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ABSTRACT
Wastewater reuse is considered globally as a very important element of sustainable water
management. Conventional wastewater treatment methods are not effective for the degradation
of toxic trace organic compounds, so advanced treatment processes are sometimes needed when
the wastewater effluent is likely to be reused or discharged to a river. The existence of toxic trace
organic contaminants in the effluent wastewaters has increased awareness of environmental
effects and potential concerns for human health. In this work, the advanced oxidation process
(AOP) under solar irradiation was successfully used to decompose p-cresol, which is considered
to be a toxic trace organic contaminant, from wastewater effluents. The objective of this thesis
was to investigate the effect of the EfOM on the overall degradation of the trace organic matter
and bulk organic matter through the formation of reactive oxygen species (ROS) and
photoexcited dissolved organic matter intermediates (DOM*) under sunlight irradiation. Solar
photolysis experiments were conducted to determine the degradation of p-cresol at different
conditions, including varying the secondary effluent WW concentration, the initial concentration
of the target compound and light intensity. Results from these experiments were reported and
discussed to get the optimal treatment processes.
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ABBREVIATIONS
AOP

Advanced oxidation process

DOM

Dissolved organic matter

𝟏

𝐃𝐎𝐌∗

Singlet state dissolve organic matter

𝟑

𝐃𝐎𝐌∗

Triplet state dissolve organic matter

EfOM

Effluent organic matter

Milli-Q

Deionized water (DI)

ROS

Reactive oxygen species

TOC

Total organic carbon

𝐇 𝟐 𝐎𝟐

Hydrogen peroxide

𝟏

𝐎𝟐

Singlet oxygen

•OH

Hydroxyl radical

• 𝐎𝟐−

Superoxide

UV

Ultraviolet irradiation

WW

Secondary effluent wastewater from Ina Road Reclamation Facility (Facility name
changed to Tres Rios Reclamation Facility)

Diluted WW

0.5x WW, where x represents the secondary effluent wastewater concentration

Double Concentrated WW

2.0x WW
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INTRODUCTON
Reuse of urban wastewater is rapidly growing and considered as an important component
of sustainable wastewater management practices all over the world, mainly for applications of
non-potable water. The practice of wastewater reuse, particularly for irrigation, is accompanied
by a number of benefits related to the promotion of water balances and enrichment of the soil by
the nutrients found in the treated wastewater[1, 2]. However, there is a lack of knowledge
regarding the remaining amount of toxic trace organic materials in the secondary effluent
wastewater after conventional treatment, and the potential hazard to the environment and human
health [3, 4]. A wide range of organic contaminants can spread in water from industrial and
domestic sources [5-8]. Some of these contaminants have high toxicity and pose risk to human
and wildlife.
Advanced Oxidation Processes (AOPs) are effective methods to remove trace organic
contamination that remains after conventional wastewater treatment. AOPs are able to reduce
remaining trace organic contaminants and toxicity from treated secondary effluent wastewater to
an acceptable and safe level, so the processed wastewater can be recycled. The main mechanism
of AOPs consist in generation of highly reactive radicals that are able to destroy a wide range of
organic compounds. Ideally, AOPs convert the trace organic compounds into stable inorganic
compounds such as water, carbon dioxide, and salts [9]. An external energy source is needed to
drive the AOPs, such as ultraviolet radiation (UV) or solar light. AOPs are successful to convert
organic compounds (such as pesticides, pharmaceuticals, surfactants, dyes, etc.) into simpler
biodegradable compounds or destroy them [10].
The two mechanisms for the photodegradation of organic contaminants are direct and
indirect photolysis. Direct photolysis refers to the degradation of contaminants upon absorption
16

of light, resulting in their transformation [11]. In indirect photolysis, photodegradation occurs
through subsequent attack on the contaminant target by reactive oxygen species (ROS) and
probably by effluent organic matter (EfOM) triplet state intermediates [12]. The reactive oxygen
species are generated from wastewater dissolved organic matter (DOM) by light photolysis.
These ROS include singlet oxygen (1 O2 ), hydroxyl radicals (•OH), superoxide anions (• O2− ),
and hydrogen peroxide (H2 O2 ). In general, the chemistry of indirect photolysis follows three steps
[13]:

1. Formation of photoexcited dissolved organic matter intermediates (excited dissolved
organic matter, DOM*), and reactive oxygen species (ROS), by external energy source
like ultraviolet radiation (UV) or solar light;
2. Initial attacks on organic compound molecules by DOM* intermediates and ROS;
3. Subsequent attacks until the final mineralization.

3.1 ESTABLISHED AND EMERGING AOP TECHNOLOGIES
Generally, AOPs use strong oxidizing agents such as hydrogen peroxide (H2 O2 ) or ozone
(O3), catalysts (iron ions, metal oxides) and irradiation (UV light, sunlight) alone or in
combination. Some established and emerging AOPs technologies that have been studied over the
last years are [14-17]:


Hydrogen peroxide/ Ultraviolet Irradiation(H2 O2 /UV)



Titanium dioxide/ Ultraviolet Irradiation (TiO2/UV)



Fenton’s reactions



Hydrogen Peroxide/Ozone (H2 O2 /O3 )



Ozone/Ultraviolet Irradiation (O3 /UV)
17



High Energy Electron Beam Irradiation (E-beam)



Cavitation

AOPs driven by light represent the most popular technologies for advanced wastewater
treatment. Solar AOPs are particularly attractive because of the availability of solar light in
regions that lack water and due to their relatively low costs and high efficiencies [18].
Following are some of the advantages and disadvantages of AOPs [19-21].

AOPs ADVANTAGES


Effectively eliminate toxic organic compounds in aqueous phase without pollution
transferring to another phase.



Effective for the treatment of a wide range of trace organic contaminants and in most cases,
they are able to achieve complete destruction at ambient temperature and pressure.



Works for water sterilization.



Can be adjusted in small scales in developing countries and remote sites with no access to
electricity.



Non-selective attack on organic compounds, which is useful for wastewater treatment and
pollution control.

AOPs DISADVANTAGES


Relatively high operation costs due to the chemicals and energy required.



Potential for accumulation of oxidation by-products [22].



Emerging technologies.
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3.2 REACTIVE OXYGEN SPECIES (ROS) FORMATION
EfOM consists of a combination of dissolved organic matter (DOM) which has been
found to include many trace organic contaminants, soluble microbial products and particulates
[23, 24]. The DOM serves as a source of triplet state species, 3 DOM ∗ , which react with dissolved
oxygen under solar irradiation to form reactive oxygen species (ROS), such as singlet oxygen
(1 O2 ), hydroxyl radicals (•OH), superoxide anions (• O2− ), and hydrogen peroxide (H2 O2 )
(Figure 3.1). The hydrophobic and transphilic fractions are the major sources of • O2− , H2 O2 and
•OH, and act as a sink for 1 O2 , while the hydrophilic fraction is the major source of 1 O2 , and
acts as a sink for H2 O2 and •OH [25].

Figure 3.1: Formation of ROS from EfOM. EfOM is separated into three different
fractions based on hydrophobicity. Under solar irradiation, the hydrophobic and
transphilic fractions are the major sources of • 𝑂2− , 𝐻2 𝑂2 and •OH, and act as a sink
for 1 𝑂2, while the hydrophilic fraction is the major source of 1 𝑂2, and acts as a sink
for 𝐻2 𝑂2 and •OH. (modified from Zhang et al., 2014) [25].
For example, solar photolysis rates of some compounds like p-Cresol increased in
wastewaters relative to those measured in deionized water. However, for some other compounds,
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photolysis rates decreased in the presence of DOM due to light screening [26], especially when
photodegradation occurred through direct photolysis.
The basic reactions by which oxygen is converted to a variety of ROS are shown below
[27-31]. Major oxygen-derived reactive species include superoxide anion, hydrogen peroxide,
hydroxyl radical, and singlet oxygen.
1

DOM + hv →
3

2e− +2H+

H2 O2 + hv →
• OH →
3

e−

DOM ∗ + O2 →

2 • O2− →

DOM ∗ →

DOM ∗ + O2 →

DOM ∗

DOM + • O2−
H2 O2 + O2

e− +H+

e− +H+

3

2 • OH

(3-1)
(superoxide anion)

(hydrogen peroxide)

(3-3)

(hydroxyl radical)

(3-4)

H2 O
𝐡𝐯

DOM + 1 O2

(3-2)

(3-5)

(singlet oxygen)

(3-6)

3.2.1 SINGLET OXYGEN (𝟏 𝐎𝟐 )
Singlet oxygen is a high-energy-state molecular oxygen species. It represents the lowest
excited state of the dioxygen molecule. The term 'singlet oxygen’ refers to the quantum state of
the molecule, with singlet oxygen existing in the singlet state with a total quantum spin of 0. In
terms of its chemical reactivity, singlet oxygen is far more reactive than the triplet ground state
of oxygen toward organic compounds. It is responsible for the photodegradation of many
materials. Oxygen is relatively inert due to a parallel spin of two free electrons. It can be
activated by adding energy through sunlight, turning one spin and getting singlet oxygen.
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Molecular oxygen absorbs sufficient energy from sunlight and shifts an unpaired electron to a
higher orbital as shown in Figure 3.2 [32].

Figure 3.2: Formation and structural formula of Singlet Oxygen (1 𝑂2 ). Oxygen is
relatively inert due to a parallel spin of two free electrons. It can be activated by
adding energy through sunlight, turning one spin and getting singlet oxygen (1 𝑂2 ).
Electrons remain in separate degenerate orbit and no longer like to spin.

3.2.2 SUPEROXIDE RADICAL ION (• 𝐎𝟐− )
The superoxide radical ion (• O2− ) is a highly reactive compound that exists in surface
waters exposed to natural sunlight. It has a single unpaired electron and a net negative charge of
−1, which makes it highly reactive [33]. It can be photochemically initiated by electron transfer
from an excited state substrate to oxygen [34, 35] as shown in Figure 3.3. Unpaired electrons
make free radicals like superoxide highly reactive and allow them to oxidize various organic
pollutants.
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Figure 3.3: Formation and structural formula of superoxide (• 𝑂2− ). Oxygen can be
activated by adding one single electron, leading to superoxide (• 𝑂2− ). The six outershell electrons of each oxygen atom are shown in black; one electron pair is shared
(middle). The unpaired electron is shown in the upper-left, and the additional electron
conferring a negative charge is shown in red.

3.2.3 HYDROGEN PEROXIDE (𝐇𝟐 𝐎𝟐 )
It has been proposed that H2 O2 originates from the oxidization and reduction of the
superoxide ion, which represents the main source of H2 O2 according to the following mechanism
[36].
2 • O2− + 2H + →

H2 O2 + O2

(3-7)

The hydrogen peroxide is not as reactive as 1 O2 and •OH. However, H2 O2 has a farreaching influence on the degradation of pollutants in water systems, especially in dark control
experiments. This mechanism serves as a major degradation process of • O2− and result in H2 O2
formation. H2 O2 is relatively stable and has a longer lifetime than the rest of the ROS (•OH, 1 O2
and • O2− ). H2 O2 is an important source of •OH.
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(A)

(B)

Figure 3.4: (A) Structural formula of hydrogen peroxide (𝐻2 𝑂2 ).
(B) Ball-and-stick model of the hydrogen peroxide molecule.

3.2.4 HYDROXYL RADICAL (• 𝐎𝐇)
A hydroxyl radical (•OH) is a molecule that has one unpaired electron on the oxygen
atom (Figure 3.5-A) [37]. This is a highly reactive oxygen species that can interact with most
organic materials. It is very effective in the oxidation of organic materials because it has reactive
electrons that react quickly and non-selectively with almost all of the electron-rich organic
compounds [14, 38, 39]. It represents one of the most reactive radicals in nature with an
oxidation potential of 2.8V and rapid oxidation reaction rates compared with the rest of ROS [40,
41] (Table 3.1). It contributes significantly to the transition and the elimination of persistent
organic pollutants in natural water and wastewater. Also, it is known that the humic part of
EfOM contributes greatly to generate •OH, in contrast to the nonhumic part [25].
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(A)

(B)

Figure 3.5: (A) The hydroxyl radical (∙ 𝑂𝐻) structure shown, contains one unpaired
electron compared with the hydroxide ion. (B) Stick model of the hydroxyl radical
showing molecular orbitals.

Table 3.1: Oxidizing potential of hydroxyl radicals versus other oxidants. (Adapted from
Spartan Environmental Technologies [40] and USP Technologies: Solutions for clean
environment [41].

The hydroxyl radicals can attack organic chemicals by radical addition to double band,
equation (3- 8), hydrogen abstraction, which leads to the generation of carbon-centered radicals,
equation (3-9), and electron transfer (•OH radical gains an electron from trace organic
substituent), equation (3-10) [42, 43]. In the following reactions, R represents the organic
compound.
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R + • OH →
R + • OH →
R n + • OH →

ROH

(3-8)

R • + H2 O

(3-9)

R n−1 + OH −

(3-10)

H2 O2 is an important source of •OH. Under sunlight irradiation, the O-O bond in the
hydrogen peroxide splits and generates the hydroxyl radical [44] as presented in equation (3-11).
H2 O2 + hv →

e− +H+

2 • OH

(3-11)

However, exceeding the hydrogen peroxide concentration necessary to maximize the
hydroxyl radical production will result in a scavenging effect on hydroxyl radicals as shown in
equation (3-12) [45].
H2 O2 + • OH →

H2 O +• O2− +H +

(3-12)

In this work, I studied the use of solar and UV photolysis on the destruction of p-cresol.
To study the effects of dissolved organic matter on photodegradation, experiments were
conducted with different wastewater and trace organic concentrations. Effects of wastewater
concentration, light intensity, and trace organic concentration on the degradation process were
studied and discussed.

MATERIALS AND WASTEWATER SAMPLES COLLECTION
All materials were of the highest commerciall grade available and were used without
further purification, including p-cresol (Acros, >99%), hydrogen peroxide (Acros, 50 wt. %),
hydrochloric acid (Sigma-Aldrich, 37%), and TOC standard (Fluka, 50mg/L). Glassware was
washed with tap water and a 2% soap solution and baked overnight at 500 °C prior to use.
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The chlorinated/ dechlorinated secondary effluents were collected at the discharge outfall
from the Tres Rios Wastewater Reclamation Facility in Tucson, Arizona, and stored in the dark
at 4 ºC prior to the experiments. Samples were used in experiments without further filtration. The
solar experiments and other analysis were conducted within one week of sample collection.

ANALYTICAL METHODOLOGY
5.1 UV SPECTROPHOTOMETER
The absorbance spectra of test samples were measured using a spectrophotometer
(Thermo Scientific GENESYS 10S UV-vis) at scan wavelength range between 200-500 nm. The
interval was set at 0.5 nm. Samples were diluted as necessary to maintain absorbance values
within the range of the spectrophotometer’s standards. Figure 5.1 shows some of the major
components visible on the outside of a typical spectrophotometer.

Figure 5.1: Some major components visible on the outside of a typical spectrophotometer.
Source: Product operating manual from Company.
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5.2 FLUORESCENCE SPECTROMETER
Time-dependent concentrations of para-cresol, humics and fulvics were determined by
3D fluorescence excitation-emission matrix spectrometry using a Perkin Elmer LS 55
Fluorescence Spectrometer. The excitation range was 240-400 nm and the emission range was
280-500 nm. The excitation and emission intervals and slits were set at 0.5 nm and 10 nm,
respectively. Scan speed used was 600 nm/min. This index has been used to characterize the
origin of the organic matter.
As shown in Figure 5.2, three main fluorescent peaks can be observed for wastewater
spiked with p-cresol: a p-cresol peak (excitation wavelength range: 240−300 nm, emission
wavelength range: 290 to 350 nm), a humic-like peak (excitation wavelength range: 270−400 nm
and the emission wavelength range: 350−500 nm) and a fulvic-like peak (excitation wavelength
range: 240−270 nm and the emission wavelength range: 350−500 nm). The fluorescence
intensity was corrected using a semi-empirical model that considers the absorption spectrum of
the sample [46].

Figure 5.2: Fluorescence excitation−emission matrix spectra of the secondary effluent
humic and fulvic fractions and trace organic compound (p-cresol).
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5.3 TOTAL ORGANIC CARBON (TOC) ANALYSIS
TOC is the sum amount of carbon found from all organic compounds in an aqueous
sample and is often used as a non-specific indicator of water quality [47]. The TOC was
measured using a Shimadzu TOC-VCSH Total Organic Carbon Analyzer. Hydrochloric acid was
used to modify the pH to less than 2.0. During solar photolysis, hydrogen radicals and some
other radicals react non-selectively with organic compounds. This leads to production of
numerous intermediates at different concentrations from the reaction of radicals with the target
itself and the bulk EFOMs [48]. Also, the photolysis treatment degrades not just our target, in
our case the p-cresol, but all other pollutants, and also degrades humics and fulvics. Thus the
disappearance of our target may not imply that the treatment process was efficient, because it
might be degraded to non-fluorescent by-products that were not detected by the Fluorescence
Spectrometer. Because of all that, ultimate removal efficiency was estimated by determining the
initial and final TOC in addition to the concentration of the target compound, C, to provide solid
conclusions on the overall efficiency of the degradation process.

NANOFILTRATION SYSTEM (REVERSE OSMOSIS MEMBRANE)
Concentrated wastewater was produced by using a cross flow reverse osmosis system.
The membrane cell assembly (Figure 6.1) has one feed, which in our case represents the
secondary effluent wastewater, and two outlets which represent the permeate water and the
concentrated wastewater. The concentrated wastewater was recycled to the feed until double
concentrated wastewater was obtained (4 L wastewater was used in the feed stream to get 2 L
permeate and 2 L concentrated wastewater). The assembly includes a 7.5”  5.5” piece of
nanofiltration membrane (NF90) that was cut and soaked in deionized (DI) water for 20 minutes
before use. The cell holder pressure was maintained between 300 and 400 psi. Feed flow rate and
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trans-membrane pressure was maintained at 0.5 gpm and 140 psi. An ice bath was used to keep
the reservoir temperature near 25 C. Prior to supplying the wastewater, the membrane surface
was rinsed for 5 min with Milli-Q water.

Figure 6.1: Schematic diagram of the reverse osmosis unit shows the membrane cell
assembly that has one feed, which in our case represents the secondary effluent
wastewater, and two outlets, which represent the permeate water and the concentrated
wastewater (adopted from Ishigami et al., 2012) [49].

WASTEWATER SUNLIGHT EXPERIMENTS
The photodegradation of p-cresol in wastewater was investigated under solar irradiation.
Solar photolysis experiments were conducted by exposing samples to natural sunlight to
optimize the degradation of different concentrations of the target vs concentration of wastewater
and solar light intensity. The photoreaction was followed by monitoring the degradation of pcresol and bulk EFOM, as functions of time of irradiation. A series of experiments was
performed using 300 mL of aqueous solution of wastewater at different initial concentrations
(0.5x, 1.0x, 2.0x) in 900-mL cylindrical glass reactors that were open to the atmosphere. The
secondary effluents were collected at the discharge outfall from the Tres Rios Wastewater
Reclamation Facility in Tucson, Arizona, and stored in the dark and kept at 4 ºC prior to the
experiments. Concentrated wastewater was produced by reverse osmosis system (RO membrane
NF90) and diluted with Milli-Q water to get different wastewater concentrations. The sample
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solutions were prepared on the day of use and stirred continuously for 15 minutes and throughout
the experiment using a 2-cm glass-coated stir bar. Stock solutions of p-cresol were prepared on
the day of experiment. The experiments were performed from 10 am to 2 pm, a period in which
we have the maximum solar irradiation. Experiments were initiated by exposing the solutions to
sunlight. A water bath was used to keep the temperature between (21-25 C). During the
experiment, 30-μM solution samples were collected from the reactor at 30-minutes intervals. pH
was measured throughout the experiment for all samples. Total organic carbon was measured for
all initial samples using a Shimadzu TOC-VCSH Total Organic Carbon Analyzer. The
absorbance spectra of test samples were measured using a spectrophotometer (Thermo Scientific
GENESYS 10S UV-vis) at scan wavelength range between 200-500 nm. Time dependent
concentrations of para-cresol, humics, and fulvics were determined by 3D fluorescence
excitation-emission matrix spectrometry using a Perkin Elmer LS 55 Fluorescence Spectrometer
with excitation range between 240-400 nm and emission range between 280-500 nm.

RESULTS AND DISCUSSION
8.1 EFFECTS OF WASTEWATER CONCENTRATION, LIGHT INTENSITY, AND PCRESOL CONCENTRATION ON THE DEGRADATION PROCESS UNDER
SOLAR LIGHT PHOTOLYSIS
Three main parameters were found to affect the rate and efficiency of p-cresol and bulk
EFOM degradation in wastewater by solar photolysis: Wastewater concentration, sunlight
intensity, which depends on the experiment date; light intensity is higher in summer than in
winter, and initial trace organic concentration, which represents the p-cresol in our case. A series
of experiments was carried out by varying these parameters to determine the optimal treatment
processes.
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8.1.1 EFFECT OF WASTEWATER CONCENTRATION
Figure 8.1-A shows the photodegradation of 50 µM p-cresol in wastewater and double
concentrated wastewater obtained from the sunlight experiment that was performed on June 2nd,
2015. After 3 hours of irradiation, 45% of p-cresol in wastewater was degraded, while 60% of pcresol in double concentrated wastewater was degraded. Figure 8.1-B shows the initial TOC for
WW and double concentrated WW before initiating the experiment.

Figure 8.1: (A) Effect of initial wastewater concentration on destruction of p-cresol under
solar irradiation. Degradation of 50 µM p-cresol in wastewater and double
concentrated wastewater was obtained from the sunlight experiment performed on
June 2nd, 2015. After 3 hours of sunlight irradiation, 45% and 60% of p-cresol
reduction was observed in WW and double concentrated WW, respectively.
(B) Initial total organic carbon for WW and double concentrated WW.
The effect of the concentration of the wastewater was clear in this experiment. P-cresol
degraded faster in doubled concentrated wastewater than in wastewater. The significant increase
in degradation when doubled concentrated wastewater was used is due to the fact that increasing
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the amount of EFOM enhances the production of the ROS and DOM* required for the
degradation process. Figure 8.2 shows the EEM spectra of 50 µM p-cresol in WW before (A)
and after (B) 3 hours of sunlight irradiation, and in double concentrated WW before (C) and after
(D) 3 hours of sunlight irradiation. If we compare Figures 8.2-B and D, which represent the final
EEMs for the degradation of p-cresol in wastewater and double concentrated wastewater,
respectively, we conclude that the disappearance of p-cresol is higher in double concentrated
wastewater than in wastewater.
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Figure 8.2: Fluorescence excitation−emission matrix spectra of 50 µM p-cresol in WW
before (A) and after (B) 3 hours of sunlight irradiation, and in double concentrated
WW before (C) and after (D) 3 hours of sunlight irradiation. The Figures also show
the secondary effluent humic and fulvic fractions. The solar experiment was conducted
on June 2nd, 2015.
Similarly, Figure 8.3-A shows the results for 100 µM p-cresol degradation in diluted
wastewater, wastewater, and double concentrated wastewater obtained from the sunlight
experiment that was performed on July 16, 2015. P-cresol reductions of 30%, 43%, and 55%
were observed after 4 hours for diluted WW, WW, and double concentrated WW, respectively.
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The results for 100 µM p-cresol degradation in Milli-Q water were obtained on May 28th, 2012.
Figure 8.3-B shows the initial TOC for the mentioned three reactors’ solutions.

Figure 8.3: (A) Effect of wastewater concentration on destruction of p-cresol under solar
irradiation. Degradation of 100 µM p-cresol in diluted wastewater, wastewater, and
double concentrated wastewater was obtained from the sunlight experiment performed
on July 16, 2015. After 4 hours of irradiation, a p-cresol reduction of 30%, 43%, and
55% was observed for diluted WW, raw WW, and double concentrated WW,
respectively. Also Figure shows no degradation for p-cresol in Milli-Q water as
demonstrated by Long in his experiment on May 28th, 2012. (B) Initial total organic
carbon for diluted WW, WW and double concentrated WW.
From Figure 8.3 it is clear that no p-cresol degradation occurred in Milli-Q water after
four hours of sunlight irradiation. This reflects the fact that p-cresol does not undergo significant
direct solar photolysis within the experiment time scale. From Figure 8.4, which shows p-cresol
molar extinction coefficient and the global spectral irradiance at ground level in Tucson, Arizona
on May 28th, 2012 that was obtained from the Simple Model of the Atmospheric Radiative
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Transfer of Sunshine (SMARTS) through the National Renewable Energy Laboratory (NREL)1,
it is clear that p-cresol does not absorb light at wavelengths above 300 nm. As shown in Figure
8.4, light absorbance by p-cresol is from 240 nm to 290 nm, while the energy content of the solar
photon at ground level is above 300 nm. The lack of significant direct photolysis indicates that pcresol destruction under solar photolysis is mostly from reaction with reactive oxygen species
and associated intermediates. It is also possible that EfOM triplet state intermediates could be
another major sink for the trace organic contaminant [50, 51].
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Figure 8.4: Absorption spectrum of p-cresol (extinction coefficient) compared with solar
spectrum (global spectral irradiance at ground level at the University of Arizona at
noon on May 28th, 2012). The global spectral irradiance was obtained from the Simple
Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) through the
National Renewable Energy Laboratory (NREL).

1

SMARTS input data were obtained from NASA-Giovanni online applications for the date of the solar experiment.
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Experiments shown in Figures 8.5-A and 8.5-B replicate the same results. In both
experiments, p-cresol experienced higher destruction in concentrated wastewater than in
wastewater.

(A)
(B)
Figure 8.5: (A) Degradation of 15 µM p-cresol in wastewater and double concentrated
wastewater was obtained from the sunlight experiment performed on June 12th, 2015.
After 4 hours of irradiation, 55% and 65% of p-cresol reduction was observed in WW
and double concentrated WW, respectively. (B) Degradation of 100 µM p-cresol in
wastewater and double concentrated wastewater was obtained from the sunlight
experiment performed on June 12th, 2015. After 4 hours of irradiation, 45% and 57%
of p-cresol reduction was observed in WW and double concentrated WW, respectively.

8.1.2 EFFECT OF LIGHT INTENSITY (SOLAR UV RADIATION)
Figure 8.6 shows the results for 50 µM p-cresol degradation in wastewater and double
concentrated wastewater obtained from the sunlight experiment that was performed on June
2nd, 2015 compared with the same experiment that was performed on January 23, 2015.
Higher degradation of p-cresol is seen in the experiment that was performed in June due to
higher light intensity. The number of photons striking the EFOM controls the rate of the
reaction. This may be due to the fact that increasing the light intensity increases the photon
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flux and thus increases the energy resulting from photon absorption, hv, which leads to
enhanced production of ROS and DOM* required for the degradation, and thus enhances
indirect p-cresol degradation. It is important to note that not all irradiated natural sunlight has
sufficient energy to cause effective photolysis. Also, energy loss occurs due to light
transmission and reflection [52].
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Figure 8.6: Effect of light intensity on destruction of p-cresol under solar irradiation. 50
µM p-cresol degradation in wastewater and double concentrated wastewater obtained
from the sunlight experiment that was performed on June 2nd, 2015 compared with the
same experiment that was performed on January 21, 2015. P-cresol degradation was
higher in the experiment that was performed in June due to higher light intensity.
Figure 8.7 shows the results for 50 µM and 100 µM p-cresol degradation in diluted
wastewater obtained from the sunlight experiment that was performed on July 16th, 2015
compared with the same experiment that was performed on September 23rd, 2015. The
associated results show that p-cresol observed higher degradation in the July experiment than

37

the September experiment for both 50 µM and 100 µM p-cresol, due to higher light intensity
in July.
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Figure 8.7: Effect of light intensity on destruction of p-cresol under solar irradiation.
50 µM and 100 µM p-cresol degradation in diluted wastewater obtained from the
sunlight experiment that was performed on July 16th, 2015 compared with the same
experiment that was performed on September 23rd, 2015. P-cresol observed higher
degradation in the July experiment due to higher light intensity.

8.1.3 EFFECT OF P-CRESOL INITIAL CONCENTRATION
(CONCENTRATION OF TARGET COMPOUND)
Solar photolysis degradation of different initial p-cresol concentrations, 15 µM, 50 µM,
and 100 µM, was investigated through a set of experiments. Figure 8.8 shows the results for 100
µM and 15 µM p-cresol degradation in second effluent wastewater obtained from the sunlight
experiment that was performed on July 16th, 2015. A p-cresol reduction of 43% and 55% was
observed in 4 hours for 100 µM, and 15 µM initial p-cresol concentration, respectively. From the
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results, we can conclude that the photodegradation efficiency was increased by decreasing the
initial p-cresol concentration.

Figure 8.8: Effect of p-cresol concentration on photolysis degradation under solar
irradiation. 100 µM and 15 µM p-cresol degradation in second effluent wastewater
obtained from the sunlight experiment that was performed on July 16, 2015. A pcresol reduction of 43% and 55% was observed in 4 hours for 100 µM, and 15 µM
initial p-cresol concentration, respectively.
The increase in degradation when lower p-cresol concentration was used is due to the fact
that the photodegradation efficiency of p-cresol depends on the amount of ROS and DOM*
produced. Since the intensity of light and the amount of EFOM are the same in both cases, we
can assume that we have almost the same amount of ROS and DOM* produced. Thus the
relative ratio of the radicals attacking p-cresol increased with the decrease of p-cresol
concentration, which led to an enhancement in p-cresol degradation efficiency. However,
degradation rate values showed non-linear dependence on p-cresol initial concentration and were
somewhat increased when lower p-cresol concentration was used. A fairly linear relation
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between p-cresol concentration and irradiation time was observed, as shown in Figure 8.9 for
log [PC]/[PC]0 versus time.

Figure 8.9: Effect of p-cresol concentration on photolysis degradation under solar
irradiation. Figure shows log [PC]/[PC] 0 versus time for 100 µM and 15 µM p-cresol
degradation in second effluent wastewater obtained from the sunlight experiment that
was performed on July 16th, 2015.
Experiments shown in Figures 8.10-A and 8.10-B replicate the same results for 100 µM
and 50 µM p-cresol degradation in double concentrated wastewater (A) and diluted wastewater
(B) obtained from the sunlight experiments that were performed on July 16, 2015. P-cresol
reductions of 55% and 62% were observed in 4 hours for 100 µM, and 50 µM initial p-cresol
concentration in double concentrated wastewater, respectively, as shown in Figure 8.10-A.
Similarly, Figure 8.10-B for 100 µM, and 50 µM initial p-cresol concentration in diluted
wastewater shows that the photodegradation efficiency was increased by decreasing the initial pcresol concentration.
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Figure 8.10: Effect of p-cresol concentration on photolysis degradation under solar
irradiation. 100 µM and 50 µM p-cresol degradation in double concentrated
wastewater (A) and diluted wastewater (B) obtained from the sunlight experiments
that were performed on July 16, 2015.
To investigate the effect of p-cresol concentration on degradation of the bulk EFOM
and the possibility of producing by-products under solar irradiation, solar experiments were
conducted with and without adding p-cresol. Figure 8.11-A shows the degradation of humic
fraction in diluted WW, WW, and double concentrated WW with absence of p-cresol that was
obtained from the sunlight experiment performed on August 20th, 2015.

41

(A)

(B)

Figure 8.11: Effect of p-cresol concentration on degradation of humics under solar
irradiation. Degradation of humics in diluted WW, WW, and double concentrated WW
with absence of p-cresol (A) was obtained from the sunlight experiment performed on
August 20th, 2015, compared with the degradation of humics in double concentrated
WW when 50 µM and 100 µM p-cresol were initially added (B).
In Figure 8.11-A, I notice that the humics undergo regular degradation during 4 hours
of sunlight exposure. Another experiment for humic degradation in double concentrated WW
with and without addition of 50 µM or 100 µM p-cresol was conducted to compare the results
in Figure 8.11-B. This experiment shows that the apparent concentration of humics increased
in the first hour, then gradually decreased. This behavior was more intense when 100 µM pcresol was initially added compared with 50 µM, while no such behavior was observed with
absence of p-cresol. During the solar photolysis, some radicals, especially hydroxyl radicals,
react non-selectively with the organic compounds that may lead to complex reaction
pathways. As a consequence, numerous intermediates at different concentrations might result
from the reaction of radicals with the target itself and the bulk EFOM. However, with absence
of p-cresol, as shown in Figure 8.11-A, there was no indication of formation of any
fluorescent by-products. In comparing the two experiments, I conclude that the presence of p42

cresol might trigger some complex reaction pathways that contribute to the transformation of
p-cresol to other biodegradable intermediates. Some of them can be considered humic-like byproducts and contribute to the increase of the humic concentration. Figure 8.12 shows the
EEM spectra of the humic fraction for the first 90 minutes with absence of p-cresol (Path A),
obtained from the sunlight experiment performed on August 20th, 2015, compared with the
EEM spectra of the humic fraction when 50 µM p-cresol was initially added (Path B),
obtained from the sunlight experiment performed on July 16th, 2015. As noted previously, the
Figure clearly reflects that the presence of p-cresol might trigger some complex reaction
pathways that contribute to the transformation of p-cresol to other biodegradable, humic-like
by-products.

Figure 8.12: EEM spectra of the humic fraction for the first 90 minutes with absence of pcresol (Path A), obtained from the sunlight experiment performed on August 20th,
2015, compared with the EEM spectra of the humic fraction when 50 µM p-cresol was
initially added (Path B), obtained from the sunlight experiment performed on July
16th, 2015.

43

8.2 PROPOSED MECHANISM FOR P-CRESOL DEGRADATION IN WASTEWATER
UNDER SOLAR LIGHT PHOTOLYSIS
Previous results proved that the p-cresol degradation mechanism in wastewater under
indirect solar photolysis depended on the concentration of the dissolved organic matter, light
intensity, and the concentration of p-cresol. Indirect photodegradation of p-cresol by sunlight
irradiation in wastewater was due to the formation of ROS and DOM* that were capable of
destroying the p-cresol. Because the trace organic contaminants, like p-cresol, were introduced
along with secondary effluent, it is reasonable to investigate the photolytic behavior in the EfOM
matrix that leads to the formation of those reactive oxygen species and DOM intermediates
which are responsible for the destruction of p-cresol.
The 1 DOM ∗ and 3 DOM ∗ were initiated by sunlight irradiation of dissolved DOM as
presented below[27]:
DOM + hv →

k1

1

DOM ∗ →

3

DOM ∗

(8-1)

This 3 DOM ∗ reacts with dissolved oxygen under solar irradiation to form ROS, such
• O2− , H2 O2 , • OH, and ,1 O2 as illustrated in Figure 3.1.
It is proposed that • O2− can be photochemically initiated by electron transfer from an
excited state substrate to oxygen [30], according to the following reaction:
3

DOM ∗ + O2 →

e−

DOM + • O2−

(8-2)

Singlet oxygen (1 O2 ) can be photochemically generated as a result of quenching of the
triplet state of humic substances by ground state of the dissolved oxygen, as shown in equation
(8-3) [27, 53, 54].
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3

DOM ∗ + O2 →

𝐡𝐯

DOM + 1 O2

(8-3)

The p-cresol degradation due to reaction with superoxide anions and singlet oxygen can be
expressed in equation (8-4) and equation (8-5), respectively.
𝑝 − cresol + • O2− →

products

(8-4)

𝑝 − cresol + 1 O2 →

products

(8-5)

Studies have reported that • O2− and 1 O2 are relatively reactive in degradation of p-cresol
[55, 56, 57]. However, further exploration of these proposed mechanisms in equations (8-4) and
(8-5) is required. Also, quantitative analysis is needed to identify the production of superoxide
and singlet oxygen from DOM intermediates.
H2 O2 originates from the oxidization and reduction of the superoxide, which
represents the main source of H2 O2 , as demonstrated in equation (8-6). This
mechanism serves as a major degradation process of • O2− and result in H2 O2
formation [36].
2 • O2− + 2H + →

H2 O2 + O2

(8-6)

Under sunlight irradiation, the O-O bond in the hydrogen peroxide splits and generates
the hydroxyl radical. We can illustrate the sunlight irradiation effects and its role in producing
the hydroxyl radical through the following equations [58]:
H2 O2 + hv →
H2 O2 + • OH →

2 • OH
H2 O + • O2− +H +

45

(8-7)
(8-8)

Equation (8-7) represents the generation of the hydroxyl radical under sunlight irradiation.
From this equation we conclude that higher hydrogen peroxide concentration produces higher
hydroxyl radical concentration, which leads to higher degradation of the trace organic
compounds. However, Equation (8-8) demonstrates that exceeding the maximum limit for the
hydrogen peroxide concentration needed to produce hydroxyl radical will result in a scavenging
effect of hydroxyl radicals.
Also, “inorganic carbon species, bicarbonate and carbonate ions, are scavengers of
hydrogen radicals and, therefore, are expected to affect the rate of •OH reactions with organic
compounds” [45, 53]. In the presence of carbonate and bicarbonate ions, some of the hydroxyl
radicals react to form carbonate ions according to the following reactions:
−
• OH + HCO−
3 → CO3 ∙ + H2 O

with k OH,HCO3 = 8.5 × 106 M −1 s−1

(8-9)

−
−
• OH + CO2−
3 → CO3 ∙ + OH

with k OH,CO3 = 3.9 × 108 M −1 s−1

(8-10)

P-cresol and associated scavenger degradation can be expressed in equations (8-11) and (8-12),
respectively [36].
𝑝cresol + • OH →

products

(8-11)

Scavenger + • OH →

products

(8-12)

In this indirect photolysis, the photoexcited DOM* can also react with p-cresol and
associated scavengers to produce simpler biodegradable products [50], as shown in equation (813) and equation (8-14).
DOM ∗ + 𝑝cresol →

kpc

DOM ∗ + Scavenger →

ks
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Products
Products

(8-13)
(8-14)

The rate of p-cresol and associated scavenger degradation can be expressed in equations
(8-15) and (8-16), respectively.
d[𝑝cresol]

= −k pc [𝑝cresol][DOM ∗ ]

dt

d[Scavenger]
dt

(8-15)

= −k s [Scavenger][DOM ∗ ]

(8-16)

The rate of DOM and DOM* degradation can be expressed in equations (8-17) and (818), respectively.
d[DOM]
dt

= −k1 [DOM]

(8-17)

By assuming there is no significant change in TOC concentration during the reaction time, then
the following equation can be applied.
d[DOM∗ ]
dt

=−

d[DOM]
dt

+

d[𝑝cresol]
dt

+

d[Scavenger]

(8-18)

dt

Substituting equations (8-15), (8-16), and (8-17) into equation (8-18) leads to:
d[DOM∗ ]
dt

= +k1 [DOM] − k p [𝑝Cresol][DOM ∗ ] − k s [Scavenger][DOM ∗ ]

where

k1 [DOM] = −

d[DOM]

λ1

= ∫ ∅ I f (1 − 10
λ2

dt

λ λ λ

−Abs

λ

)dλ

(8-19)

(8-20)

λ is wavelength, ∅λ is the DOM quantum yield in mol/Einstein, Iλ is the photon flux entering the
reactor (intensity of light), and f is the ratio of light absorbed by DOM to the total light absorbed
λ

at the wavelength of irradiation. The term (1 − 10−Absλ ) is the fraction of light absorbed by the
sample at the wavelength of irradiation.
Ar λSλ

I =V
λ

r hcNA
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(8-21)

where Ar is the reactor surface area, Sλ is the spectral irradiance (W/m2nm), V𝑟 is the reactor
volume, h is Planck’s constant (6.626 × 10−34 kg/m2s), c is the speed of light (299,762,458 m/s),
and Na is Avogadro’s number (6.022 × 1023 ).
f =
λ

ελ [DOM]
Abs

(8-22)

λ

where 𝜀𝜆 is the molar absorptivity of DOM.
Substituting equation (8-20) into equation (8-19) leads to:
d[DOM∗ ]
dt

where

λ1

= ∫ ∅ I f (1 − 10
λ2

λ λ λ

−Abs

λ

)dλ − k p [𝑝Cresol][DOM ∗ ] − k s [Scavenger][DOM ∗ ]

[DOM ∗ ] = [ 1 DOM ∗ ] + [ 3 DOM ∗ ]

(8-23)

(8-24)

Equation (8-23) represents the reaction mass balance for p-cresol, scavenger, DOM and DOM*
under solar light irradiation.

8.3 DIRECT PHOTOLYSIS OF P-CRESOL (UV LIGHT-BASED PHOTOLYSIS)
Figure 8.13 shows the results for 15 µM p-cresol degradation in wastewater and Milli-Q
water as a function of time obtained from the UV light experiment at 254 nm that was performed
on April 25th, 2015. After 4 hours of irradiation, 38% of p-cresol in wastewater was degraded,
while 60% of p-cresol in Milli-Q water was degraded.
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Figure 8.13: Direct photolysis of p-cresol under UV light. 15 µM p-cresol degradation in
second effluent wastewater and Milli-Q water obtained from the UV light experiment that
was performed on April 25th, 2015. After 4 hours of irradiation, 38% and 60% of p-cresol
reduction was observed in WW and Milli-Q water, respectively. The concentration of pcresol declined faster in Milli-Q water than in second effluent wastewater.
Higher p-cresol degradation was observed when Milli-Q water was used. This can be
related to the higher turbidity in the wastewater that reduces the light penetration through the
solution, known as light screening or shading effect [59]. The direct photolysis rate of p-cresol
can be estimated based on its light absorption rate and quantum yield. The DOM in the
wastewater can also absorb UV light and reduce the amount of light adsorbed by p-cresol that is
required for direct photolysis. In this experiment, the photodegradation of p-cresol in Milli-Q
water occurs due to direct photolysis only, while photodegradation of p-cresol in wastewater
occurs due to direct photolysis by direct photon absorption, and indirect photolysis by
subsequent attack on p-cresol by ROS and probably by EfOM triplet state intermediates that
were produced by DOM light absorption. However, the direct photolysis of p-cresol in Milli-Q
water is higher than the direct and indirect photolysis combined together in wastewater. This is
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related to the fact that the light adsorbed by DOM results in energy loss, because not all species
in DOM were effective in producing radicals. Some of the species and suspended matter
occurring in the DOM contribute in energy loss without any contribution to p-cresol degradation.
Also, that energy loss is due to the fact that not all radicals initiated by DOM light absorption
attack p-cresol. Some of these radicals attack associated scavengers instead, which results in less
p-cresol degradation for the same light energy used. The results of p-cresol degradation in MilliQ water in the absence of free radicals, compared with the degradation in wastewater, indicated
that direct photolysis was the primary and dominant process in degradation of p-cresol by UV
light.
The p-cresol degradation under UV light photolysis can be expressed as follows:
𝑝cresol + hv →

products

(8-25)

The rate of direct photolysis of a chemical species at concentration [C] is given by equation (826) which is a combination of Grotthus-Draper law, Stark-Einstein law and Beer-Lambert law
[53, 60].
d[C]
dt

= −∅C fc I0 (1 − 10−Abs )

(8-26)

Then, the rate of p-cresol disappearance can be expressed as follows:
d[𝑝cresol]
dt

= −∅PC fI0 (1 − 10−Abs )

(8-27)

where ∅pc is the quantum yield for the photodecomposition of p-cresol in mol/Einstein which is
defined as [61]:
Rate of reaction

∅pc = Rate of absorption of radiation =

Number of PC molecules decomposed or formed per unit time
Number of quanta absorbed per unit time
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(8-28)

f is the ratio of light absorbed by p-cresol to the total light absorbed at the wavelength of
irradiation, and I0 is the photon flux entering the reactor (moles of photons per unit time and
reactor volume). The term (1 − 10−Abs ) represents the fraction of light absorbed by the sample
at the wavelength of irradiation.
Then, the quantum yield for the photodecomposition of p-cresol under direct photolysis is given
in equation (8-29).
∅PC =

−d[𝑝cresol]⁄dt
fI0 (1−10−Abs )

(8-29)

The experiment shown in Figure 8.14 replicates the same results. P-cresol experienced
higher destruction in Milli-Q water than in wastewater under direct UV light photolysis.

Figure 8.14: Direct photolysis of p-cresol under UV light. 50 µM p-cresol degradation in
second effluent wastewater and Milli-Q water obtained from UV light experiment.
After 4 hours of irradiation, 45% and 62% of p-cresol reduction was observed in WW
and Milli-Q water, respectively.
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Results of solar and UV light photolysis experiments that were discussed in this study are
summarized in Table 8.1.
Table 8.1: The results obtained for the p-cresol degradation under solar and UV light
photolysis with different experimental design conditions.
Irradiation time

% degradation

(min)

(Removal Efficiency)

100

240

0

May. 28th, 2012

WW

15

240 UV Light

38

April 25th, 2015

Milli-Q Water

15

240 UV Light

60

April 25th, 2015

WW

50

240

25

Jan. 23rd, 2015

Concentrated WW

50

240

38

Jan. 23rd, 2015

WW

50

180

45

June 2nd, 2015

Concentrated WW

50

180

60

June 2nd, 2015

WW

100

240

45

June 12th, 2015

Concentrated WW

100

240

57

June 12th, 2015

WW

15

240

55

June 12th, 2015

Concentrated WW

15

240

65

June 12th, 2015

Diluted WW

100

240

30

July 16th, 2015

Diluted WW

50

240

33

July 16th, 2015

WW

100

240

43

July 16th, 2015

WW

50

240

45

July 16th, 2015

Concentrated WW

100

240

55

July 16th, 2015

Concentrated WW

50

240

62

July 16th, 2015

WW

15

240

55

July 16th, 2015

Diluted WW

100

240

25

Sep. 23rd, 2015

Diluted WW

50

240

28

Sep. 23rd, 2015

WW

100

240

35

Sep. 23rd, 2015

WW

50

240

37

Sep. 23rd, 2015

Treated WW
(5 µM H2O2)
Treated WW
(2 µM H2O2)
WW

100

240

22

Nov. 8th, 2015

100

240

25

Nov. 8th, 2015

100

240

43

Nov. 8th, 2015

Heptane Extracted
WW
WW

100

240

35

Jan. 13th, 2016

100

240

27

Jan. 13th, 2016

Reactor solution

PC concentration (µM)

Milli-Q Water
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Treatment date

8.4 NUMERICAL MODELING AND EXPERIMENTAL VALIDATION
A simplified mathematical model to predict degradation of p-cresol was used to validate
the experimental results [62]. The p-cresol degradation was estimated for different operating
conditions, including initial wastewater concentration, p-cresol concentration, light intensity, and
availability of scavengers. The following five variables were needed in this numerical
simulation:


𝑘𝑃 represents the p-cresol reaction constant.



𝑘𝑠 represents the scavenger reaction constant.



[DOM]o where [DOM]o = [DOM] + [DOM ∗ ].



[𝑆𝑐𝑎𝑣]o represents the initial scavenger concentration.



∅𝜀 where ∅ is the DOM quantum yield, and 𝜀 is the molar absorptivity of DOM.

These variables were calculated from the Simple Model of the Atmospheric Radiative Transfer
of Sunshine (SMARTS) results, and used to find a group of solution from different experimental
condition results by using least squares methods. This computational method introduces changes
in degradation rate due to sub-reactions that occur during the process. Figures 8.15 (A & B)
show experimental and Model (Calculated) representations for the degradation of 50 µM pcresol (A) and 100 µM p-cresol (B) in diluted wastewater, wastewater, and double concentrated
wastewater that were obtained from the sunlight experiments performed on July 16th, 2015.
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(A)

(B)

Figure 8.15: Experimental and Model (Calculated) representations for the degradation of
50 µM p-cresol (A) and 100 µM p-cresol (B) in diluted wastewater, wastewater, and
double concentrated wastewater obtained from the sunlight experiments performed on
July 16th, 2015 [62].
Similarly, Figures 8.16 (A & B) show experimental and Model (Calculated)
representations for the degradation of 50 µM p-cresol (A) and 100 µM p-cresol (B) in diluted
wastewater and wastewater that were obtained from the sunlight experiments performed on Sep
23rd, 2015.

(A)

(B)

Figure 8.16: Experimental and Model (Calculated) representations for the degradation of
50 µM p-cresol (A) and 100 µM p-cresol (B) in diluted wastewater and wastewater
were obtained from the sunlight experiments performed on Sep 23rd, 2015 [62].
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From Figures 8.15 (A & B) and 8.16 (A & B) it was clear that the experimental and numerical
results for p-cresol degradation rates at different wastewater concentration were in good
agreement.
The modeling sensitivity analyses of AOPs were evaluated by changing one of the five
variables that were needed in the numerical simulation ( 𝑘𝑃 , 𝑘𝑠 , [DOM]o , [𝑆𝑐𝑎𝑣]o , 𝑎𝑛𝑑 ∅𝜀) by +
10% and keeping the others constant. Solar experiments evaluated for sensitivity analysis were
conducted on July 16th, 2015 with 100 µM p-cresol in diluted WW, WW, and double
concentrated WW. Results obtained had good agreement with the reaction mass balance
Equation (8-23) for p-cresol, scavengers, DOM and DOM* under solar light irradiation. The
sensitivity analyses for 𝑘𝑃 , 𝑘𝑠 , [DOM]o , [𝑆𝑐𝑎𝑣]o , and ∅𝜀 are shown in Figures 8.17 (A), 8.17
(B), 8.18 (A), 8.18 (B), and 8.19, respectively. Figures 8.17 (A & B) show the modeling
sensitivity test that was evaluated before (solid lines) and after (dashes and dots) + 10% change
of 𝑘𝑃 in (A), and 𝑘𝑠 in (B). Higher p-cresol degradation was observed when 𝑘𝑃 was increased
by 10% due to higher reaction rate for p-cresol, while lower p-cresol degradation was observed
when 𝑘𝑠 was increased by 10% due to higher scavenging effect that consumes the radicals
required for p-cresol degradation.
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(A)

(B)

Figure 8.17: The modeling sensitivity test that was evaluated before (solid lines) and after
(dashes and dots) + 10% change of 𝑘𝑃 in (A), and 𝑘𝑠 in (B) for the solar experiments
conducted on July 16th, 2015 with 100 µM p-cresol in diluted WW, WW, and double
concentrated WW. Higher p-cresol degradation was observed when 𝑘𝑃 was increased
by 10%, while lower p-cresol degradation was observed when 𝑘𝑠 was increased by
10% [62].
Similarly, Figures 8.18 (A & B) show the modeling sensitivity test that was evaluated
before and after + 10% change of [DOM]o in (A), and [𝑆𝑐𝑎𝑣]o in (B).

(A)

(B)

Figure 8.18: The modeling sensitivity test that was evaluated before (solid lines) and after
(dashes and dots) + 10% change of [𝐷𝑂𝑀]𝑜 in (A), and [𝑆𝑐𝑎𝑣]𝑜 in (B) for solar
experiments conducted on July 16th, 2015 with 100 µM p-cresol in diluted WW, WW,
and double concentrated WW. Higher p-cresol degradation was observed when
[𝐷𝑂𝑀]𝑜 was increased by 10%, while lower p-cresol degradation was observed when
[𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑒𝑟]𝑜 was increased by 10% [62].
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Higher p-cresol degradation was observed when [DOM]o was increased by 10% due to a
higher amount of radicals produced with higher availability of DOM and DOM*, while lower pcresol degradation was observed when [𝑆𝑐𝑎𝑣]o was increased by 10% due to competing effect of
scavengers on the radicals required for p-cresol and scavenger degradation. The sensitivity
analysis of [DOM]o proved that the wastewater concentration has an important effect on p-cresol
destruction.
Figure 8.19 shows the modeling sensitivity test that was evaluated before and after + 10%
change of ∅𝜀. Higher p-cresol degradation was observed when ∅𝜀 was increased by 10%, which
is logical due to the increase in the DOM quantum yield (∅), and the molar absorptivity of
DOM, (𝜀).

Figure 8.19: The modeling sensitivity test that was evaluated before (solid lines) and after
(dashes and dots) + 10% change of ∅𝜀 for the solar experiment conducted on July
16th, 2015 with 100 µM p-cresol in diluted WW, WW, and double concentrated WW.
Higher p-cresol degradation was observed when ∅𝜀 was increased by 10% [62].
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CONCLUSION
The objective of this work was to investigate the effect of effluent organic matter (EfOM)
on the overall degradation of the trace organic matter through the formation of the reactive
oxygen species (ROS) and photoexcited dissolved organic matter intermediates (DOM*) under
sunlight irradiation. Advanced oxidation processes under solar irradiation were successfully used
to decompose p-cresol, which is considered to be a toxic trace organic contaminant, from
wastewater effluents. The major factors affecting p-cresol destruction by sunlight photolysis
were effects of wastewater concentration, light intensity, and trace organic contaminant
concentration.
Wastewater concentration played a main role in the destruction rate of p-cresol under
indirect solar photolysis. P-cresol degraded faster in doubled concentrated wastewater than in
wastewater. The significant increase in degradation when doubled concentrated wastewater was
used was due to the fact that increasing the amount of EFOM enhanced the production of the
ROS and photoexcited DOM* required for the degradation process. No p-cresol degradation was
observed for Milli-Q water after four hours of sunlight irradiation. As noted previously, p-cresol
does not absorb light at wavelengths above 300 nm, while the energy content of the solar photon
at ground level is above 300 nm. This reflects the fact that p-cresol does not undergo significant
direct solar photolysis within the experiment time scale. Also, it proves that no indirect
photolysis was observed with the absence of the DOM required for the formation of the ROS and
the photoexcited intermediates, which supported my hypothesis that DOM was the main drive
for indirect photolysis.
Higher light intensity caused higher degradation in p-cresol. The number of photons
striking the EFOM controlled the rate of the reaction. This may be due to the fact that increasing
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the light intensity increased the photon flux and thus increased the energy resulting from photon
absorption, hv, which led to enhanced production of ROS and photoexcited DOM* required for
the degradation, and thus enhanced indirect p-cresol degradation.
Photodegradation efficiency was increased by decreasing the initial p-cresol
concentration. The increase in degradation when lower p-cresol concentration was used was due
to the fact that the photodegradation efficiency of p-cresol depended on the amount of ROS and
DOM* produced. Since I had the same wastewater TOC concentration and light intensity, I
could assume that I had the same amount of radicals. Those radicals were consumed at the same
rate to degrade the p-cresol, resulting in less degradation over time when higher concentration of
p-cresol was used.
The proposed p-cresol degradation mechanism in wastewater under indirect solar
photolysis depended on the concentration of the DOM, light intensity, and the concentration of
p-cresol. A simplified mathematical model to predict degradation of p-cresol was used to
validate the experiments, which resulted in good agreement. Furthermore, p-cresol was
successfully degraded by direct UV light photolysis. It was observed that direct photolysis was
the primary and dominant process in degradation of p-cresol by UV light.
During solar photolysis, hydrogen radicals and some other radicals react non-selectively
with organic compounds. This leads to production of numerous intermediates at different
concentrations from the reaction of radicals with the target itself and the bulk EFOM. While
much information was gained from these investigations, further exploration is needed to reach
comprehensive conclusions in regard to the formation, fate and effects of by-products resulting
from sunlight photolysis of p-cresol. Also, quantitative analysis is needed to identify the
production and activity of superoxide and singlet oxygen from DOM intermediates.
59

APPENDICES
APPENDIX A-1: Fluorescence excitation−emission matrix spectra of the trace organic
compound (50 µM p-cresol) and the secondary effluent wastewater humic and fulvic fractions
for samples that were taken in 20-minute time intervals during the solar experiment that was
conducted on June 2nd, 2015.
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APPENDIX A-2: Fluorescence excitation−emission matrix spectra of the trace organic
compound (50 µM p-cresol) and double concentrated secondary effluent wastewater humic and
fulvic fractions for samples that were taken in 20-minute time intervals during the solar
experiment that was conducted on June 2nd, 2015. O.1 M IPOH was initially added to quench the
hydroxyl radicals.
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APPENDIX A-3: Fluorescence excitation−emission matrix spectra of the trace organic
compound (50 µM p-cresol) and double concentrated secondary effluent wastewater humic and
fulvic fractions for samples that were taken in 20-minute time intervals during the solar
experiment that was conducted on June 2nd, 2015.
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APPENDIX A-4: Fluorescence excitation−emission matrix spectra of the trace organic
compound (15 µM p-cresol) and the secondary effluent wastewater humic and fulvic fractions
for samples that were taken in 30-minute time intervals during the solar experiment that was
conducted on June 12th, 2015.

63

APPENDIX A-5: Fluorescence excitation−emission matrix spectra of the trace organic
compound (15 µM p-cresol) and double concentrated secondary effluent wastewater humic and
fulvic fractions for samples that were taken in 30-minute time intervals during the solar
experiment that was conducted on June 12th, 2015.
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APPENDIX A-6: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in secondary effluent wastewater for samples that were taken in
30-minute time intervals during the solar experiment that was conducted on June 12th, 2015.
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APPENDIX A-7: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in double concentrated secondary effluent for samples that were
taken in 30-minute time intervals during the solar experiment that was conducted on June 12th,
2015.
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APPENDIX A-8: Fluorescence excitation−emission matrix spectra of the trace organic
compound (50 µM p-cresol) in diluted secondary effluent wastewater for samples that were
taken in 30-minute time intervals during the solar experiment that was conducted on July 16th,
2015.
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APPENDIX A-9: Fluorescence excitation−emission matrix spectra of the trace organic
compound (50 µM p-cresol) in secondary effluent wastewater for samples that were taken in 30minute time intervals during the solar experiment that was conducted on July 16th, 2015.
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APPENDIX A-10: Fluorescence excitation−emission matrix spectra of the trace organic
compound (50 µM p-cresol) in double concentrated secondary effluent wastewater for samples
that were taken in 30-minute time intervals during the solar experiment that was conducted on
July 16th, 2015.
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APPENDIX A-11: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in diluted secondary effluent wastewater for samples that were
taken in 30-minute time intervals during the solar experiment that was conducted on July 16th,
2015.
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APPENDIX A- 12: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in the secondary effluent wastewater for samples that were taken
in 30-minute time intervals during the solar experiment that was conducted on July 16th, 2015.
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APPENDIX A- 13: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in double concentrated secondary effluent wastewater for samples
that were taken in 30-minute time intervals during the solar experiment that was conducted on
July 16th, 2015.
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APPENDIX A-14: Fluorescence excitation−emission matrix spectra of diluted secondary
effluent wastewater humic and fulvic fractions for samples that were taken in 30-minute time
intervals during the solar experiment that was conducted on August 20th, 2015.
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APPENDIX A- 15: Fluorescence excitation−emission matrix spectra of the secondary effluent
wastewater humic and fulvic fractions for samples that were taken in 30-minute time intervals
during the solar experiment that was conducted on August 20th, 2015.
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APPENDIX A- 16: Fluorescence excitation−emission matrix spectra of double concentrated
secondary effluent wastewater humic and fulvic fractions for samples that were taken in 30minute time intervals during the solar experiment that was conducted on August 20th, 2015.
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APPENDIX A- 17: Fluorescence excitation−emission matrix spectra of the trace organic
compound (50 µM p-cresol) in diluted secondary effluent wastewater for samples that were
taken in 30-minute time intervals during the solar experiment that was conducted on Sep. 23rd,
2015.
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APPENDIX A- 18: Fluorescence excitation−emission matrix spectra of the trace organic
compound (50 µM p-cresol) in secondary effluent wastewater for samples that were taken in 30minute time intervals during the solar experiment that was conducted on Sep. 23rd, 2015.
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APPENDIX A- 19: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in diluted secondary effluent wastewater for samples that were
taken in 30-minute time intervals during the solar experiment that was conducted on Sep. 23rd,
2015.
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APPENDIX A- 20: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in secondary effluent wastewater for samples that were taken in
30-minute time intervals during the solar experiment that was conducted on Sep. 23rd, 2015.
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APPENDIX A- 21: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in 5 mM H2O2/UV treated secondary effluent wastewater for
samples that were taken in 30-minute time intervals during the solar experiment that was
conducted on Nov. 8th, 2015.
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APPENDIX A- 22: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in 2 mM H2O2/UV treated secondary effluent for samples that
were taken in 30-minute time intervals during the solar experiment that was conducted on Nov.
8th, 2015.
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APPENDIX A- 23: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in secondary effluent wastewater for samples that were taken in
30-minute time intervals during the solar experiment that was conducted on Nov. 8th, 2015.
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APPENDIX A- 24: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in heptane extracted secondary effluent wastewater for samples
that were taken in 30-minute time intervals during the solar experiment that was conducted on
Jan. 13th, 2016.
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APPENDIX A- 25: Fluorescence excitation−emission matrix spectra of the trace organic
compound (100 µM p-cresol) in secondary effluent wastewater for samples that were taken in
30-minute time intervals during the solar experiment that was conducted on Jan. 13th, 2016.
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APPENDIX A- 26: Fluorescence excitation−emission matrix spectra of the trace organic
compound (15 µM p-cresol) and the secondary effluent wastewater humic and fulvic fractions
for samples that were taken in 30-minute time intervals during the UV254 lamp experiment that
was conducted on April 25th, 2015.
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APPENDIX A- 27: Fluorescence excitation−emission matrix spectra of the trace organic
compound (15 µM p-cresol) in Milli-Q water for samples that were taken in 30-minute time
intervals during the UV254 lamp experiment that was conducted on April 25th, 2015.
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APPENDIX B-1: Figure shows degradation of 1 ppm aniline yellow in Milli-Q water without
𝐻2 𝑂2, with 10 mM 𝐻2 𝑂2, and dark control with 10 mM 𝐻2 𝑂2. The results were obtained from
the sunlight experiment performed on March 7th, 2014. After 4 hours, no aniline yellow
degradation was observed in either dark control with 𝐻2 𝑂2 or under sunlight without 𝐻2 𝑂2,
while significant degradation was observed when 𝐻2 𝑂2 was used in the reactor exposed to
sunlight.
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APPENDIX B-2: Figure shows degradation of 1 ppm aniline yellow in Milli-Q water with 10
mM and with 20 mM 𝐻2 𝑂2. The results were obtained from the sunlight experiment performed
on March 17th, 2014. After 4 hours of sunlight irradiation, higher aniline yellow degradation was
observed when a higher concentration of 𝐻2 𝑂2 was used.
This indicates that as the concentration of 𝐻2 𝑂2 was increased, more • 𝑂𝐻 radicals were
available to attack the aniline yellow, and therefore a higher degradation rate was observed.
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APPENDIX B-3: Figure shows degradation of 1 ppm aniline yellow in Milli-Q water with 50
mM and 100 mM 𝐻2 𝑂2. The results were obtained from the sunlight experiment performed on
March 31st, 2014. After 4 hours of sunlight irradiation, higher aniline yellow degradation was
observed when higher concentration of 𝐻2 𝑂2 was used.
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APPENDIX B-4: Figure shows degradation of 1 ppm aniline yellow with 100 mM 𝐻2 𝑂2 in
wastewater and Milli-Q water. The results were obtained from the sunlight experiment
performed on July 30th, 2014. After 4 hours of sunlight irradiation, there was no significant
difference in aniline yellow degradation in wastewater and Milli-Q water.
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APPENDIX B-5: (A) Degradation of 100 µM p-cresol in wastewater and heptane extracted
wastewater was obtained from the sunlight experiment performed on Jan 13th, 2016. After 4
hours of irradiation, a p-cresol reduction of 27% and 35% was observed for wastewater and
heptane extracted wastewater, respectively. (B) Initial total organic carbon for wastewater and
heptane extracted wastewater.
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APPENDIX B-6: (A) Degradation of 100 µM p-cresol in wastewater, UV-treated wastewater
with 2 mM 𝐻2 𝑂2, and UV-treated wastewater with 5 mM 𝐻2 𝑂2, was obtained from the sunlight
experiment performed on Nov. 8th, 2015. After 4 hours of irradiation, a p-cresol reduction of
43%, 25%, and 22% was observed for wastewater, UV-treated wastewater with 2 mM 𝐻2 𝑂2 and
UV-treated wastewater with 5 mM 𝐻2 𝑂2, respectively. (B) Initial total organic carbon for
wastewater, UV-treated wastewater with 2 mM 𝐻2 𝑂2 and UV-treated wastewater with 5 mM
𝐻2 𝑂2.
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APPENDIX B-7: (A) Degradation of 50 µM p-cresol in Milli-Q water, wastewater, UV-treated
wastewater with 5 mM 𝐻2 𝑂2 and UV-treated wastewater with 2 mM 𝐻2 𝑂2, was obtained from
the UV254 lamp experiment performed on March 22nd, 2016. After 4 hours of irradiation, a pcresol reduction of 58%, 42%, 42%, and 43% was observed for Milli-Q water, wastewater, UVtreated wastewater with 5 mM 𝐻2 𝑂2 and UV-treated wastewater with 2 mM 𝐻2 𝑂2, respectively.
(B) Initial total organic carbon for wastewater, UV-treated wastewater with 5 mM 𝐻2 𝑂2 and UVtreated wastewater with 2 mM 𝐻2 𝑂2.
Higher p-cresol degradation was observed when Milli-Q water was used. This can be related to
the increase of the turbidity in the wastewater that reduces the light penetration through the
solution, known as light screening or shading effect.
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