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1 ABSTRACT

Wastewater reuse is considered globallgasry important element of sustainable water
managementConventional wastewater treatment methods are not effective for the degradation
of toxic trace organic compoundsy advanced treatment pesses are sonietes neededhen
the wastewater effluent is likely to be reused or discharged to a river. The existence of toxic trace
organic contaminants in the effluent wastewatersr@sasedawarenessf environmental
effects angotential concerns foruman healthln this work, the advanced oxidation process
(AOP) undersolar irradiationwassuccessfully used to decompgseresol, whichis considered
to be aoxic trace organic contaminant, from wastewater effluite.objective of this thesis
was to nvestigate the effedf the EfOMon the overall degradation of the trace organic matter
and bulk organic matter through the formatanmeactive oxygen species (RC8)d
photoexcited dissolved organic matter intermediates (DQM#er sunlightrradiation.Solar
photolysis experiments were conducted to determine the degradagiamesbl at different
conditions, includingarying thesecondaryeffluent WW concentrationthe initial concentration
of the target compound and light intensity. Ressfrom these experiments were reported and

discussed to get the optimal treatmgrdcesses.
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2 ABBREVIATIONS

AOP Advanced oxidation ocess

DOM Dissolved organic wtter

>l
il

Singlet state dissolve organic matter

>l
il

Triplet state dissolve organic matter

EfOM Effluent organic ratter

Milli -Q  Deionized water (DI)

ROS Reactive oxygenpecies

TOC Total organic carbon
€ E Hydrogenperoxide
E Singlet xygen
ioly Hydroxyl radical
E'E Superoxide
uv Ultraviolet irradiation
WWwW Secondary effluent wastewater from Ina Road &weation Facility (Facility name

changed to Tres Rios Reclamation Facility)

Diluted WW  0.5xWW, where xrepresentsghe secondary effluent wastewater concentration

Double ConcentratedWW  2.0x WW
15



3 INTRODUCTON

Reuse of urban wastewaterapidly growing anctonsidered as an important component
of sustainable wastewater management practices all over the world, mainly for applications of
nonpotable water. The practice of wastewater reuse, particularly for irrigation, is accompanied
by a umber of benefits ralted to the promotion of water balances and enrichment of the soil by
the nutrients found in the treatecstewatdd, 2]. However there is a lack of knowledge
regarding the remaining amount of toxic trace organic masénighe seconary effluent
wastewater after conventional treatment, and the potential hazae environment anduiman
health[3, 4]. A wide range of organic contaminants can spread in water from industrial and
domestic sourcd$-8]. Some of theseontaminants have high toxicity andsgoriskto human

and wildife.

Advanced Oxidation Processes (AOPs)effectivemethods to remove trace organic
contamination that remasrafterconventionalvastewater treatmerdOPs are able to reduce
remaining trace organic contaminants and toxicity from treated secondary effluent wastewater to
an acceptable andfgsdevel, so the processed wastewater can be recyidiednain mechanism
of AOPsconsist ingeneration of highly reactive radicadlgtare able todestroy a wide range of
organic compoundsdeally, AOPsconvert the trace organic compounds into stable inorganic
compounds such as water, carbon dioxaaal saltg9]. An external energgource is heeded to
drivethe AOPs, such as ultraviolet radiation (UV) or solar light. A@fssuccessful to convert
organic compounds(ch as pesticides, pharmaceuticalsfactantsgyes etc.) into simpler

biodegradable compounds or destroy th#aj.

The two nechanisms fortte photodegradation of organic contaminaatsdirect and

indirect photolysisDirect photolysis refers tthe degradation of contaminanfgon absorption

16



of light, resulting intheir transformatiorf11]. In indirect photolysis, photodegradation occur
through subsequent attack on the contaminant targetbiive oxygen species (ROS) and
probably byeffluent organic mattel§5fOM) triplet state intermediat¢$2]. The reactive oxygen
speciesare generatedrom wastewater dissolved organic mat@©OM) by light photolysis.

These ROSncludesingletoxygen / ), hydr oxyl radi cal ¢/ OAOH) ,
andhydrogen peroxide( / . In generalthe chemistryof indirectphotolysisfollows three steps

[13]:

1. Formation ofphotoexcited dissolved organic matter intermediadgsi{ed dissolved
organic matterPOM?*), and reactiveoxygen speciefROS),by external energgource
like ultraviold radiation (UV) or solar light

2. Initial attacks ororganic compoundholecules bypOM* intermediateandROS

3. Subsequent attacks urttile finalmineralization

3.1 ESTABLISHED AND EMERGING AGECHNOLOGIES

Generally, AOPs use strong oxidizing agents such as hydrogen perpxide 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 theenoster the

last yearsare[14-17]:

91 Hydrogen peroxide/ Ultraviolet Irradiatiof / /UV)
9 Titanium dioxide/ Ultraviolet Irradiation (TiO2/UV)
1T Fentonds reactions

1 Hydrogen Peroxide/Ozoné¢ / /I )

1 Ozone/Ultraviolet Irradiatiorn/ ( /UV)
17
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1 High Energy Electron Beam Irradiation-feam)

M Cavitation

AOPs driven by light represent the most popular technologiesdi@ncedvastewater
treatment. Solar AOPs are particularly attractive because av#ikbility of solar light in

regions that lack water and due to their relatively low costs and high effici¢b@]es

Following are some dhe advantages and disadvantages of AQ®21].

AOPsSADVANTAGES

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

1 Effective for the treatment @& wide range afrace organic contaminants and in most cases,
they are able to achieve complete destruction at ambient temperature and pressure.

T Works for water sterilization.

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

T Non-selective attack on organic compounds, which is useful for wastewater treatment and

pollution control.

AOPsDISADVANTAGES

T Relatively high operation costs due to themicals and energy required.
1 Potential for accumulation of oxidation4pyoductg22].

1 Emerging technologies
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3.2 REACTIVE OXYGEN SPECIES (RGE®RMATION
EfOM consists of a combination of dissolved organic matter (D@Mgh has been
found to includemanytrace organic contaminansolublemicrobial products angarticulates
[23, 24]. The DOM serves as a source oplet state species$ /- “, which react with dissolved
oxygen under solar irradiation to form reactive oxygen species (ROS), such asosipgéet
/I, hydroxyl radi cal si/ ()fatRydrogersperpx@e(o/ x i de ani on
(Figure3.1). The hydrophobic and transphilic fractiosre the major sources @/ ,( / and
AOH, and act ,whie thahydraphilic frattionsthe major source of/ , and

acsas asinkfo( / an dH[A5D

Figure 3.1: Formation of ROS from EfOM. EfOM is separated into titiéerent
fractions based on hydrophobicitynder solar irradiation, the hydrophobic and
transphilic fractionsarethe major sources &0 ,"00 and AOH, and act as
for 0 , while the hydrophilic fractiois the major source of b , and acsas a sink
forO0 and AnodifiedirdmZhang et al., 201425].

Forexample solar photolysis rates of some compoundspiearesol 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 tadiglgning26], especially when
photodegradation occurred through direct photolysis.

The basic reactions by which oxygen is converted to a varié®p&are shown below
[27-31]. Major oxygenderivedreactive spciesinclude superoxide anion, hydrogen peroxide,

hydroxyl radical, and singlet oxygen

$/ - EOuwunt  $/-° wmm  $/-° (31
$/-° 1w $/ - B (superoxideanion) (3-2)
CE/ wuwuuny (/0 + (hydrogerperoxide) (3-3)
(/ E Owuuuu ¢ B/ ( (hydroxylradical) (3-4)
7 QVIVITVITVUTVIT R Qi (3-5)
$/-° | UUUlIJULIJUU $/7 - (singletoxygen) (3-6)

3.2.1 SINGLET OXYGEN °"E
Singlet oxygen is Aigh-energystate molecular oxygen speci#tsrepresents the lowest
excited state of the dioxygeno | ecul e. The term 'singl e oxyger
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 tripleidgstate
of oxygen toward organic compoundsis responsible for the photodegradation of many
materials Oxygen is relatively inert due to a parallel spin of two free electrons. It can be

activaed by adding energy through $ight, turning onespin aml getting singlet oxygen
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Molecular oxygen absorbs sufficient energy from sunlight andssmnfunpaied electron to a

higher orbitalas shown irFigure3.2[32].

hv

$

"0O—0O- — —f- 0=0

. . spin nversion b b
triplet oxygen singlet oxygen
(ground state) (excited state )

Figure 3.2: Formationand structural formula oSinglet Oxygen U . Oxygen is
relatively inert due to garallel spin of two free electrons. It can be actecby
adding energy through slight, turning one spin and getting singlet oxygei
Electrons remain in separate degenerate orbit and no longer like to spin.

3.2.2 SUPEROXIDE RADICAL ION ( B'E )

The superoxide radical io2/  is ahighly reactive compounthat exists irsurface
waters exposed taatural sunfjht It has a single unpaired electron and a net negative charge of
1 1, which makes it highlyeactive[33]. It can ke photochemically initiated by electron transfer
from an excited state substrate to oxyffgh 35] asshown inFigure3.3.Unpaired electrons
make free radicals like superoxide highly reactive and allow them to oxidize various organic

pollutants.
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bt - - L
- & & +ea
00 =5,:0:0:
LN LR o o
triplet oxygen superoxide
(ground state (excited state)

Figure 3.3: Formationand structural formula o$uperoxidg0 ). Oxygen can be
activated by adding one single electron, leadinguperoxidg0 ). The six outer
shell electrons of each oxygatom are shown in black; one electron pair is shared
(middle).The unpaired electron is shown in the upfedt, and the additional electron
conferring a negative charge is shown in red.

3.2.3 HYDROGEN PEROXIDE (¢ "E)

It has been proposed that/ originatesfrom the oxidizatiorand reductiorof the
superoxideon, which represents the main sourcg of according to the following mechanism
[36].

G B/ G( w (/7 / (3-7)

Thehydrogenperoxideis not as reactive a¢ andA O.HHowever,( / has a far
reaching influence on the degradation of pollutants in water systems, espedialtl control
experimentsThis mechanism serves as a major degradation proc&s oénd result i /
formation.( / is relatively stable and has a longer lifetime than the rest of the RQSH/

andg/ ).( / isanimportant source &f O.H
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H H
\ F
0-0

(A) (B)

Figure 3.4: (A) Structural formula of hydrogen peroxid® 0
(B) Ball-and-stick model of thydrogen peroxide molecule.

3.2.4 HYDROXYL RADICAL (Z'Eg)

A hydroxyl radical(A O)Hs a molecule that has one unpaired electron on the oxygen
atom (Figure3.5-A) [37]. This is a highly reactive oxygen specikat can interact with most
organic materials. It is very effective in tbridationof organic materialbecause it has reactive
electrons that react quickly and nselectively with almost all of the electroith organic
compoundg14, 38, 39]. It representsne ofthe most reactive radich nature withan
oxidation potential of BV and rapidoxidation reaction ratesompared with the rest of RQ&0,
41] (Table3.1). It contributes gInificantly to the transition and the elimination of persistent
organic pollutants in natural water and wastewa=o, it is known that the humic part of

EfOM contributes grefit to generaté O,Hh contrast to the nonhumic p§26].
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ee 11—
Hydroxide ion [H—O:]
o0
oo
Hydroxyl radical H—Oo
o0

(A) (B)

Figure 3.5: (A) The hydroxyl radica(Q) "Qstructure shown, contains one unpaired
electron compared with the hydroxide i¢B) Stick model of the hydroxyl radical
showingmolecular orbitals.

Oxidizing Agent Oxidation
Potential, V
Hydroxyl Radical 2.80
Oxygen (atomic) 242
Ozone 2.08
Hydrogen peroxide 1.78
Hypochlorite 1.49
Chlorine 1.36
Chlorine dioxide 1.27
Oxygen (molecular) 1.23

Table3.1: Oxidizing potential of hydroxyl radicals versus otberdants.(Adapted from
Smartan Environmental' echnologie$40] and USP TechnologieSolutions for clean
environmenf41].

The hydroxyl radicals can attack organic chemicals by radical addition to double band,
equation 8- 8), hydrogen abstraction, whichalgs to the generation of carboentered radicals,
equation 8-9), and electron transfeA(O Fadical gains an electron from trace organic
substituent), equatior8{10) [42, 43]. In the following reactions, R represents the organic

compound.
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2 B (w27 ( (3-8)
2 B (ww 2E (/ (3-9)

2 B (w2 ! ( (3-10)

( / isanimportant source & O.HUnder sunlight irradiation, the-O bond in the

hydrogen peroxide splits and generates the hydraxiytal[44] aspresented in equatioB-(1).

( /' E Ouuuuy ¢ B/ ( (3-11)

However, exceeding the hydrogen peroxide concentraBoassaryo maximize the
hydroxyl radicalproductionwill result in a scavenging effeon hydroxyl radicals as shown in

equation 8-12) [45].
(/7 B Cww (/7 B ( (3-12)

In this work,| studiedthe use of solaand UVphotolysis on the destruction picresol
To study the effects of dissolved organic matter on photodegradation, experiments were
conducted with different wastewater and trace organic concentrations. Bffectstewater
concentrationlight intensity, and trace organic concentratborthe degrdation proceswsere

studied and discussed.

4 MATERIALSAND WASTEWATER SAMPLES COECTION

All materialswere of the highestommerciallgradeavailableand were usd without
further purification, including-cresol (Acros, >99%), hydrogen peroxide (Acrosywb0%),
hydrochloric acid (Sigm&ldrich, 37%),andTOC standard (Fluka, 50mg/L(lassware was

washed withtapwater and a 2% soap solution and baked overnight at 500 °C prior to use.
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Thechlorinated/ dechlorinatesecondary effluents were collectedla discharge outfall
from the Tres Rios Wastewater Reclamation Facility in Tucson, Arizomistored inthedark
at 4°C prior to the experimentSamples were used in experiments witHoutherfiltration. The

solar experiments and other analysis wemeducted within one week of samglalection.

5 ANALYTICAL METHODOLOGY

51 UV SPECTROPHOTOMETER

The absorbance spectra of test samples were measured using a spectrophotometer
(Thermo Scientific GENESYS 10S UWMs) at scan wavelength range between-200 nm. The
interval was set at 0.5 nm. Samples were diluted as necessary to maintain absorbesce valu
within the range of thepectrophotometés standardgzigure 5.1 shows some of the major

components visible on the outsioka typical spectrophotometer.

Sample compartment

Optional printer housing Keypad

Figure5.1: Some major components visible on the outside of a typical spectrophotometer.
Source: Producbperating manualrom Company.
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5.2 FLUORESCENCE SPECTROMETER

Time-dependent concentrations of parasol, lumics and fulvicavere determined by

3D fluorescencexcitatioremission matrivspectrometry using a Perkin Elmer LS 55

Fluorescence Spectrometer. The excitation range ¥&4@ nm and the emission range was

280500 nm. The excitation and emission intervals and slits were set at 0.5 nm and 10 nm,

respectiely. Scan speed used was 600 nm/min. This index has been used to characterize the

origin of the organic matter.

As shown in kgure5.2, three main fluorescent peatan be observer wastewater

spiked withp-cresol a p-cresolpeak(excitation wavelengthange 2 4 0 1 @rDebnission

wavelength range290 to $0 nm),a lumic-like peak(excitation wavelength range 24D@MnMm

and h e

range

intensity was corrected using a seempirical model that considers the absorption spectf

emi ssi

the sampl¢46].
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5.3 TOTAL ORGANIC CARBOTOC) ANALYSIS

TOC is thesumamount ofcarbonfoundfrom all organic compourglin an agqueous
sampleand is often used as a nepecific indicator ofvaterquality [47]. The TOC was
measured using a Shimadzu TQCSH Total Organic Carbon Analyzer. Hydrochloric acid was
used to modif the pH to less than 2.During solar photolysis, hydrogen radicals and some
other radicals react neselectively with organicompounds. This leads to production of
numerous intermediates at different concentratitora the reaction of radicals with the target
itself and the bulk EFOMR!8]. Also, the photdysis treatmentdegrade not just outtarget,in
our case the-cresol, but albther pollutantsand also degradésimics andfulvics. Thusthe
disappearancef our target ray not imply that the treatment process was effigibatause it
might be degraded to ndluorescent byproducts that were not detected by the Fluorescence
SpectrometeBecause oall that, ultimate removal efficiency wastimated by determining the
initial and fnal TOC in addition to theconcentration othetargetcompoundC, to provide solid

conclusiors on the overall efficiency of the degradation process.

6 NANOFILTRATIONSYSTEM REVERE& OSMOSIS MEMBRANE)

Concentrateavastewater waproducedoy using a cross floweverse osmosis system
The membrane cell assemifiigure 6.1) has one feedvhich in our caseepresentshe
secondareffluentwastewaterand two outlets which represent themeate water and the
concentrateavastewater. Theoncentratedvastewater was cgcled to the feed untdoule
concentrateavastewatewas obtaine@4 L wastewater was used in the feed stream to get 2
permeate and 2 toncentratedvastewater)The assembly includes? . 5. 50 pi ece of
nanofiltration membraneé\F90) that was cut and saakin deionized (DI) water for 20 minutes

before useThe cell holder pressure was maintained between 300 and 4G@gdilow rate and
28



transmembrane pressureasmaintained af.5gpmand 140 psiAn ice bath was used to keep

the reservoir temperature near Za Prior to supplyinghewastewater, the membrane surface

was rinsed for 5 min with MiliQ water.

Feed solution

Permeate €— ﬁ))
| A,
A
I
I
)

Pump

Pressure gauge

i
Reverse osmaosis
membrane

Figure 6.1: Schematic diagram of the reverse osmosis unit showadhgraneell
assemblyhat has one feed, which in our case represents the secondary effluent
wastewater, and two outletshich represent the permeate water anddbecentrated
wastewateadoptel from Ishigamiet al., 20P) [49].

7 WASTEWATER SUNLIGHT EXPERIMENTS

The photodegradation gfcresol in wastewater was investigated under solar irradiation.

Solar photolysisxperiments were conductéy exposing samples to natural sunlight

optimize the degradation of different concentragiohthe targevs concentration of wastewater

and saoér light intensity The photoreaction was followed by monitoring the degradatign of

cresol and bulk EFOIvas functions of time of irradiation. A seriesesfperimentsvas

performedusing 0 mL of aqueous solution afastewateat different initial concentrations

(0.5x, 1.0x, 2.0x)n 900-mL cylindrical glass reactors that were open to the atmosphieee.

secondary effluents were collected at the discharge outfall from the Tres Rios Wastewater

Reclamation Facility in Tucson, AZona, and stored in the dark and kept &t 4rior to the

experimentsConcentratedvastewater wagroducedoy reverse osmosis system (RO membrane

NF90) and diluteavith Milli-Q water to get different wastewater concentraidine sample
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solutionswerepreparednthe day of use and stirred continuously for 15utesand throughout
theexperimenusinga 2cm glasscoated stir bar. Stock solutionsmtresol were prepared on

the day ofexperimentTheexperimentsvereperformedirom 10amto 2pm, a period in which

we have thenaximum solar irradiationExperiments were initiated by exposing the soligiton
sunlight.A water bath was used to keep the temperature betweetb(Z1). During the

experiment,3& M s ol uti on s ampl thesreavia at 8niutedinlergatstpeld f r o mr
was measurethroughouthe experiment for all sampleBotal organic carbon waseasured for

all initial samples using a Shimadzu TEMCSH Total Organic Carbon Analyzer. The

absorbance spectra of test samples were measured using a spectrophotometer (Thermo Scientific
GENESYS 10S UWiis) at scan wavelength range between-200 nm. Tine dependent
concentrations of pareresol, lumics, and fulvics were determined by 3D fluorescence
excitationemission matrix spectrometry using a Perkin EImer LS 55 Fluorescence Spectrometer

with excitation range between 2400 nm and emission range betm 286500 nm.

8 RESULTS AND DISCUSSION
8.1 EFFECTF WASTEWATER CONCENTRATION, LIGHT INTENSITY, ARD

CRESOL CONCENTRATION ON THE DEGRADATION PROCHEE®]R

SOLAR LIGHT PHOTOLYSIS

Threemainparameters were found &dfecttherate and efficiency gb-cresoland bulk

EFOM degradatiornn wastewateby solar photolysisWwastewater concentratiosynlight
intensity whichdepends on the experiment date; light intensitygber in summer than in
winter, and mitial trace organic concentratiowhichrepresentshep-cresol in our case. A series
of experiments was carried out by varying these parametdetgomineghe optimal treatment

processes.
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8.1.1 EFFECT OF WASTEWATER CONCENTRATION

Figure8.1-A shows the photodegradatioh50 uM p-cresol in wastewater and double
concentrateavastewater obtained from the sunlight experiment that was performed or'June 2
2015. After 3 hours of irradiation, 45% jpfcresol in wastewater was degraded, while 60%> of
cresol in doubleoncentratedvasewater was degradeBigure 8.1B shows the initial TOC for

WW and doubleoncentrate®VW before initiating the experiment.

11

B TOC (mgC/L)

12.97

[pCl/[pC]
o
~d

06 | N
05 | T
==WW + 50 uM pC
0.4 | —=—Concentrated WW+ 50 uM pC
0'3 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200 Raw WW Concentrated
Time (min) ww
(A) (B)

Figure 8.1: (A) Effect ofinitial wastewaterconcentration on destruction ofgresol under
solar irradiation. Degradation of 50 uM fzresol in wastewater and double
concentratedvastewater was obtained from the sunlight experiment performed on
June 29 2015. After 3 hours of sunlight irradiatio#5% and 60% of resol
reduction was observed in WW and dowdacentratedVW, respectively.

(B) Initial total organic carbon for WW and doubtencentratedVW.

The effect of the concentration of the wastewateralear in this experimenB-cresol
degiaded faster in doublambncentrateavastewater than in wastewater. The significant increase

in degradation when doubledncentrateavastewater was used is due to the fact that increasing
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the amount of EFOMnNhances the productioh the ROS and DOMtequired for the
degradation procesBigure 8.2 shows the EEM spectra of 50 pMresol in WW before (A)
and after (B) 3 hours of sunlight irradiation, and in dowublecentrate®W before (C) and after
(D) 3 hours of sunlight irradiatiotf we comparerigures 8.2-B andD, which represent the final
EEMs for the degradation gd-cresol in wastewater and doulitencentratedvastewater,
respectively, we conclude that the disappearanpecaésol is higher in doubleoncentrated

wastewater than in wastewate

32



Ina Rd WW + [p-Cresol], = 50uM @ 0 min
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360
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Emission (nm) Emission (nm)
© (D)
Figure82:F|l uor escence excitationi e-cnasdia WWn

before (A) and after (B) 3 hours of sunlight irradiation, and in dogblecentrated
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 2 2015.

Similarly, Figure8.3-A shows the results for 1QM p-cresol degradatiom diluted

wastewateryvastewater, and doubt®ncentratedvastewater obtained from the sunlight

experiment that waperformed on July 16, 201B-cresol reductiosnof 30%, 43%, and 55%

wereobservedafter 4 hours for diluted WWWVW, and doubleoncentrateVW, respectively.
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The results for 100 pNs-cresol degradation in MiHQ waterwere obtainedn May 28", 2012

Figure83B shows the initial TOC for the mentioned

11
W TOC (mg C/L)
20150716

[PC]/[PC]O
o

o
o

| =100 uM PC + Milli-Q Water
—e—100 uM pc + Diluted Wastewater

0.4 | ===100 uM pc + Wastewater

100 U.M pc + Corlmc. Wastevsl/ater

0.3

0 1 2 3 4 5
Time (hr)
(A) (B)

Figure 8.3: (A) Effect ofwastewaterconcentration on destruction ofgresol under solar
irradiation. Degradation of 100 uM gcresol indiluted wastewater, wastewater, and
doubleconcentratedvastewater was obtained from the sunlight experiment performed
on July 16, 2015. After 4 hours of irradiaticap-cresol reduction of 30%, 43%, and
55% was observed for diluted WW, raw WW, and dozdreentratedV\W,
respectively. Also Figure shows naydedation for pcresol in Milli-Q water as
demonstrated by Long in his experiment on Md{, 2812 (B) Initial total organic
carbon for diluted WW, WW and doulslencentratedVW.

From Figure 8.3 it iglear that ng-cresol degradatioaccurred inMilli -Q water after
four hours of sunlight irradiatiofThis reflecs the fact thap-cresol does natndergaosignificant
direct solar photolysis withithe experiment time scalerom Figure8.4, which showgp-cresol

molar extinction coefficient and tlgdobal spectral irradiance at ground level in Tuggnizona

onMay 28", 2012that was obtained frotine Simple Model of the Atmospheric Radiative
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Transfer of Sunshine (SMART®)roughthe National Renewable Energy Laboratory (NREL)

it is clear thap-cresol does not absorb light at wavelesgthove 300 nmAs shown inFigure

8.4, light absorbance by-cresol is from 240 nm to 290 nmvhile the energy content of the solar
photonat ground leveis above 300 nnilhe lack of significant direct photolysis indicates that
cresol destruction under solar photolysis is mostly from reaction with reactive oxygen species
and associated intermediatttss also possible th&fOM triplet stateintermediatesould be

anotier major sinkor the trace organicontaminan{50, 51].
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Figure 8.4: Absorption spectrum of-presol(extinction coefficientfompared with solar
spectrum @lobal spectral irradiance at ground level at the University of Arizona at
noon on May 28, 2012).The global spectral irradiance was obtainedm the Simple
Model of the Atmospheric Radiative Transfer of Sunshine (SMAR®B8yhthe
National Renewable Energy Laboratory (NREL).

1 SMARTS nput data were obtained from NASBiovanni online applications for the daikthesolar experiment.
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Experiments shown in Figur8s5-A and8.5-B replicatethe same redts. In both

experimentsp-cresol experienced higher destructiomamcentrateavastewater than in

wastewater.
1.2 1.2
1 1
o 08 o 08
é 0.6 é 0.6
é 0.4 é 0.4
0.2 f—e—15uM pc+WW 0.2 100 uM pc + WW
. —-—153 uM pc + Concl. ww . . —><—1QO uM pc+ Coqc. WWI
0 1 2 3 4 5 0 1 2 3 4 5
Time (hr) Time (hr)
(A) (B)

Figure 8.5: (A) Degradation of 15 pM+aresol in wastewater and double concentrated
wastewater was obtained from the sunlight experiment performed on J{yr2013.
After 4 hours of irradiation, 55% and 65% wfresol reduction was observed in WW
and double concentrated WW, respectively. (B) Degradation of 100-qriskpl in
wastewater and double concentrated wastewater was obtained from the sunlight
experiment performed on Juné™2015. After 4 hours ofriadiation, 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)

Figure8.6 shows the results for 5(M p-cresol degradation in wastewater and double
concentrateavastewater obtained from the sunlight experiment that was performed on June
2"d 2015 compared with the same experiment that was performed on J2BL20Y5

Higher degradatioof p-cresol is seem the experiment that was performed in June due to
higher light intensity.The number of photons striking tB&OM controlsthe rate of the

reaction This may be due to the fact that increasing the light intensity increagasoios
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flux and thus increases tkaerg resulting from photomabsorption hv, which leads to
enhanced prodiion of ROS and DOMtequired for the degradation, and thus enhances
indirectp-cresol degradationt is importantto notethat not all irradiated natural sunlight has
sufficient energy to cause effective photolysis. Also, energy loss occurs due to light

transmission anteflection[52].
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Figure 8.6: Effect oflight intensityon destruction of {gresol under solar irradiation50
MM p-cresol degradation in wastewater and doutdacentratedvastewater obtained
from the sunlight experiment that was performed on J{ifh@@15 compared with the
same experiment that was performed on January 21, Pod¢fesol degradation was
higherin the experiment that was performed in June due to higher light intensity.

Figure 8.7shows the results for 50 uM and 10®!jp-cresol degradation idiluted
wastewater obtained from the sunlight experiment that was pedayméuly 18, 2015
compared with the same experiment that was perform&eptember 23 2015.The

associatedesults show thgt-cresol observed higher degradation indbky experiment than
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the Septembeexperimenfor both 50 uM and 100 pNs-creso) due to higher light intensity

in July.
1.1
b —al
O
a,
2 06 |
0.5 | —&—(20150923) 100uM pc + Diluted Wastewater
04 | —+<(20150923) 50uM pc + Diluted Wastewater
0.3 (20150716) 100uM pc + Diluted Wastewater
' (20150716) 50uM pc + Diluted Wastewater
0.2 : : : :
0 1 2 3 4

Time (hr)

Figure 8.7: Effect oflight intensityon destruction of ygresol under solar irradiation.
50 uM and 10QuM p-cresol degradation idliluted wastewater obtained from the
sunlight experiment that was performed on Jul§), 215 compared with the same
experiment that was performed on Septemb®r 2815. P-cresol observed higher
degradation in thduly experimentue tohigher lightintensity.

8.1.3 EFFECT OF P-CRESOL INITIAL CONCENTRATION
(CONCENTRATION OF TARGET COMPOUND)

Solar photolysis degradation of different inigia€resol concentrations, 15 uM, 50 uM,
and 100 uM, was investigated through a set of experiments. B@shows the results for 100
MM and 15 pM p-cresol degradation isecond effluenivastewater obtained from the sunlight
experiment that was performed on July'18015. Ap-cresol reduction 043% and55% was

observed in 4 hours for 100 uM, ah8 M initial p-cresolconcentration, respectively. From the
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results,we can conclude that the photodegradation efficiency was increased by decreasing the

initial p-cresol concentration.

1.1

0.9
0.8
0.7

cjo

a 0.6

/l

o 0.5

[P

0.4
0.3

02 =100 uM pc + Wastewater

0.1 —a—15 uM pc + Wastewater
0

0 1 2 3 4 5
Time (hr)

Figure 8.8: Effect ofp-cresol concentration on photolysis degradation under solar
irradiation. 100 uM and 15 uM jeresol degradation in second effluent wastewater
obtained from the sunlight experiment that was performed on July 16, 2015. A p
cresol reduction of 43% and 55% walsserved in 4 hours for 100 uM, and 15 uM
initial p-cresol concentration, respectively.

The increase in degradation when lowaresol concentration was used is due to the fact
that the photodegradation efficiencym€resol depends on the amoohROSand DOM*
producedSince the intensity of light and the amoun&fOM arethe same iothcases, we
can assume that we haakenost the samamount of ROS and DOM* producebhus the
relative ratio of theadicalsattackingp-cresolincreased with thdecrease op-cresol
concentration, which led tan@nhancemernn p-cresol degradation efficiencidowever,
degradation rate values showed #ioear dependence gncresol initial concentration arwdere

somewhat increased when lowecresol concentratiowas usedA fairly linear relation
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betweerp-cresolconcentration and irradiation time was obsepasdshown irFigure 89 for

log [PC])/[PC) versus time.
1
4f5
o
-9
S
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- —=—7100 uM pc + Wastewater
—e—15 uM pc + Wastewater
——Linear (100 uM pc + Wastewater)
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0.1

Time (hr)

Figure 8.9: Effect ofp-cresolconcentration on photolysis degradation under solar
irradiation. Figure showsog [PC]/[PC] o versus time fol00 uM and 15 pM gresol
degradation in second effluent wastewater obtained from the suakgktimenthat
wasperformed on July 7§ 2015.

Experiments shown in Figuré&l10-A and8.10-B replicate the same resufts 100 uM
and 50 uMp-cresol degradation in doubtencentratedvastewater (A) andiluted wastewater
(B) obtained from the sunlight experimstitatwereperformed on July 16, 201B-cresol
reductiors of 55% and62% wereobserved in 4 hours for 100 uM, and 50 uM inipatresol
concentration in doubleoncentratedvastewater, respectivelgs shown irFigure 8.10-A.
Similarly, Figure 810-B for 100 uM, and 50 uM initiap-cresol concentration idiluted
wastewateshows that the photodegradation efficiency was increased by decreasing the-initial

cresol concentration
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Figure 8.10: Effect ofp-cresol concentration ophotolysis degradation under solar
irradiation. 100 uM and 50 uM feresol degradation in doubleoncentrated

wastewater (A) andiluted wastewater (B) obtained from the sunlight experiments

that were performed on July 16, 2015.

To investigate the effedf p-cresol concentration on degradatiorttegbulk EFOM

and the possibility of producing fyroductsunder solar irradiation, solar experiments were

conductedvith and without adding-cresol Figure 8.1-A showsthe degradation of humic

fractionin diluted WW, WW, and doubleconcentrate®VW with absence gb-cresolthatwas

obtained from the sunlight experiment performed on Augu&t 2015
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Figure 8.11: Effect ofp-cresol concentration on degradation of hugliader solar
irradiation. Degradation of humgin diluted WW, WW, and doubtencentratedVW
with absence gb-cresol(A) was obtained from the sunlight experiment performed on
August 28, 2015 compared with the degradation of husiie doubleconcentrated
WW when 50 uM and 100 pMgpesol were initially adde@B).

In Figure8.11-A, | notice that théaumics undergo regular degradation during 4 hours
of sunlight exposure. Another experiment fiommic degradation in doubleoncentratedV\W
with andwithout addition of50 uM or 100 uM p-cresol was conductéd compare the results
in Figure 8.1-B. This experimenshows that thapparentoncentration of humgincreased
in the firsthour, then gradually deeased. This behavior was more intense when 10@4M
cresolwasinitially addedcompared wittb0 uM, while no such behavior was observed with
absence op-cresol. During the solar photolysis, some radiadpgcially hydroxykadicals,
react norselectively with the organic compournifi&t mayleadto complex reaction
pathwaysAs a consequencaumerous intermediates at different concentratmigt resul
from the reaction of radicals with th&rget itself and the bulk EFONowever, with absence
of p-cresol, as shown in Figure &:A, there was nindicationof formation ofany

fluorescenby-productsin comparing the twoexperimentsl conclude that the presencepsf
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cresol might triggesome complex reaction pathways that conteltothe transformation of
p-cresol toother biodegradable intermediat&ome of them can be consideheohiclike by-
products and contribute tbe increas of thehumic concentratiarFigure8.12 shows the
EEM spectra othe humic fractionfor thefirst 90 minuteswith absence gb-cresol (Rath A),
obtained from the sunlight experiment performed on Augu8t 2015, comparedith the
EEM spectra of the humic fraction wh&@ pM p-cresolwas initially addedPath B),
obtained from the sunlight experiment performedoly 168", 2015 As noted previouslyhie
Figure clearly eflects thathie presence gd-cresol might trigger some complex reaction
pathways that contribute to the transformatiop-afesol to other biodegradableumiclike

by-products
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Figure 8.12 EEM spectra of the humic fraction for thiest 90 mirutes with absence of p
cresol (Rith A) obtained from the sunlight experiment performed on Augdfst 20
2015, compared with the EEM spectra of the humic fraction when 50-¢iebkpl was
initially added Path B) obtained from the sunlight experent performed on Jy
16", 2015
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8.2 PROPOSED MECHANISM FORCRESOL DEGRADATION IN WASTEWATER
UNDER SOLAR LIGHT PHOTOLYSIS

Previous resultproved thathep-cresol degradation mechanism in wastewater under
indirect solar photolysis depended on the concentration of the dissolved organic matter, light
intensity, and the concentrationtresol.Indirect photodegradation pfcresol by sunght
irradiation inwastewater wadue to the formain of ROS and DOM*hatwerecapable of
destroying the-cresol. Because the trace organic contaminantspldtesol,wereintroduced
along withsecondary effluent, it is reasonable to investigate the photolytic belhatie EfOM
matrix that leads to the formation of those reactive oxygen species and DOM intermediates
which are responsible for the destructiorpairesol.

The $/- “and $ /- * were initiated by sunlight irradian of dissolved DOMas

presentedbelow27]:

$/ - EOwwmww $/-° wun  $/-° (81

This $ /- ° reacts with dissolved oxygen under solar irradiatifotm ROS, such

2/ ,( / hE/ (,and / asillustrated in Figure 3.1.

It is proposed thaE/ can be photochemically initiated by electron transfer from an

excited state substrateamygen[30], accordingo the following reaction:

$/-° 1w $/ - B/ (8-2)

Singlet oxygen /  can be photochemicallyenerated as a result of quenching of the
triplet state of humic substandegground state of the dissolvedygen as shown irquation

(8-3) [27, 53, 54].
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$/-7 / wwwww $/ -y (8-3)

Thep-cresol degradation due reaction with superoxide anions and singlet oxygen can be

expressed in equation-@ and equation (), respectively.

n AOCAOE/ I uwww DOT AOAOO (8-4)

n AOAOI/T wuww DOT AOGAOO (8-5)
Studieshave reported that/ and / are relatively reactive in degradationps€resol
[55, 56, 57]. However, further exploration of these proposed mechanisms in equatiénan@@
(8-5) is required. Also, quantitative analysis is needed to identifgribéuction of superoxide
and singlet oxygen fror@OM intermediates.
( / originates from the oxidizatioand reductiorof the superoxide, which
represents the main source (0of/ , as demonstrated in equation-@. This

mechanism serves as a major degradation procefs ofand result in( /

formation[36].

GBI ot ww (/7 (8-6)

Under sunlight irradiation, the-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 followireguationg58]:
(/ EOuwm cB ( (87)

(7 B Cwu (7 B ( (8-8)
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Equation(8-7) represents thgeneration of the hydroxyl radical undamlight 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, Equation8Bdemonstrates that ezeding the maximum limit for the
hydrogen peroxide concentration needed to produce hydroxyl radical will result in a scavenging

effect of hydroxyl radicals.

Al so, fAinorganic carbon species, bicarbona
hydrogenradiel s and, therefore, are expected to aff
compounds [45, 53]. In thepresence of carbonate and bicarbonate ions, some of the hydroxyl

radicals react to form carbonate ions according to the following reactions:

B ( (# Oo# O (/ withE w pmn- O (8-9)

¢

o8 pm- O (8-10)

5¢

Bl ( # O# O /( with £

P-cresol and associated scavenger degradation can be expressed in equalipasd8812),

respectively|36].

NAOAOR/ I( wuuw DOT AODAOO (8-11)

3AAOCATRC A Quuu DOT AOAOO (8-12)
In this indirect photolysis, the photoexcited DOM* can also redtt pvcresol and

associated scavengers to produce simpler biodegragiaidlectg50], as showrin equation (8

13) and equation @4).

$/-° NAOAQiw 00T AGAOO (8-13

$/-° 3AAOATL@A O OT ABGAOO (8-14)
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The rate ofp-cresol and associated scavenger degradation can be expressed in equations

(8-15) and (816), respectively.
E nAOAQI I (8-15)
E3AAOABCAO (8-16)
The rate of DOM and DOM* degradation canebgressed in equations-{8) and (8
18), respectively.
— E$/ - (8-17)

By assuming there is no significatcttangan TOC concentratiorduring the reaction time, then

the following equation can tapplied

I (8-18)

Substituting equations {85), (8-16), and (817) into equation (8L8) leads to:
— E$/- EN#O0AGI/II: E3AAOABCAO (8-19)
where E $/ - — ) Ep pm A (8-20)

li s waveliesngthhre, DOM q ma/Binsteim iytheghotbn fiuwantering the

reactor (intensity of lightlandZis the ratio of light absorbed iy O Mo the total light absorbed

at the wavelength of irradiatiomThe termp p Tt is the fraction of light absorbed by the

sample at the wavelength of irradiation.

) — (8-21)
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where! is the reactor surface aréa,is the spectral irradiance (W#mm),6 is the reactor
vol ume, h i s @& cagpatk Kgsrs)ecdsite spaad of light (299,762,458 m/s),

and. i1 s Avogadrgdigxpmumber (

; J— (8-22)

where- is the molar absorptivity of DOM.

Substitutingequation (820) into equation (8L9) leads to:
— 0 )Ep pm A ER#O0AGIIZ E3AAOABCAOB23

where $/ “ $/-° $/-° (8-24)

Equation (823) represents the reaction mass balance-fmesol, scavenger, DOM and DOM*

under solalight irradiation.

8.3 DIRECT PHOTOLYSIS OF-CRESOL (UV LIGH-BASED PHOTOLYSIS)
Figure 813 shows the results fdr5 UM p-cresol degradation in wastewater aviidli -Q

wateras a function of timebtained from th&JV light experimentat 254 nnthat was performed

on April 25", 2015. After4 hours of irradiation, 38% gi-cresol in wastewater was degraded,

while 60% ofp-cresol inMilli -Q waterwas degraded.
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Figure 8.13: Direct photolysis of fresol under UV light. 15 pM-presol degradation in
second effluent wastewater and M{@iwater obtained from the UV light experiment that
was performed on April 25 2015. After 4 hours of irradiation, 38% and 60% edrgsol
reduction was observed in WW and M{@iwater, respectively. The concentration of p
cresol declind faster in Milli-Q water than in second effluent wastewater.

Higherp-cresol degradation was observed when Mjllwater was used. This caa b
related to thénigherturbidity in the wastewater that reduces the light penetration through the
solution known as light screening or shadieffect[59]. The directphotolysis rate op-cresol
can be estimated based on its light absorption rate and quantumiiel®@OMin the
wastewater can also absorb UV light and reduce the amount of light adsonpedelsyl that is
required for direct potolysis In this experimenthe photodegradation ptcresol in Milli-Q
water occurs due to direct photolysis only, wipletodgradatiorof p-cresol in wastewater
occurs due to direct photolysis by direct photon absorption, and indirect photolysis by
subsequent attack gacresolby ROS and probably by EfOMiplet state intermediates that
wereproducedoy DOM light absorption. Bwever, thedirect photolysis op-cresol in Milli-Q

water is higher than the direct and indirect photolysis combined together in wast@westes.
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related to the fact that the lightisorbed by DOMesults 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 contributigndeesoldegradation.

Also, that energy loss is due to the fact that not all radicals initiated by DOM light absorption
attackp-cresol Some of these radicals attack associated scavengers instead, which results in less
p-cresoldegradation for the same light eggiused. The results pfcresoldegradation in Milk

Q waterin the absence of free radicals, compared with the degradation in wastavditated

that direct photolysis was the primary and dominant process in degradgianesblby UV

light.

Thep-cresol degradation under UV light photolysis can be expressed as follows:
nAOAOE Ouwuwuw DOT AOAOO (8-25)

The rate of direct photolysis of a chemical species at concentration [C] ishyiw®uation (8
26) which is a combination of GtinusDraper law StarkEinstein lawand BeeiLambert law

[53, 60].
— NMA p pm (8-26)
Then, therate ofp-cresoldisappearance can be expresaetbllows:
" Ep pT (8-27)

where? i s qtuhaen t u for the iphotbdécomposition ptc r e is madl/Einsteinwhichis

definedas[61]:

n (8-28)
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f is the ratio of light absorbed lpyc r ets thd total light absorbed the wavelength of
irradiation and) is the photon flux entering the reactor (moles of photons per unit time and
reactor volume)Thetermp p Tt representghe fraction of light absorbed by the sample

at the wavelength of irradiation.

T h etnhgeu a n t u for the iphotodicomposition pfc r euwndet direct photolysis given

in equation(8-29).
o1 (8-29)

The perimentshown in Figure8.14 replicates the same resulscresol experienced

higher destruction in MilHQ water than in wastewater under direct UV light photolysis.
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Figure 8.14: Direct photolysis of resol under UV light. 50 pM-presol degradation in
second effluent wastewater and M{Qliwaterobtained fromJV light experimat.
After 4 hours of irradiation, 45% and 62% ofpesol reduction was observed in WW
and Milli-Q water, respectively.
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Results ofsolar and UV light photolysis experiments that were discussed in this study are

summarized in Table 8.1.

Table8.1: The results obtained for thequesol degradation under sl and UV light
photolysis with different experimental design conditions.

Reactor solution | PC concentration (uM) Irradiati?n time % degradéti.on Treatment date
(min) (Removal Efficiency)
Milli -Q Water 100 240 0 May. 28", 2012
WW 15 240UV Light 38 April 257, 2015
Milli -Q Water 15 240UV Light 60 April 25", 2015
Ww 50 240 25 Jan. 34, 2015
ConcentratedVW 50 240 38 Jan.239, 2015
WwW 50 180 45 June 29, 2015
ConcentratedVW 50 180 60 June 29, 2015
WwW 100 240 45 June 12, 2015
ConcentratedVW 100 240 57 June 12, 2015
WwW 15 240 55 June 12, 2015
ConcentratedVW 15 240 65 June 12, 2015
Diluted WW 100 240 30 July 18", 2015
Diluted WW 50 240 33 July 168", 2015
Ww 100 240 43 July 168", 2015
Ww 50 240 45 July 168", 2015
ConcentratedvVW 100 240 55 July 168", 2015
ConcentratedvVW 50 240 62 July 168", 2015
Ww 15 240 55 July 168", 2015
Diluted WW 100 240 25 Sep.23¢, 2015
Diluted WW 50 240 28 Sep.23¢, 2015
Ww 100 240 35 Sep.23¢, 2015
Ww 50 240 37 Sep.23¢, 2015
Treated WW 100 240 22 Nov. 8", 2015
(5 UM H202)
Treated WW 100 240 25 Nov. 8", 2015
(2 uM H202)
Ww 100 240 43 Nov. 8", 2015
Heptar\}vﬁtracted 100 240 35 Jan. 18, 2016
Ww 100 240 27 Jan. 1%, 2016
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8.4 NUMERICALMODELING AND EXPERIMENTAL VALIDATION
A simplified mathematical model to predict degradatiop-afesol was usetb validate
the experimental resul{62]. The p-cresol degradatiowasestimated for different operating
conditions, includingnitial wastewateconcentrationp-cresolconcentrationlight intensity and
availability of scavenger Thefollowing five variableswere needed in this numeaic
simulation:
f "Q represents thp-cresol reaction constant.

Q represents the scavenger reaction constant.

=

T $/ - where $/ - $/ - $/ .
T Y& & vepresents the initial scavenger concentration.,

1 n- wheren isthe$ / -quantum yieldand- is the molar absorptivity & / -

Thesevariableswere calculatedrom the Simple Model of the Atmospheric Radiative Transfer
of SunshindSMARTS)results andusal to find a group of dation from different experimental
condition results by using least squares methbkiis. computational methadtroduces changes
in degradation rate due to stdmctions that occur during the procdsgures 8.5 (A & B)

show experimental and Model (Calculated) representations for the degradation ofc0 uM
cresol (A) and 100 uNp-cresol (B) indiluted wastewater, wastewater, and dowlolecentrated

wastewatethatwere obtained from the sunlight experinsmerformed on July 1§ 2015.
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Modeling Results — 20150716 Experiment
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Figure 8.15: Experimental and Model (Calculated) representations for the degradation of

[p-Cresol] = 50 prl in Different WW Indirect Photclys'ls 20150716
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50 uM pcresol (A)and 100 uM gcresol (B) indiluted wastewater, wastewater, and

doubleconcentratedvastewateobtained from the sunlight experiments performed on

July 16", 2015[62].

Similarly, Figures 8.6 (A & B) show experimental and Model (Calculated)

representations for the degradation of 50 jpdetesol (A) and 100 pM-cresol(B) in diluted

wastewateand wastewatdhatwere obtained from the sunlight experinggmrformed on Sep

234 2015.

Modeling Results — 20150923 Experiment
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Figure8.16. Experimental and Model (Calculated) representations for the degradation of

[p-Cresol], = 50 pM in Different WW Indirect Photolysis - 20130923
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50 uM pcresol (A)and 100 uM pecresol (B) indiluted wastewater and wastewater
were obtained from the sunlight experiments performed on $eR2Q35[62].



From Figures 83 (A & B) and 8.6 (A & B) it was clear that the experimental andnerical
results forp-cresol degradatioratesat different wastewater concentratiere ingood

agreement.

The modeling sensitivity analyse§ AOPs were ealuated by changing one of the five
variables that were needed in the numerical simulaf@fQh $ / - h"YO OGEYE Q- by+
10% and keeping the others constaBblar experimentsvaluated fosensitivity analys were
conducted on July 162015 with 100 pMp-cresol indiluted WW, WW, and double
concentrateVW. Results obtainettadgood agreement witthe reaction mass balance
Equation (823) for p-cresol, scavenggrDOM and DOM* under solar light irradiatioiithe
sensitivityanalyses fofQ, Qh $ / - , "Y & pandn - are shown in Figures &1A), 8.17
(B), 818 (A), 8.18 (B), and8.19, respectivelyFigures 8.17 (A & B) showthe modeling
sensitivity test that was evaluateefdre (solid lines) andfter (dashes and &t 10% change
of 'Q in (A), and'Q in (B). Higherp-cresol degradation was observed wigmwas increased
by 10% due to higher reaction rate facresol, while lowep-cresol degradation was observed
whenQ was increased by ¥ due to higher scavenging effect that conssiine radicals

required fomp-cresol degradation.
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Modeling Sensitivity Test: k, £10% Modeling Sensitivity Test: k, #10%
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Figure 8.17: The modeling sensitivity test that was evaluated before (sndisl) land after
(dashes and dsj+ 10% change ofQ in (A), and’Q in (B) for the solar experimerg
conducted on July 16 2015 with 100 uM geresol indiluted WW, WW, and double
concentratedVW.Higher pcresol degradation was observed wh@nwas increased
by 10%, while lower fzresol degradation was observed wi@mwas increased by
10% [62].

Similarly, Figures 8.18 (A & B) showthe modeling sensitivity test that was evaluated

before and after 10% change of$ / - in (A), and "Y® & in (B).

Modeling Sensitivity Test: [DOM], £10% Modeling Sensitivity Test: [Scav], +10%
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Figure 8.18: The modeling sensitivity test that was evaluatddrbesolid lines) and after
(dashes and dsj+ 10% change of O 0 in (A), and "Yc & n (B) for solar
experimerg conducted on July 16 2015 with 100 pM geresol indiluted WW, WW,
and doubleconcentratedVW.Higher p-cresol degradation was observed when

O0 0 was increased by 10%, while lowecpesol degradation was observed when
YO U Q¢ Wai®inceased by 109%462].
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Higherp-cresol degradation was observed when - was increased by 10% due to a
higher amount of radicals produced with higher availability of DOM and DOM*, while lpwer
cresol degradation was observed whaft ¢ Was increased by ¥ due to competing effect of
scavengers on the radicals requiredgaresl and scavenger degradatiomelsensitivity
analysis of $ / - proved that thevastewater concentratidrasan important effect op-cresol
destruction.

Figure 819 shows the modeling sensitivity test that was evaluated beforaftema 10%
change of? -. Higherp-cresol degradation was observed wherwas increased by 10%vhich
is logical due to thencreasan the$ / -quantum yield{ , and the molar absorptivity of
$/ h-.

Modeling Sensitivity Test: ®& +10%

[p-Cresol], = 100 uM in Different WW Indirect Photolysis - 20150716
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Figure8.19: The modeling sensitivity test that was evaluafore (solid lines) andfter
(dashes and dsej+ 10% change of - for thesolar experimentonducted on July
16™, 2015 with 100 puM geresol indiluted WW, WW, and doubdencentratedVW.
Higher p-cresol degradation was observed whenwas increased by 10%62].
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9 CONCLUSION

The objective of thisvork 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 (RO&nd photoexcited dissolved organic matter intermediates (DQNtgr
sunlightirradiation.Advanced oxidation processesdersolar irradiatiorweresuccessfully used
to decompose-cresol, which is considered to be a toxic trace organic contaminant, from
wastewater effluent§.he major factors affecting-cresol destruction by sunlight photolysis
wereeffects of wastewater concentration, light intensity, and trace organic contaminant

concentration.

Wastewater concentration played a main role in the destruetieof p-cresolunder
indirect solar photolys. P-cresol degraded faster in doubled concentrai@stewater than in
wastewaterThe significant increase in degradation when doubled concentrated wastewater was
used wagslue to the fact that incrdag the amount of EFOMnhancedhe production of the
ROSandphotoexcited DOM*equired for the degradation procelds.p-cresol degradation was
observed for MilltQ water after four hours of sunlight irradiati@xs noted previouslyp-cresol
does not absorb light at wavelengths above 300wimte theenergy content of the solar photon
at ground level is above 300 nithis reflects théact thatp-cresol does not undergo significant
direct solar photolysis within the experiment time scale. Atgwroves thaho indirect
photolysis was observed withettabsence dhe DOM required for the formation of the RC&hd
the photoexcitethtermediateswhich suppordmy hypothesighatDOM was the main drive

for indirect photolysis

Higher light intensity caused higher degradatiop-tcresol The number of photons

striking theEFOM controlledthe rate of the reactioifhis may be due to the fact that incregsi
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the light intensity increasdtie photon flux and thus increasid energy resulting from photon
absorption hv, whid ledto enhanceg@roduction of RO%nd photoexcite®@OM* required for

the degradation, and thus enhanoetirectp-cresol degradation.

Photodegradation efficienayas increased by decreasing the inpraresol
concentrationThe increase in degradation when lowearesol concentration was usedsahue
to the fact that the photodegradation efficiencp-afesol depetiedon the amount of ROS and
DOM* produced Sincel hadthe samewastewateT OC concentration and light intensitly,
couldassume thdthadthe samemount of edicals. Those radicals wertensumed at the same
rateto degrade thp-creso] resulting in less degradationer timewhen higher concentration of

p-cresol was used.

Theproposed-cresol degradation mechanism in wastewater under indioéat
photolysis @pendedn the concentrationf theDOM, light intensity, and the concentration of
p-cresol A simplified mathematical model to predict degradatiop-ofesol was used to
validate the experiments, which resulted in good agreererihermorep-cresol was
successfully degraded by direct UV light photolysis. It was observed that direct photolysis was

the primary and dominant process in degradatiqgnaogsol by UV light.

During solar photolysis, hydrogen radeand some other raxdls reachon-selectively
with organic compounds. Thisddsto production of numerous intermediates at different
concentrations from the reaction of radicals with the target itself and the bulk BNGiM.
much information was gained from these invesimns, futher exploration is needed to reach
comprehensive conclusions in regard to the formatateand effects of byroducts resulting
from sunlight photolysis gb-cresol.Also, quantitative analysis is needed to identify the

production andctivity of superoxide and singlet oxygen from DOM intermediates
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10 APPENDICES
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APPENDIX A-2:
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expeiment that was conducted on Jufi& 2015. 0.1 M IPOH was initially added to quench the

hydroxyl radicals.
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APPENDIXA-3: Fl uorescence excitationiemission mat:Ht
compound (50 uM-cresol) andloubleconcentratedecondary effluenvastewatehumic and

fulvic fractions fo samples that were taken in-&nutetime intervas duringthe solar

experiment that was conducted on Juffe 2015.
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APPENDIXA4: Fl uorescence excitationiemission matrHt
compound (15 pM-cresol) and the secondary effluavdstewatehumic and fulvic fractions

for samples that were taken in-BOnutetime intervals duringhe solar experiment that was

conducted on June 122015.
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APPENDIXAS5Fl uorescence excitationiemission matr.i
compound (15 pM-cresol) and doubleoncentratedecondary effluent wastewater humic and

fulvic fractions for samples that were taken inrBhute time intervals during the solar

experiment that was conducted on Juri& 2D15.
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APPENDIX A-6:  F I

uorescence
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compound (100 puMp-cresol)in secondary effluenvastewatefor samples that were taken in
30-minutetime intervals duringhe solar experiment that was conducted on Jurfe 2215.
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APPENDIXA7. Fl uorescence excitationiemission mat:Ht
compound (100 pMp-cresol)in doubleconcentratedecondary effluerfor sampleghat were

taken in 3@minutetime intervals duringhe solar experiment that was conducted on Jurie 12

2015.
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APPENDIX A-9:
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compound (50 puM-cresol)in secondary effluenvastewatefor samples that were taken in-30

minutetime interva$ duringthe solar experiment that was conducted on Jul§; 2615.
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APPENDIXA10:. Fl uorescence excitationiemission mat
compound (50 puM-cresol)in doubleconcentratedecondary effluenvastewatefor samples

that were taken in 3fhinutetime intervas duringthe solar experiment that was conducted on

July 18", 2015.
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APPENDIX A-11:  F I
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APPENDIX A- 12 F
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in 30-minutetime interva$ duringthe solar experiment that was conducted on Jul§;, 2615.
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APPENDIX A- 13 Fluorescence excitationiemission mat
compound (100 pMp-cresol)in doubleconcentratedecondary effluenvastewatefor samples

that were taken in 3fhinutetime intervas duringthe solar experiment that was conducted on

July 18", 2015.
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APPENDIX A-14:

FIl uor e s c eamisston ratrig spectatdilutechsecondary

effluentwastewatehumic and fulvic fractions for sam@ehat were taken in 3@inutetime
intervals duringhe solarexperiment that was conducted on August, ZD15.
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APPENDIX A-15.  F I

uorescence

exci

tationT emi

SSi

wastewatehumic and fulvic fractions fosamples that were taken in-80nutetime intervals
duringthesolar experiment that was conducted on Augu$t 2015.

Ina Road WW @ 0 min Ina Road WW @ 30 min Ina Road WW @ 60 min
400 - 0000 400 0.000 400 4000
- 16.00 1600 3840
0 - l«;’: 0 T - o
6400 400 | 280
- Mae - H s e
120 120 2880
= Mo i 00 =0 e = o
£ | E £ R £ =
5= BE g = fu =
D | 5 ) Ba 3 b
2 e 2 o RE e
me me 1280
0 280 280 20 1120
. b ‘ o = o
260 Py 260 3360 8400
3820 3820 260 48.00
2080 3080 200
Ed Iw 40 isu 1600
4000 0o 240
Emission(nm) Emission(nm)
Ina Road WW @ 90 min Ina Road WW @ 120 min
400 0,000 400 0.000 400 0.000
1800 1800 1800
" 2% 20 3200
380 48.00 380 4800 380 48.00
prey pre) e}
ln 5000 000
= e s ] -~ s
= L b = e P o
Ew L £l e £ i
H ém £ w I E " =
» = § =
: 8 : E : E
@ = @ = G- =
2880 w80 280
280 3040 280 040 280 3040
200 3200 320
30 1. ) 360
260 3820 260 20 260 3820
880 3680 680
l‘“ l"" 3840
240 ) 240 wo 240 wo
500
Emission(nm) Emission(nm) Emission(nm)
Ina Road WW @ 180 min Ina Road WW @ 210 min Ina Road WW @ 240 min
400 0000 400 0.000 400 TS
1800 1800
. b 20 e %
o400 “oo 3500
8000 ey
380 ~me 380 ne 360 3000
= 1m0 A 20 s
E™ e g M0 ) g wo 200
5 S ] 5 B g
S a0 S 0 320 200
: E : E :
300 1500
@ = i = 8
20 ok 280 ol 20 100
3200 200
20 | iﬁ 20 i‘ﬁ 260 5000
80 80
0 - w0 - 245 oom
500 500
Emission(nm) Emission(nm) Emission (nm)

74

on

ma t



APPENDIXA-166 Fl uorescence excitati orconeentiatedsi on mat
secondary effluenwvastewatehumic and fulvidractions for sampkethat were taken in 30
minutetime intervals duringhe solar experiment that was conducted on Augu$t 2015.
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APPENDIX A- 17 F

uorescenece

exci

tationT emi

S S

compound (50 puM-cresol)in diluted secondary effluemtastewatefor samples that we

taken in 3@minutetime intervas duringthe solar experiment that was conducted on Sef, 23

2015.
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APPENDIX A- 18 Fluorescence excitationiemission mat
compound (50 puM-cresol)in secondary effluenvastewatefor samples that were taken in-30
minutetime intervas duringthe solar experiment that was conducted on Sef, 2815.
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