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a b s t r a c t
Today combined photo-assisted advanced oxidation process (AOP) and biological processes are 
gaining in importance as treatment systems. The use of AOPs as a pretreatment step to enhance 
the biodegradability of produced water (PW) can be justified if the resulting intermediates are
readily degradable by microorganisms in further biological treatment. Therefore, investigating the 
relationshipbetweenadvancedoxidationpretreatedeffluentandsubsequentbioreactorperformance
can help to optimize these systems. In this study, an integrated solar photoreactor – granular 
bioreactorwasusedtotreatsyntheticandrealproducedwater.Solarphotoreactorwasdesignedand
optimized using a cascade falling film theory and TiO2/SnO2/CuO photocatalyst supported on the 
Scoria-concrete surface. The effects of various operational parameters on the photocatalytic process 
wereinvestigatedusingresponsesurfacemethodology(RSM).Optimumbiochemicaloxygendemand
(BOD5)/chemical oxygen demand (COD) ratio of 0.40 was achieved at pH of 6.5, a photocatalyst
concentrationof60gL–1,temperatureof40°C,lightexposuretimeof70minandH2O2 concentration 
of2.5mM.PhotoreactoreffluentwithCODandBODof1,042±10and432±4wasfedintotheaerobic
granularbioreactor,respectively.TheremovedCODbythebiologicaltreatmentwas50%,whereasby
thecombinedphotocatalytic–biologicaltreatmentitwasreachedto94%.Inthecaseofrealproduced
water,theremovalefficiencywasdecreasedto92%.Granulestructurewasdeterminedusingscanning
electron microscopy. The combined biological–photocatalytic treatment significantly shortened the 
degradation and mineralization time of the biological treatment.
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1. Introduction

Water and energy are intrinsically linked and essen-
tial for human survival.However, alongwith the benefits,
these fuels also adversely impact the environment during 
its production, distribution, and use. As oil and gas (O&G) 
areliftedtothesurface,asignificantamountofwaterisalso

broughtalongwithitfromthesubsurface,whichisknown
asproducedwater(PW).Thisisthelargestvolumeofwaste
streamintheexplorationandproductionprocess[1–3].PW
usually contains high concentrations of dissolved sodium 
chloride, dissolved hardness (calcium and magnesium car-
bonates), suspended solids, sulfate, aromatics and emulsified 
oils.Disposalofsuchlargevolumesofcontaminatedwaste-
water is a major issue especially with increasingly strin-
gent environmental regulations [4–7]. The general nature of 
producedwaterproductionandcompositionaswellasthe
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environmental issuesandcurrentpracticesassociatedwith
themanagementofproducedwaterstreamsarecoveredin
several recent [4].

Sinceproducedwatercontainsseveraldifferentcontami-
nantswithvaryingconcentrations,therefore,numeroustreat-
ment technologieshavebeenproposedforproducedwater
treatment. The wide variety of produced water treatment
methods have been reported previously [8–11]. Biological 
treatment of PW is an efficient, economical and environ-
mentally friendly method. Due to the high concentrations 
of salts in producedwater, halophilicmicroorganisms can
surviveinthesehypersalineconditions[5].Thesequencing
batchreactor(SBR)withaerobicgranularsludgerepresents
a good alternative to conventional activated sludge plants 
[12,13]. In particular, granular SBR systems guarantee high 
sludge settle-ability and excellent performance,with small
space demand. The phenomenon of bio-granulation involves 
cell–cell interaction and includes physical, chemical and 
biological factors [14]. The products of this process are the 
biomass aggregates formed through the self-immobilization 
of micro-organisms [15]. More specifically, the granules are 
constituted by dense clusters containing millions of organ-
isms per gram, including within them different bacterial
speciesthatplaydifferentrolesinwastewatertreatment[13].
Compared to conventional activated sludge flocs, the gran-
uleshaveasmoothtexture,thickandverygoodsettleability
[16].Further,thegranularsludgecanefficientlyoperatewith
high levels of organic load, high sludge retention times and 
variable operational conditions [12,15,17–21].

Biodegradation can completely mineralize the organics 
if they are not too recalcitrant or toxic. Recalcitrance 
and toxicity often are associated with complex aromatic
structures and lack of specific enzymes in the microbial
community [22]. A promising approach for treating 
recalcitrant and toxic organics is to combine an advanced 
oxidationprocess(AOP)withbiodegradation[4].TheAOP
can break the difficulty structures by free radical attack,
which can generate readily biodegradable products.AOP,
such as TiO2 photocatalysis, has been considered as the most 
promising method for the remediation of contaminated 
water [23].Theefficiencyof these systems isbasedon the
production of strong oxidant species, such as hydroxyl 
radicals,whichcanoxidizealmostallorganicpollutants.For
performing the photochemical reactions, various radiation 
sources, especially light sources, are available, such as gas-
discharge lamps, glow lamps, fluorescent lamps or tubes,
excimer radiators and lasers [24,25]. Each of these radiation 
sources has characteristic properties in terms of the type of 
the emitted spectrum and luminosity. The installation and 
operation of these methods are accompanied by such high 
coststhattheirusecanbejustifiedonlyinveryspecialcases
foreconomicreasons[26–28].Insteadofelectricallyoperated
light sources, solar radiation may also be used for performing 
photochemical reactions. However, in these systems
challengingproblemssuchasslowkineticscausedmainly
bylowphotoefficiencyneedtobesolved.Anapproachhas
focusedon findingnewcatalysts able toworkwithband-
gapswhichcoincidebetterwiththesolarspectrum[28,29].
Successful innovative catalyst compositions have been 
developed, but they have not been used in large-sized plants 
because no ‘‘cheap’’ solution has yet been developed. Many 

different solar photocatalytic reactors have been developed, 
such as parabolic-trough concentrator [30–36], thin-film-
fixed-bed reactor [34], double skin sheet reactor [37] and
compound parabolic concentrator (CPC) [38]. The CPCs are 
frequentlyresearchedbasedonitsgreatadvantagesthatthe
concentratorgeometryallows indirect light tobe reflected
onto theabsorber tube,notneeding sun-trackingand that
it is of high cost-effectiveness. Recently, a prototype of a 
flat-panelsolarphotoreactorwaspresentedforwastewater
treatment via solar illumination using TiO2 nano-
photocatalysts [39]. A significant increase in the efficiency 
of the scaled-up photoreactor was observed, which was
shownbythefasterdecompositionoforganiccompounds.
Casado et al. [40] described the critical role of the matching 
between the spectraldistributionof the incident light and
the absorption spectra of the semiconductor material on the 
accuracy of the simulation of solar photocatalytic reactors. 
Theuseofasequenceoftwosolarphotocatalyticprocesses
was investigated for the removalof copper, iron,zincand
ethylenediaminedisuccinic acid, used as a chelating agent, 
from real soil washing effluents [41]. Aoudjit et al. [42]
presented the use of TiO2 (P25) nanoparticles immobilized 
intoapoly(vinylidene fluoride–trifluoroethylene) (P(VDF–
TrFE))membrane to assess thephotocatalytic degradation
of tartrazine in a solar photoreactor. Their results indicated 
the feasibility of the scale-up process for membrane solar 
photoreactors to degrade organic pollutants. The design 
andoperationofanewsolarphotoreactorprototypenamed
offset multi-tubular photoreactor (OMTP) are presented 
whichaddressessomeofthelimitationsofcurrentCPCsolar
reactors used in industrialwastewater treatment [43]. The
OMTPincreasesthetotaltreatmentvolume,thewastewater
residence time, decreases the footprint and simplifies the 
reactorscale-upincomparisontotheCPC.Abdel-Maksoud
et al. [76] reported a TiO2 water-bell solar photoreactor
basedongeneratingathinwaterfilmtoallowforsolarlight
penetration and continuous oxygenation.

Apart from developments increasing the photocatalytic 
reaction rate, the most important progress in solar 
photocatalysis in recent years has been related to its 
combinationwith biological treatment and the application
oftoxicologicalanalyticalmethods[44–46].Bothapproaches
have been successful in decreasing treatment time (i.e. plant 
size), which is another way of increasing overall process
efficiency, in contrast to increasing the reaction rate itself 
[26–29]. Contaminant treatment, in its strictestmeaning, is
the completemineralization of the contaminants; however,
today photocatalytic processes only make sense for
nonbiodegradablehazardouspollutants [28,47]. Baiju et al.
[48]attemptedtotreatthiswastewaterbycombiningelectro-
Fenton (E-Fenton) and biological processes. The techno-
economical evaluation of the coupling Fenton/biological
systemcomparedtotheFentonprocessasuniquetreatment
showedthattheloweroxidantuptakeoftheFentonprocess
for the coupling system is economically more profitable than 
using an excess of oxidant and a higher reaction temperature 
for the intensive Fenton process [49]. Chan et al. [50]
demonstrate that the biodegradability of triazine-containing 
pollutantswassignificantlyimprovedbythephotocatalytic
pre-treatment, and this proposed photocatalytic-biological 
integrated system can effectively treat various classes of 
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triazine-containing pollutants. Integration of biological 
processwith photocatalytic oxidation for treating pharma-
ceuticalwastewatercharacterizedby thesimultaneouspre-
sence of biodegradable and refractory compounds [51]. 
The study shows the integration of the two processes can
be a promising technology.Wu et al. [52] proved that the
combined biological-photocatalytic treatments provided 
a promising alternative candidate for the remediation of 
chlorothalonil-contaminatedsites.Whenfeasible,biological
treatment is usually a good solution. Therefore, biologically 
recalcitrantcompoundscouldbetreatedwithphotocatalytic
technologies until biodegradability is achieved and then the 
waterwouldbedischargedtoaconventionalbiologicalplant.
FutureevaluationofAOPefficiencyshould,therefore,bedone
from this perspective, instead of attempting to completely 
mineralizethecontaminantsusingtheOHradicals,whichis
alwaysmoreexpensive[53–55].Suchacombinationreduces
treatment time and optimizes the overall economics since 
the solar detoxification system can be significantly smaller 
[28].Processkineticsmakethefirstpartofthephotocatalytic
treatmentthequickest.

Lowbiochemicaloxygendemand(BOD5)/chemical oxy-
gen demand (COD) ratio and high concentration of high 
molecularweightrefractoryorganicsbeingthetypicalchar-
acteristicsofPW,makesphysicochemicaltechniquesabetter
option for their treatment. The use of AOPs as a pretreatment 
canbejustifiediftheintermediatesresultingfromthereac-
tion (more oxidized compounds, such as carboxylic acids, 
alcohols, etc.) are readily degraded by microorganisms. 
Although the treatment of PW effluents by the biological
process has been investigated during the last years, only a 
fewpapersarebasedonactualPW.Moreover,tothebestof
ourknowledge,therearenostudiesbasedoncouplingAOP-
biologicalsystemsforPWtreatment.Thefeasibilityofsuch
aphotocatalytic-biologicalprocesscombinationmustalways
be considered, as it could mean a significant cost reduc-
tion due to the smaller solar collector field necessary. This 
research evaluates a novel reactor configuration for achiev-
ing intimately coupled photocatalysis and biodegradation. It 
is called the integrated photocatalytic-biological reactor, or 
integrated photocatalytic-biological reactor. TiO2/SnO2/CuO 
wasselectedasthephotocatalyst.

2. Methods

2.1. PW preparation

To determine the response of the integrated system 
undercontrolledconditions,syntheticPWwasusedduring
thewholestudy.Basedonthehalophilicmediumproposed
byotherresearchers[6,56]andrealMaronoilfieldproduced
water,producedwaterwassimulated.Thesyntheticwaste-
waterconstitutiontotaldissolvedsolids(TDSof35,000mg/L)
in mg/L included: NaCl 31,173; CaCl2·2H2O 60; KCl 2000,
MgCl2·6H2O 50; NaHCO3 800, KH2PO4 100. The composi-
tionofthewastewatersgaveaC/N/Pratioofapproximately
100/10/1byaddingNH4ClandKH2PO4.ThepHwasadjusted
to7usingNaOH.Allofthechemicalsusedinthisstudywere
oftechnicalgrade.CrudeoilwascollectedfromIranianoil-
fields.Syntheticproducedwaterwaspreparedinahomog-
enizer (T 25 digitalULTRA-TURRAX) bymixing salts and
crudeoilina5Lpolyethylenecontainerfor24h(2,400/min)
toachieveequilibriumbetweentheoilandwaterphases[56].
BOD5andCODandofsyntheticPW(1mLoil/L)were450
and 2,050, respectively. BOD5andCODofsyntheticPWwere
selectedbasedontheirhighestvalueinrealPW.

Real produced water samples were transported to the
laboratory and stored at 4°C until their utilization. All sam-
pleswerethawedbefore treating.Thecharacteristicsof the
produced water are given in Table 1. The wastewater pH
wasadjustedto7usingHClbeforefeedingtothefermenter.
NH4ClandKH2PO4wereaddedassupplementarynutrients.

2.2. Solar photocatalytic study

AstherawPWcollectedfromtheplantisnoteffectively
consistent with biological degradation, it was pretreated
with solar photocatalytic method. The visible-light-driven
photocatalystswereTiO2/SnO2/CuO nanocomposite (surface 
area>267m2/g, crystallites mean size 40–50 nm). The molar 
ratioofSn(Cu)toTiwas0.15°Candcalcinedat550°C.The
optical absorption edges of the nanocomposite located in 
500 nm, corresponding to a band gap energy (Eg) of approx-
imately 2.31 eV. The inconvenience of suspension approach 
at large scale is the catalyst-recovering step from the solu-
tion at the end of the operation. This problem has be solved 

Table 1
Waterqualityanalysisofrealoilfieldproducedwater(average±standarddeviation;n = 10)

Parameter Parameter

pH 8.2±0.2 PO4
3– 40.6±3.1(mg/L)

Turbidity 150±15(NTU) Al 0.01±0.002(mg/L)
TDS 48,200±560(mg/L) Sn 0.32±0.12(mg/L)
COD 1,380±210(mg/L) Ca 18.2±0.5(mg/L)
O&G 16±1.2(mg/L) Mg 3.6±0.6(mg/L)
Total organic carbon (TOC) 562±18(mg/L) Cd 0.01±0.001(mg/L)
Suspended solids (SS) 171±12(mg/L) Cu 0.04±0.009(mg/L)
Volatile suspended solids (VSS) 79±6(mg/L) Total Cr 0.004±0.001(mg/L)
Ammonia-N 11.5±1.3(mg/L) Hg 0.65±0.05(mg/L)
Total phenols 85±0.25(mg/L) Ba 4.2±0.3(mg/L)
Sulfide 2.6±0.4(mg/L) Ni 0.08±0.00(mg/L)
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immobilizing the catalyst on Scoria-concrete surface with-
out activity losses using epoxy concrete sealer [57,58]. The 
photo-reactorwascomposedof4horizontaland3 inclined
(45°) concrete bed covered with a Pyrex sheet to strongly
limitatewaterevaporationwhichcouldinduceerrorsincon-
centrations. The deposited photocatalystwas laid on the 7
beds of the photoreactor,which corresponded to a surface
of 0.1484 m2 toprepareefficientcontact timebetweenpho-
tocatalyst and PW. The photoreactor, with a solar radia-
tion-collectingsurface,ismountedonafixedrackinclinedat
anangleequaltothelocallatitude(37°forTehran).ThePW
flowsat220L/hdirectlyfromonesteptoanotherandfinally
intoatank.Photocatalystdosagewasfixedon60g/m2. The 
effluentfloweddownonthestepsbeforebeingcollectedin
atank,fromwhichitwaselevatedtothetopofthestepsfor
recirculation.Theflowwasdistributedbyapipewith1cm
mesh size over the first step. The reactor hydraulics param-
eters were controlled by water depth limited to 3.2 mm.
Dissolved oxygen (DO) and pHweremonitored in all the
experimental period time by Aramis-2010 and HI2002-01,
respectively.Priortomeasurement,theliquidsampleswere
centrifugedwithSigma101at2,500gfor10mintoremove
the detached solid particles. Solar ultraviolet (UV) and visi-
ble radiation has been determined during the experiments. A 
globalUV/Visradiometer(PMA2123,400–700nm)wasused
mounted on a 37° fixed-angle platform (the same angle as 
the photoreactor). The other sensor for the direct visible light 
(InternationalLight-ESD400,Germany)ismountedonasun
tracking platform. These sensors provide data in terms of
globalordirectUV/Vissolarenergypowerincidentperunit
area.Obviously,solar-UVpowervariesduringexperiments,
made still more noticeable by clouds. This gives an idea of 
the energy reaching any surface in the samepositionwith
regard to the sun.Normalized irradiation timewas calcu-
latedbasedonthemethodpresentedbyMalatoetal.[26,28].

The schematic of thephotoreactorwaspresented at Fig. 1. 
The details of photoreactor are listed in Table 2.

2.2.1. Experimental design and mathematical modeling

Design of experiments response surface methodology 
(RSM)wasusedtoevaluatetheeffectsofdifferentvariables
onceilingfanperformance.Itnotonlyshowstheoptimum
conditions, but it also proposes fitted regression models. 
The central compositedesign (CCD)underRSMwasused
tocharacterizetheinteractionbetweentheprocessvariables
andtheresponse.Preliminaryexperimentswereperformed
for the determination of the independent variables and their 
experimental ranges to design the experimental runs. Based 

Fig.1.Experimentalsolarphotoreactor.

Table 2
Photoreactor parameters

Total length of the photoreactor m 60
Total height of the photoreactor m 50
Beds dimension  
 (horizontal/inclined)

m 10 × 20 × 5/11.4 × 20 × 5

Bed porosity % 0.22
Inclined beds slope deg 45°
Numberofbeds 7
Total area of beds m2 0.1484
Total photocatalyst loading g/m2 60
Total photocatalytic zone  
 volume

L 0.410

Storagetankvolume L 6
Aeration rate L/h 250
Circulation rate L/h 220
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on the literature and the preliminary results, the four most 
important operating variables, which affect the efficiency
ofaphotocatalyticprocessarepH(A), irradiationtime(B),
photocatalystdosage(C),temperature(D)andH2O2 concen-
tration(E).Theseparameterswereconsideredasthesystem
independentvariablesandCODremovalefficiencywascal-
culated as the process response. BOD5/CODwasconsidered
as the dependent variable (responses). Table 3 shows the
experimental design based on CCD used in this study.

Asetof50experimentalruns,includingduplicateswere
designedusingCCD.TheresultswereanalyzedusingDesign
Expert8.0andaregressionquadraticpolynomialmodelwas
proposedasfollows:

Y X X X Xi i i i ij i j(%) = + ∑ + ∑ + ∑ +α α α α ε0
2  (1)

where α0 is the constant coefficient, αi, αii and αij are the 
regression coefficient and Xi, Xj indicates the independent 
variables.εrepresentstherandomerror.Allstatisticalanaly-
seswerecarriedoutusingDesignExpert8.0.Thecomparison
ofresponsesbetweenthosepredictedbythemodelandthose
measured by simulation was conducted using Student’s
t-tests,whileallresponsesinthecentralpointswerepooled
afterconductingLevene’stestforhomogeneityofvariances,
and then compared using a Student’s t-test. After performing 
asensitivityanalysis, theprocesswasoptimized.Theopti-
mizedbiologicalratioobtainedthroughthesoftware(Design
Expert8.0)wascomparedbyexperimentalmeasurementat
optimum condition.

2.3. Biological reactor

HypersalinesoilfromKazar,thePersianGulfandUrmia
seaside in Iran served as a source of tropical halophilic 
microorganisms. The isolation of microorganisms capable 
ofdegradingcrudeoilinproducedwaterbeganbyplacing
approximately6gofsoilinto200mlofsyntheticproduced
water [7].After15dofmixingona shaker table (150/min, 
30°C),a2mlsampleofthemixturewasthentransferredtoa
fresh medium. After three repeated steps of the process, the 
resultingmixturewasfreeofsoil[5,56].

Aglassairliftreactorwithaworkingvolumeof5Lwas
used.Theinternaldiameterofthedown-comerwas80mm.
The riser had a height of 800 mm and an internal diameter 
of400mm,anditwasat2cmfromthebottomofthedown-
comer.Thehydraulicretentiontimewas8h.Fig. 1 depicts the 
experimentalset-up.Compressedairwassuppliedthrough

an air diffuser placed at the bottom of the reactor. The reactor 
wasequippedwithDO(CrisonDO6050,USA)andpHprobes
(CrisonpH5333,USA)thatwereconnectedtoadatamoni-
toring system (Crison Multimeter 44, USA). The temperature 
inthereactorwasmaintainedusingatemperaturecontroller
coupledwith a belt-typeheatingdevice (Horst,Germany).
ThepHofthereactorwasmaintainedbyaregularaddition
ofNaHCO3intothereactor.Feedingtothereactorwasmade
with amembrane pump (ProMinent Gamma-L).Air flow-
rate in the reactorwas regulatedbyamass-flowcontroller
(Aalborg,USA)witharangeof125–500mLmin–1. Samples 
were regularly withdrawn from the effluent and filtered
througha0.20µmsyringefilterdrivenunitfromMillipore:
Merck (Germany) provided with a high-density polyeth-
ylene housing and membrane of hydrophilic Durapore prior 
to analysis. The operational conditions in the reactor during 
the experimental period were: Temperature of 16°C–30°C,
DOof2–5mg/LandpHof7–8.Fig.2showstheschematic
of the bioreactor.

Thereactorwasoperatedinsuccessivecyclesof6heach.
One cycle consisted of 3 min influent addition, 305 min aer-
ation, 30 min settling, 7 min effluent discharge, and 15 min 
effluentwithdrawal.Effluentwaswithdrawnat50cmfrom
thebottomofthereactor.Thesettlingtimewaschosensuch
thatonlyparticleswithasettlingvelocitylargerthan10m/h
wereeffectivelyretainedinthereactor.Influentandeffluent
pHandelectricalconductivitywereroutinelymeasured.All
experiments were carried out based on standardmethods
forwaterandwastewaterexperiments[59].Thereactorwas
operated for one month at a constant temperature of 30°C.

Thesequencingbatchairlift reactorwas inoculatedwith
andwas fedwith PW as the carbon and energy source to
promote the granulation process. The initial mixed liquor
suspended solids (MLSS) was about 3,000 mg/L. Small
granules could be seen after 15 d of the start-up and at the 
end of 1-month stable granules were observed. The gran-
ules increased in diameter and adopted an irregular shape. 
Scanningelectronmicroscopy(SEM)wasusedtodetermine
granule characteristics. Before scanning, granules were
placed in 3% glutaraldehyde overnight and washed with
phosphate buffer and then frozen using liquid nitrogen.
Furthermore, granuleswere dewatered by placing in 30%,
50%,70%,and100%ethanolandthencoatedwithgold.

2.4. Integrated photocatalytic biological degradation study

Since the effluent is not convenient for biological deg-
radation,pretreatment isnecessary.Fromtheliterature, it

Table 3
Experimental design factors

Name Units –1Level +1Level –α +α

pH 5.5 8.5 4 10
Photocatalyst dose g/m2 35 60 22.5 72.5
Time (visible light) min 90 180 45 225
Temperature C 25 45 15 55
H2O2 mM 2.5 7.5 0 10
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is understood that solar photocatalytic treatment has given 
the best results [28]. Because of this, the solar pre-photocat-
alyticandbiologicaltreatmentsareconductedsequentially
asshowninFig.3.ThePWflowedintothephotoreactorby
thecirculativemodeandtheeffluentwaspassedthrough

a filter to the bioreactorwith the valve open. The opera-
tional condition of the photoreactor was set to optimum
condition.

About 2mL of the effluents that flowed from the bio-
reactor and the photoreactor were withdrawn at timed

Fig.2.Schematicofsolarbioreactor.

Fig.3.Schematicofintegratedphotoreactor–bioreactor.
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intervalsandimmediatelyfilteredusingasyringeequipped
withadisposalfilterhavingaporesizeof0.2m.TheCOD
ofthesampleswasdeterminedaccordingtotheFreireand
Sant’Anna[60,61]method.MLSS,mixedliquorvolatilesus-
pendedsolids,BOD,TDSandO&Gweremeasuredaccord-
ing to the standard methods [62]. To identify the present
organiccompoundsinthePWanddeterminetheefficiency
of degradation under optimum condition, 250 ml samples 
ofwastewaterweretakenbeforeandaftertreatmentunder
optimum condition and analyzed using a 7890A, Agilent 
Technologies (HP, USA) gas chromatography (GC) cou-
pledto5975C,AgilentTechnologies(HP,USA)massdetec-
tor (MS).Theextractionprocedure forwastewater samples
was manual separatory funnel liquid–liquid extraction as
describedinUSEPASW-846Method3510C(EPA,1996)[59].
The column used for detecting the organic compounds by 
GC-MSwasHP-5MScolumnof30mlength,0.25mminner
diameter,and0.25mmfilmthickness.Aninjectionvolumeof
1mLwithasplitlesscapillaryinjectionsystemwasusedfor
the analysis of samples.

3. Results and discussion

In preliminary experiments, to examine the effect of 
adsorption of pollutants by Scoria and “photocatalyst, exper-
imentwasconductedbothintheabsence(darkcondition)of
light. The effects of adsorption on COD removal and BOD5/
CODatpHof6.0, temperatureof35°Candtimeof70min
(Fig. 4) were investigated. Experimental data showed low
CODremovalof2%and6.2%wereobtainedintheabsence
oflightforScoriaandphotocatalyst,respectively.However,
when the temperature increased from 25°C to 45°C under
the same aforementioned conditions, therewas no signifi-
cant change in the COD removal efficiency. The reason for 
lowremovalefficiencyintheabsenceoflightmaybedueto
eitherverylowadsorptionoforganicpollutantsbythepho-
tocatalyst particles or the volatility of a part of light hydrocar-
bonsduetotheairflow.Insubsequentexperiments,theCOD
removalofabout3.8%wasachievedinthepresenceoflight
and absence of photocatalyst under the above condition”. 
The results indicate that photodegradation plays a more 
important role than the adsorption process. All these results 
suggested that both light and photocatalyst are needed for 
effectivetreatmentofPW.

3.1. Biological treatment

RawandtreatedwastewatersampleswithFentonappli-
cationsweresubjectedtobiologicaldegradation.Theresults
of the physicochemical analysis indicate that the collected 
PW sample contains high organic load as represented by
high BOD5, COD values, chlorides, and sulfates. One more 
significant point was the high conductivity of samples,
related to the presence of a large number of chloride ions. 
A batch control test of PWwith only biological treatment
confirmed only 50% ± 3.4% degradation results (Fig. 5). 
The biodegradability index (BOD5/COD) was 0.3, indicat-
ingthatrawPWwasdirectlyamenabletobiodegradation.
Asourmaingoalwastoachievemaximumdegradationof
organicmatterpresentinthePW,therefore,thesamplewasFig.4.CODremovalofbioreactorbeforePWpretreating.
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subjected to independent photoreactor as a pre-treatment
technology to achieve the enhanced degradation of organic 
contentofPW.

3.2. Photocatalytic treatment

3.2.1. RSM approach

The RSM-CCD approach is used to design the experi-
ments, evaluate the effect of the process parameters, identify 
the optimum conditions, and build a regressive model. The 
efficiencyofthephotocatalyticprocesswasevaluatedbased
on the COD and BOD5removalfromthePW.Apolynomial
regressionequationwasdevelopedbyusingCCDdesignto
analyzethefactorinteractions.Thebestfittedquadraticpoly-
nomialregressionmodelwasobtainedasfollows:

BOD COD5 0 347 0 0136 0 0643 0 0353
0 0189 0 0092 0 0

/ . . . .
. . .

= − + +
+ + −
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+ +

0 0004 0 005 0 0001
0 0055 0 0196
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2

. . .

. .

. .. .0062 0 01032 2D E−

 (2)

Inthisequation,thecoefficientswithpositiveandnega-
tive signs meant that those have a synergistic or antagonistic 
effect on the photocatalytic process.

3.2.2. Statistical analysis

Astatisticalanalysisofvariance(ANOVA)basedonCCD
was performed to determine the fitness and significance
ofthemodelshowninTable4.Inthequadraticmodel, the
F-value of 78.13 and p-valueof<0.0001showthatthemodel
is statistically significant, at which p-value should be less 
than0.05foramodeltermtobesignificant.Lackoffit(LOF)
showsthevariationinthedataaroundthefittedmodeland
comparesresidualerrorwithpureerror[63,64].Inourcase,
LOFindicatesthevariationofdataaroundthefittedmodel
(p>0.05forallresponses).Also,accordingtoANOVA,the
effectofvariablesandinteractionbetweenthemfollowsthe
following order: Time (B) > pH (A) > H2O2 concentration 
(D) > Temperature (C) > AB interaction > AC interaction. 
The predicted coefficient of designation value (R2)was0.971
which isveryclose to thecorrespondingadjustedR2 value 
of 0.945. The high value of R2showsthatthequadraticpoly-
nomial equation can predict degradation efficiency in the
experimentalrange[64].

Fig.5showstheplotofpredictedvaluevs.theobserved
values in COD degradation, at which with respect to our

Table 4
Responsesurfacemethodology(RSM),centralcompositedesign(CCD),andanalysisofvariance(ANOVA)

Source Sumofsquares df Meansquare F-value p-value

Model 0.2672 20 0.0134 78.13 <0.0001 significant
A-pH 0.0073 1 0.0073 42.98 <0.0001
B-Time 0.1654 1 0.1654 967.36 <0.0001
C-Dose 0.0497 1 0.0497 290.80 <0.0001
D-Temperature 0.0143 1 0.0143 83.91 <0.0001
E-H2O2 0.0034 1 0.0034 19.60 0.0001
AB 0.0000 1 0.0000 0.0674 0.7970
AC 0.0007 1 0.0007 3.83 0.0601
AD 0.0000 1 0.0000 0.1645 0.6881
AE 0.0013 1 0.0013 7.55 0.0102
BC 0.0009 1 0.0009 5.15 0.0308
BD 7.220E-06 1 7.220E-06 0.0422 0.8386
BE 0.0000 1 0.0000 0.1645 0.6881
CD 4.500E-06 1 4.500E-06 0.0263 0.8723
CE 0.0008 1 0.0008 4.60 0.0406
DE 3.200E-07 1 3.200E-07 0.0019 0.9658
A² 0.0010 1 0.0010 5.69 0.0239
B² 0.0123 1 0.0123 72.07 <0.0001
C² 0.0054 1 0.0054 31.38 <0.0001
D² 0.0012 1 0.0012 7.14 0.0123
E² 0.0034 1 0.0034 20.00 0.0001
Residual 0.0050 29 0.0002
Lackoffit 0.0028 22 0.0001 0.4019 0.9518 not significant
Pure error 0.0022 7 0.0003
Corr. total 0.2722 49
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findings, there is a good agreement between thepredicted
and experimental values. In addition, the normal probability 
plotoftheresiduals,asshowninFig.6,showsthatthedistri-
bution of the obtained data is almost linear.

A perturbation plot shows the comparison among the
effects of all the factors at a particular point in the design 
space. The perturbation plot for the COD and BOD5 photo-
degradationprocessisshowninFig.7.Removalwasplotted
bymeansof changingonlyone factorover its rangewhile
keepingotherfactorsconstant.Theplotgivestheeffectsof

all factors at the central point. The curvature of “B” and the 
slope of the “A and C” line indicate that the response is sen-
sitive to these factors.

3.2.3. Effect of process variables on BOD5/COD

The effects of interactions between variables in the
photocatalytic process of COD removal using the two
and three-dimensional surface-response plots obtained 
from the quadratic model can be discussed based on the
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analyses, as shown inFigs. 8–11. Figs. 8 shows the simul-
taneous influence of initial pH and temperature on the
BOD5/CODratio.ThepHvalueplaysanimportantrole in
photocatalyst surface charge, the mechanism and the rate 
of hydroxyl radical generation [65] and consequently on
the rate of photocatalytic degradation of organic pollutants 
[66].AtaspecificpHvalue,anorganiccompoundcanattain
a positive or negative charge, aswell as the neutral form

inPW.Electrostatic interactionbetweenphotocatalyst sur-
face, organic molecules and formation of charged radicals 
during the photocatalytic oxidation is strongly dependent 
onthepHofPW[67].Accordingtotheliterature,different
organic materials have different activity in the photocata-
lytic degradation process. Some organic materials are posed 
on fast degradation under acidic conditions, while oth-
ersaredegraded fasterathigherpH, so it is important to

Fig.8.EffectofpHandphotocatalystdoseonBOD5/COD ratio in photoreactor.
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determinetheoptimumpHforphotocatalyticdegradation
[67].Fromthisfigure,thepHhadastrongreverseeffecton
theresponseandtheratiowasincreasedwithadecreasein
pH value. The effect of pH on the photocatalytic reaction
canbearguedwiththehelpofthepointofzerochargeof
photocatalyst [65] and theadsorptionof thepollutantson
thephotocatalystindifferentpHvalue[68,69].Thepointof
zerocharge(pzc)ofphotocatalystisatpH~6.3.Thesurface
of the photocatalyst is protonated under acidic conditions 

(pH<6.3),whereasitisdeprotonatedunderalkalinecondi-
tions(pH>6.3).Dependingontheanionicorcationicform
of the organic compound, the photodegradation efficiency 
was enhanced or inhibited by the electrostatic attraction
or repulsion, respectivelybetween thephotocatalyst’s sur-
faceand theorganicmolecule [66].Moreover,protonation
and deprotonation of the organic contaminants can happen 
dependingonthesolutionpH.Inaddition,underVis-light,
the composite produces OH radicals, which in turn may

Fig.9.EffectofpHandH2O2 interaction on the BOD5/COD ratio in photoreactor.
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increasethereactionrateinacidicconditions[70]whileina
stronglyalkalineenvironmentsuchradicalspeciesarerap-
idly scavenged and the reaction rate decreases. In the pres-
ent study, the process of increasing BOD5/CODwasfavored
by the protonated surface of photocatalyst. The maximum 
BOD5/CODwas achieved at pH values around 4.5 due to
strongelectrostaticattractionbetweenthecationicphotocat-
alyst and anionic organic pollutants. Fig. 8 is used to deter-
mine the amount of BOD5/COD via various catalyst values 
in different pHvalues. Based on the figure, the photocat-
alyst dosage has a synergetic effect on organic compound 

degradation. Increasing photocatalyst content on rector 
beds results in increasing radical generation rate which
leads to COD reduction. The more photocatalyst the more 
electron-hole production and as a result, higher content of 
PW can be decomposed.As shown, the interaction of pH
and catalyst dose factors has a synergistic effect at higher 
catalystdosageandloweracidicpHs.Thisagreeswiththe
coefficientsinEq.(2),becausepHhasaminussignconfirm-
inganincreaseinpHdecreasestheresponsewhilecatalyst
dosage has a plus sign, confirming an increase in the catalyst 
dosage has a synergistic effect on the response.

Fig.10.EffectoftemperatureandtimeinteractiononBOD5/COD ratio in photoreactor.
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Fig.9showsthe interactioneffectofpHandH2O2 con-
centration on COD and BOD5 removalefficiency,while the
othervariablewassetatthemiddlevalue.FromFig. 9 it is 
observed that the reduction percentage of COD and BOD5 in 
aqueous solution depends dominantly onH2O2 concentra-
tion.AtaconstantpH,increasingtheH2O2 concentration up 
to6mMleadstoincreaseCODdegradationandthefurther

increase has an inverse outcome on the process. This behav-
iorisproofoftheexistenceofanoptimaldosageinH2O2. It 
must be underlined the fact that hydroxyl radicals produced 
uponphotolysisofhydrogenperoxidecanreactwithorganic
molecules,butalsowithanexcessofH2O2 [71–74].At low
hydrogenperoxideconcentrations,theformationofOHrad-
icals is the kinetic determining step. H2O2 cannot generate 

Fig.11.EffectofH2O2 and photocatalyst dose on BOD5/COD ratio in photoreactor.
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enough hydroxyl radicals and the oxidation rate is logically 
slow. Further,most free radicals are directly consumed by
organic matters [73]. In the presence of a high concentration 
ofperoxide,wecouldexpectthatmoreOHradicalswouldbe
produced.However,theseradicalspreferentiallyreactwith
theexcessofH2O2 [75]. This undesirable reaction competes 
withthedestructionoftheorganiccompounds.Theinterac-
tionofpHandH2O2concentrationshowedthatthebestdeg-
radationefficiencycanbeachievedatmoderateH2O2 concen-
tration in acidic solution. In the acidic environment, due to 
increasedH+production,theequilibriumoftheenvironment
waslost,andH+wastrappedbyradicalhydroxylaccording
tothefollowingreactions.Thisresultsinareductioninthe
amount of organic compound degradation.

H O H O O2 2 2 22→ +  (3)

H O O H2 2 2 2 2→ + ++ −e  (4)

• ++ →OH H H O2  (5)

Fig. 10 shows the interaction effect of temperature and
exposuretime,whiletheothervariablewassetatthemiddle
value. This figureshowsthatanincreaseintheremovaleffi-
ciencyoftheCODwithasimultaneousincreaseintempera-
ture and visible light exposure time. Fig.5showsthattimeas
an important parameter has a positive effect on degradation 
efficiency. This can be attributed to the fact that the produc-
tion of conduction band electron-valence band hole pairs 
(e−CB + h+

VB) and consequently hydroxyl radicals’ generation
increasedwith increasing irradiation timeandmoreattack
of hydroxyl radicals lead to an ascent in COD and BOD5 
removal amount. In addition, The figure shows thatapart
of organic compounddegradationwas favoredby increas-
ing temperature. This is due to the transfers of photocatalyst 
electron in valance bond to higher energy levels and hence 
facilitating the production of electron-hole pair. It is well
knownthatphotochemicallyinducedreactionsoftenhavea
lowactivationenergy.

Fig. 11 displays the 2D and 3D surface plots of the 
response as a function of catalyst dosage and H2O2 con-
centration.As can be seen, the two factors follow similar
trends,anincreaseinthecatalystdosageandtheH2O2 con-
centration increases the COD degradation. The influence 
of the catalyst dosage on the degradation process is more 
considerablethantheH2O2 concentration. Given that, high 
catalystloadingisneithereconomicalnorefficient.Atalow
dosage, H2O2 slightly increased COD degradation; how-
ever, it has a more pronounced effect at higher levels for 
thecatalystdosage.LowerH2O2 concentration needs more 
catalystdosage.AtlowdosagesofH2O2, less hydroxyl rad-
icals were probably generated, being insufficient for the
degradation reaction. The increase in the initial dosage of 
hydrogen peroxide increased the concentration of •OHrad-
icals and improved the oxidation process up to a certain 
limiting dosage.

3.2.4. Optimization and validation

To determine the optimum conditions for the photodeg-
radation process, the optimization tool of Design-Expert® 
wasutilized.Toachievetheoptimumconditions,allthefac-
torswereselectedwithintherangewhileBOD5/CODwas
defined between 0.4–0.5. However, comprehensive opti-
mization is the one that accounts for the economic aspects 
of aprocessalongwithmaximizing its efficiency.Among
several optimum conditions, the one with the minimum
exposure time is recommended. Accordingly, the optimum 
process variables and the related response are presented 
in Table 5.To check the accuracyof theoptimization, the
modelwasvalidatedby conductingphotocatalyticdegra-
dation under the optimum conditions. The experimental 
and the predicted results in Table 5 are in excellent agree-
ment,whichverifies themodelvalidation ina95%confi-
dence interval.

3.3. Combined photocatalytic – biological treatment

At the end of 90 min of photocatalytic treatment, the 
CODofPWhadreducedfrom2,050mg/Lto1,042±10mg/L,
and the BOD5/COD ratio had increased from 0.21 to 0.40. 
Based on the Environment Protection Act (Ministry of 
Environment and Forest, 1986) [59] for any trade efflu-
ent tobedischarged into inlandsurfacewateroronto the
marinecoastalarea,itsCODshouldbelessthan250mg/L.
Thus in the present study, the photocatalytic process did 
notsucceedinbringingdowntheCODofPWtomeetthe
discharge standards. But it did succeed in improving the 
biodegradabilityofPW.Thusasubsequentbiologicaltreat-
mentwascarriedouttocheckiftheCODcouldbefurther
reduced to meet the discharge standards. The overall COD 
removal efficiency at the end of combined heterogeneous 
photocatalystandthebiologicalprocesswas41±10mg/L.
Organic compoundswerecompletely removed in2 cycles
by the biological treatment. It indicates that the sludge had 
high biological activity (Fig. 12).

Fig.13showedthemorphologyofactivegranularsludge
(AGS) on day 15. It can be found from the SEM photomi-
crographsthat therewerebacilliaswellasa fewfilamen-
tous bacteria dominated in AGS. A closer observation of the 
surfaceofgranulescanshowthecompactstructureofaer-
obicgranules.Themicroorganismsweretightlylinkedand

Table 5
Optimization results

Optimum conditions

pH 6.5

Time (min) 70.26
Dosage (g/m2) 60
Temperature (C) 40
H2O2 concentration mM 2.5
Pred. (BOD5/COD) 0.41
Exp. (BOD5/COD) 0.402
Exp. COD mg/L 1,042±10
Exp. BOD mg/L 432±4
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embeddedwithoneanother.Furthermore,numerouscavi-
tieswerealsoobservedinthegranules.Thesecavitieswere
generatedalongwiththeaggregationofbacteriaclusterand
could enhance the transport of oxygen and substrates into 
the inner cores of the granules and contributed to transfer-
ring the metabolicproductsoutoftheAGS.Whenaerobic
granulesareused for the treatmentofPW, thesechannels
can be used for transport of nutrients into the anaerobic core 
region of the granules.

3.4. Combined photocatalytic – biological treatment with real 
produced water

To examine the suitability of the proposed system for 
treating therealproducedwater, thephotocatalyticsystem
was startedupwith theoptimumconditionandaccording
tothepreviousprocedure.Thephotoreactoroutletwasfed
intothebioreactorwiththesameculture.Photoreactorper-
formancewas slightly deteriorated since the turbidity and
TDSof the rawproducedwaterwashigh.CODandBOD5 

Fig.12.BOD5/COD ratio of effluent in integrated photoreactor – bioreactor.

Fig.13.SEMphotomicrographsofAGSatdifferentmagnifications.
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ofphotoreactor effluentwere 1,087 and410mg/L , respec-
tively.Intherealproducedwater, theconcentrationofsus-
pendedoilwasverylow(becauseitwastreatedchemically
withdemulsifiersbeforesampling),butinthesyntheticpro-
ducedwater,suspendedhydrocarbonsweredominant.The
reduction of photocatalytic activity during the treatment of 
therealandsyntheticwastewaterssuggeststhatthepresence
ofNaClinthesampleisresponsibleforthereductionofthe
COD removal rate.When the pre-treated real PWwas fed
intothebioreactor,CODremovalreachedtoratekeptabove
92%, and the effluentCODmaintainedunder 85 ± 7mg/L
inthefollowingtime.Higherreductionofactivityathigher
TDSconcentrationsincomparisonwiththelowerTDScon-
centrations, suggests that the main factor that has decreased 
thehydrocarbonsdigestion is thepresenceofNaCl. In this
study, the results showed that increasing NaCl concentra-
tionsdecreasedalkanesandaromaticbiodegradationinthe
real wastewater. GC-MS chromatograms of the untreated
and treated sample under optimum conditions. The figure 
showsthattheheavyfractionofpetroleumhydrocarbonsare
predominant.Themajorityoftheidentifiedpeaksconsisted
of aliphatic hydrocarbons, including n-branched and cycloal-
kanes;andpolyaromatichydrocarbons.BasedonFig. 14, a 
high-efficiency degradation of all organic pollutants were
obtained.

4. Conclusion

The benefits of using advanced oxidation as a pre-treat-
ment of a biological process to increase biodegradability 
have beenproven for the treatment ofwastewater. In this
study, an integrated solar photoreactor – granular biore-
actorwasusedto treatsyntheticandrealproducedwater.
Solar photoreactorwas designed and optimized based on
cascade falling film theory. The effect of various operational 

parameterson thephotocatalyticprocesswas investigated
by the use of RSM. Optimum BOD5/CODratioof0.40was
achieved at pH of 6.5, a photocatalyst concentration of
60gL–1, temperature of 40°C, light exposure time of 70 min 
and H2O2 concentration of 2.5 mM. Photoreactor effluent 
withCODandBOD5of1,042±10and432±4wasfedinto
the aerobic granular bioreactor. The removed COD by the 
biological treatmentwas50%,whereas thecombinedpho-
tocatalytic–biologicaltreatmentreached94%.Inthecaseof
realproducedwater, theremovalefficiencywasdecreased
to92%.GranulestructurewasdeterminedusingSEM.The
combined biological–photocatalytic treatment significantly 
shortened the degradation and mineralization time of the 
biological treatment.
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