process that employs sequential adsorption and photocatalysis. Moreover, it is 

possible that an optimum, but lower, ratio of Al:Ti could be employed that would provide 

higher rates of photocatalysis without sacrificing adsorption or that lower pH values 

would lead to increased sorption (maximum sorption of ciprofloxacin to aluminum oxide 

occurred at pH 7) and increased photocatalysis (photocatalysis rates were higher at pH 6 

vs. pH 8 in Chapter 4).   
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Chapter Six: Conclusions and Recommendations 

Pharmaceuticals and personal care products are necessary to maintain human 

health and a decent quality of life. Due to incomplete metabolism and improper disposal, 

among others causes, these compounds unfortunately reach treatment plants that are not 

traditionally designed to remove them. Included in reports on detection of these 

compounds are antibiotics. Ciprofloxacin is a highly used antibiotic that persists in many 

natural systems. Photocatalytic degradation is a probable treatment option to remove 

many PPCPs, including ciprofloxacin. Degussa P25 TiO2 is a commonly used 

photocatalyst whose performance could be enhanced by adsorption, since photocatalysis 

is a surface-mediated process. Therefore, research on methods to achieve this was 

merited. 

To review, the tasks in this research were to: 

• synthesize materials of aluminum oxide and titanium dioxide and 

characterize their chemical and physical features; 

• compare the performance of laboratory-synthesized titanium dioxide with 

the standard Degussa P25 to understand the influence of surface area on 

the adsorption and photocatalysis of ciprofloxacin; 

• evaluate the use of alumina-titania particles for the adsorption and 

photocatalysis of ciprofloxacin. 

 

Mixtures of varying ratios of alumina-titania were synthesized via the sol-gel 

process: 100% aluminum oxide, 100% titanium dioxide, 68%:32% aluminum oxide: 
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titanium dioxide, and 90% aluminum oxide:10% titanium dioxide. The sol-gel process 

was chosen based on the fact that it produces high surface area materials. High surface 

area materials were produced in this work that also had high pore volumes due to the 

presence of mesopores. The material that contained 90% aluminum oxide had a surface 

area of 367 m2/g and a pore volume of 1.36 cm3/g.  This is in contrast to Degussa P25 

TiO2, which has a surface area of 42.3 m2/g and is characterized as being nonporous. 

Many of the features of the mixed particles reflected that they were a mixture of 

two pure materials. For example, the pHPZC of titanium dioxide increased as the 

incorporation of aluminum oxide increased. X-ray diffraction showed that the 

incorporation of alumina caused the particles to become more amorphous. Additionally, a 

major difference between Degussa P25 and the synthesized titanium dioxide is that the 

latter lacked the rutile phase, which is present in Degussa P25 TiO2 to prevent 

recombination of electron-hole pairs generated when the photocatalyst is activated by 

light. The separation of the electron-hole pairs is necessary to produce hydroxyl radicals, 

the oxidant in the photocatalytic process. 

Adsorption of ciprofloxacin to aluminum oxide and titanium dioxide is pH 

dependent, and the predominant mechanism is surface complexation along with some 

electrostatic interactions. The adsorption of ciprofloxacin to the metal oxides was 

modeled with Langmuir isotherms, which could be linearized at low ciprofloxacin 

concentrations. The sol-gel synthesized materials all adsorbed ciprofloxacin better than 

Degussa P25 TiO2, a major goal of this work. 
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Comparison of the photocatalytic performance of the synthesized TiO2 and the 

standard Degussa P25 TiO2 gave surprising results, such that the higher surface area 

material did not perform better than Degussa P25. This result was attributed to the 

absence of rutile in the synthesized material and the possibility that the pores allowed 

ciprofloxacin to diffuse and sorb, preventing photons from accessing them. The overall 

reactor rate constants were similar for the same pH values for both titania materials, 

which is consistent with a low flux of UV light with an incomplete penetration 

throughout the whole reactor. 

The materials that contained aluminum oxide and titanium dioxide performed 

worse than pure TiO2 with respect to the photocatalysis of ciprofloxacin. Reasons include 

the much higher amount of aluminum oxide in relation to the titanium dioxide, such that 

some ciprofloxacin molecules simply weren’t close enough to the reactive centers to be 

oxidized. Additionally, high pore volume could prevent ciprofloxacin from accessing the 

hydroxyl radical, essentially becoming trapped within the particle. It was determined that 

the exchange of ciprofloxacin between the bulk liquid and the surface of the 

photocatalyst was relatively rapid for the pure titanium dioxide materials, but desorption 

was likely slower for the mixed alumina-titania materials based on differences between 

rate constants determined from aqueous concentration data and the total reactor 

concentration data. Aqueous rates should be equal to total reactor rates as long as linear 

partitioning applies and all the sites are equally available for photocatalysis. This result 

was especially true for the material with 90% aluminum oxide, indicating that only a 

fraction of the sorbed ciprofloxacin was being degraded. 
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The A68 mixture achieved a higher rate of oxidation than observed with 

photolysis, and though the presence of aluminum oxide reduced photocatalysis in the 

mixed oxides, the high removal of ciprofloxacin through sorption suggests that there is 

potential for these sol-gel materials to be used in a process that employs sequential 

adsorption and photocatalysis. The oxidation rates could possibly be optimized by 

utilizing lower ratios of Al:Ti to provide higher rates of photocatalysis without sacrificing 

adsorption.  

 

FUTURE WORK 

Future work investigating the use of alumina-titania particles for photocatalytic 

processes is needed. This work demonstrated that mixtures of aluminum oxide and 

titanium dioxide could be synthesized that would adsorb high levels of ciprofloxacin. 

However, this high sorption also meant that a fraction ciprofloxacin was not being 

photodegraded due to being trapped in pores. Although the material with 90% aluminum 

oxide showed significantly reduced photocatalysis, the material with 68% aluminum 

oxide showed improvement relative to the 90% material. As stated above, it is possible 

then that lowering the amount of aluminum oxide (and simultaneously increasing the 

amount of titanium dioxide) would improve the performance even more. Indeed, many 

researchers have looked into the combination of aluminum oxide and titanium dioxide 

and the incorporation of the former was often lower than what used in this work. 

Additionally, it would be beneficial to synthesize sol-gel materials that have higher 
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surface areas than Degussa P25, but have more controlled pore volumes and radii. This 

should ensure that ciprofloxacin is sorbed to the material but that it can also be accessible 

to the hydroxyl radicals. It would also be useful to explore the reactions at pH values 

closer to 7 where adsorption and photocatalysis are enhanced.  

While this study used ultraviolet light to induce the photocatalytic activity, similar 

results may be possible in the visible range.  While neither TiO2 nor ciprofloxacin absorb 

visible light independently, ciprofloxacin sorbed onto TiO2 causes a red shift, increasing 

the absorption spectrum above 300 nm, especially in the 300-400 nm range (Paul et al. 

2007) and allows visible-light photocatalysis to occur. However, as shown in this work, 

the addition of aluminum oxide to titanium dioxide causes a blue shift in the absorption 

spectra, increasing the band gap and the energy necessary to excite the electron from the 

valence band to the conduction band. It would be interesting to see how the two 

phenomena counteract each other and if visible-light photocatalysis is still possible. 

While this study focused on ciprofloxacin, the approach for the sorption and 

photo-oxidation of all antibiotics should be similar.  Penicillins (including amoxicillin), 

cephalosporins (e.g., cephalexin), macrolides (e.g., erythromycin), and fluoroquinolones 

such as ciprofloxacin used in this study are all large, polar compounds with acid base 

functional groups. Rather than develop a surface tailored for the antibiotic most 

commonly used, a range of mixed oxide nanomaterials of high surface area could be 

developed for a range of surface charge characteristics to provide sorption affinity for 

suites of pharmaceuticals and personal care product compounds and over a range of pH 

values. 
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The systems used in this study were clean, without natural, dissolved organic 

matter (NOM / DOM) being present.  The influence of DOM on sorption (including pore 

blockage) for these mixed solid sorbents needs to be characterized.  The influence of 

DOM on photocatalytic rates in the aqueous phase and on the surface photocatalytic rates 

should be investigated. 
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Appendix 

The following is a derivation of the rate expression for the loss of ciprofloxacin in 

a batch reactor when KLCe <<1 is not assumed. V denotes the volume of water,  W is the 

weight of solids, Ce is the equilibrium concentration of the substrate in the aqueous phase, 

qe is the equilibrium concentration of the substrate associated with the solid, k is the 

photoinduced rate constant,  qmax and KL are the Langmuir isotherm parameters, kp is the 

direct photolysis rate constant, and t is time.  
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