
4  |  IEEE nanotEchnology magazInE  |  september 2017 1932-4510/17©2017IEEE

oOil is One Our mOst impOr
tant energy sources [1], [2]. However, 
the wide use of oil could lead to diverse 
environmental problems, such as oily 
wastewater discharge. Oily wastewa
ter is water that has become contami
nated through oil and gas production, 
the refinery process, transportation, or 
storage. the dispersion and dissolution 
of oil fractions into water result in its 
contamination with free oil and grease, 
aliphatic hydrocarbons, aromatic hydro
carbons (e.g., benzene, toluene, ethyl
benzene, and xylenes, known as BTEX), 
phenols, polycyclic aromatic hydrocar
bons (pAHs), and highly soluble organic 
compounds (e.g., carboxyl acids) [3]–[5]. 
many of these components are toxic, 
persistent, and bioaccumulative, posing 
a threat to ecosystems and human beings 
[6]–[9]. thus, efficient treatment of oily 
wastewater is a necessity.

many treatment technologies have 
been developed and applied to remove 
organic contents from oily wastewater. 
the traditional options include gravity 
separation, distillation, adsorption, coag
ulation, filtration, chemical oxidation, 
and biological degradation [3], [10]. 
Gravity separation can segregate dis
persed oil but is incapable of removing 
higher soluble organics, such as phenols, 
pAHs, and carboxyl acids, among which 
pAHs are considered to be mutagens 
and carcinogens [11]. Other available 
technologies have shown many advan
tages in oil removal, but disadvantages 
were also observed (high operation and 
maintenance cost, long processing time, 
chemical input, and secondary pollution, 
among  others). therefore, greener and 
more effective technologies are greatly 
desired for treating oily wastewater.

photooxidation has been widely 
applied in the removal of organic mat
ter and has proved to be low in cost, 
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low in selectivity, and efficient in terms 
of completed mineralization [12]–[14]. 
photocatalysis has the advantage of 
photooxidation, and its efficiency has 
been significantly accelerated by apply
ing photoactive semiconductors [15], 
[16]. Among these, nanoscaled titani
um dioxide TiO2^ h exhibits high stabil
ity, low cost, and low toxicity toward 
both humans and the environment. 
thus, it has been extensively studied 
in treating a variety of municipal and 
industrial wastewater types [17]–[19]. 
nanoscaled TiO2  (such as nanopar
ticles, nanotubes, and nanofibers) shows 
great enhancement of photoactivity by 
providing a larger specific surface area 
compared with bulk TiO2  [20]. nano
scaled TiO2induced photocatalysis has 
been applied to remediate different types 
of onshore and offshore oily wastewa
ter, targeting the individual compounds 
and/or all the organics [21]–[23]. 

to demonstrate the applicability of 
photocatalysis, an indepth review of 
the mechanisms for removing organics 
from oily wastewater by photocatalysis is 
desired. Furthermore, the development of 

more efficient catalysts and a 
better understanding of the 
role of influencing factors are 
important. thus, this review 
focuses on the ap plication of 
nanoscaled TiO2induced 
photocatalysis in treating oily 
wastewater, including the 
effect of the water matrix, 
the influencing factors, and 
enhancement and develop
ment of the photocatalysis.

OVERVIEW OF OILY 
WASTEWATER 
TREATMENT

CHARACTERIZATION  
OF OILY WASTEWATER
Oily wastewater refers to any 
water containing oil from 
many industrial processes, 
such as oil and gas explora
tion, production, and trans
portation; petroleum refining; 
and onshore and offshore oil 
spills [2], [24], [25]. Con
centrations of oil, the major 

contaminant in oily wastewater, vary 
widely among sources, ranging from 1 
to 40,000 mg/l [2]. the effluents from 
oil and gas production and transportation 
are the largest waste streams of oily waste
water (e.g., produced water, bilge water, 
and refinery wastewater) [3]. the total 
oil and grease concentration of offshore 
produced water should be no higher than 
42 mg/l based on existing regulations 
[24]. not included are the soluble oil 
fractions, such as the carboxyl acids 
(0.001–10,000 mg/l),  aliphatic hydro
carbons, BteX (0.068–578 mg/l), 
pAHs (40–3,000 µg/l), and phenols 
(0.4–23 mg/l), which results in a con
centration of total organic carbon (tOC) 
as high as 11,000 mg/l [3], [4]. Bilge 
water has a higher concentration of 
tOC (31–19,040 mg/l) and phenol 
(15–902  mg/l) than produced water 
[9]. petroleum refinery effluent contains 
20–4,000 mg/l of oil and grease, 200–
600 mg/l chemical oxygen demand 
(COD), 20–200 mg/l phenol, and 1– 
100 mg/l benzene [26].

the toxicity of these chemical com
ponents in oily wastewater, especially 

petroleum hydrocarbons and phenol 
derivatives, has raised concerns over 
their effects on marine ecosystems and 
the environment in general [6], [27], 
[28]. the acute and chronic toxicity of 
pAHs and alkylated phenols has been 
well indicated [11]. it was also discov
ered that alkylphenols have a higher 
potential for bioaccumulation because of 
their high hydrophobicity and that they 
cause irreversible endocrine disruption 
in the sexual development of young fish 
[29]–[31]. therefore, strict regulations 
have been established to control the 
emission of oil and grease in produced 
water (a 42 ppm daily maximum) [3], 
bilge water (15 ppmv) [32], and refinery 
eff luent (a 7.5lb per 1,000 barrels of 
crude oil daily maximum).

OILY WASTEWATER  
MANAGEMENT PRACTICE
to comply with the regulations, the oil 
and grease must be removed first. the 
main treatment technologies reported 
include gravity separation, hydrocy
clone, sorption, chemical precipitation, 
 flotation, membrane filtration, chemical 
oxidation, and biodegradation [5], [10], 
[24], [33], [34]. the most common and 
widest application is water/oil separation, 
which relies on gravity and density dif
ferences [3], [4]. to realize an effective 
water/oil separation, the most commonly 
used facility has been identified through 
the combination of a skim tank, a paral
lel plate separator, a hydrocyclone, and 
a flotation device [35]. However, water/
oil separation cannot remove very small 
droplets and dissolved hydrocarbons [4]. 
to remove dissolved organic contami
nants from wastewater, many available 
technologies have been used after the 
water/oil separation process, including 
coagulation, adsorption, membrane fil
tration, chemical oxidation, and activated 
sludge [2], [5], [26]. 

Coagulants added to oily wastewater 
can destabilize the oil emulsion, result
ing in oil aggregation. larger oil drop
lets can subsequently be removed by 
sedimentation or flotation [36]. Adsorp
tion is effective in removing most oil 
and other organic materials but requires 
continuous regeneration and replace
ment. in addition, the adsorbed wastes 
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must be shipped to shore landfills, which 
increases the treatment cost. membrane 
filtration technologies are able to remove 
small oil droplets and hydrocarbons larg
er than 0.005 μm [37], but fouling of 
the membranes is a major problem, and 
the technology is limited in oil f ield
type applications. Bioremediation has 
the capacity to remediate the organic 
matter in heavily loaded oily wastewa
ter. However, this technology is time 
consuming, is inefficient in the degrada
tion of aromatic organics, has a narrow 
range of appropriate reaction conditions 
(e.g., temperature and pH), and requires 
disposal of the spent, contaminated acti
vated sludge [3], [26].

BASICS OF PHOTOCATALYSIS
photocatalysis is an advanced oxidation 
process that has been extensively studied in 
remediating environmental samples con
taminated by various organic pollutants 
[17], [38], [39]. the photocatalytic pro
cess, which has shown promise in terms 
of complete mineralization of organic pol
lutants, has strongly  attracted scholars’ 
attention. the photocatalytic degradation 
of aliphatics, aromatics, polymers, dyes, 
surfactants, pesticides, and so forth into 
carbon dioxide, water, and mineral acids 
can be achieved under mild conditions 
with no waste disposal. photocatalysis is 
the acceleration of photolysis by adding 
photosensitive semiconductors. the most 
common semiconductors for photoca
talysis include ,TiO2  zinc oxide (ZnO), 
cadmium sulfide, gallium arsenide, gal
lium phosphide, and tungsten trioxide 

[40]. Among these, TiO2  has been dis
covered to be an ideal semiconductor for 
photocatalysis because of its high stabil
ity, low cost, and safety for both humans 
and the environment [13], [17].

the photocatalytic mechanism is initi
ated by the absorption of a photon with 
energy (hv) equal to or greater than the 
band gap of ,TiO2  producing an electron–
hole pair on the surface of the .TiO2  An 
electron is promoted to the conduction 
band (CB), while a positive hole is formed 
in the valence band (VB). excitedstate 
electrons and holes recombine and dis
sipate the input energy as heat, get trapped 
in metastable surface states, or react with 
electron donors and electron acceptors 
adsorbed on the semiconductor surface 
(Figure 1). After reaction with water, these 
holes produce hydroxyl radicals with high 
redox oxidizing potential. Depending 
upon the exact conditions, the holes, OH  
radicals, , ,O H O2 2 2

-  and O2  play impor
tant roles in the photocatalytic mechanism 
[41] as follows:

 hv eTiO h2 "+ +- + (1)

 OH OHh ads ads" $++ -  (2)

OH organics oxidized productads "$ +
 (3)

 e O O,2 2ads "+ $- - (4)

 O H HO2 2" $+$- +  (5)

 HO HO H O O2 2 2 2 2"$ $+ +  (6)

 .H O OH OHe2 2 ads" $+ +- -  (7)

TiO2  polymorphs in nature include 
anatase (tetragonal), brookite (ortho
rhombic), and rutile (tetragonal), each 

with different optical properties [42]. 
the band gaps of anatase, rutile, and 
brookite are 3.2, 3.02, and 2.96 eV, 
respectively [43], resulting in absorb
able wavelengths of light irradiation 
that should be shorter than 400 nm. 
in other words, only ultraviolet (uV) 
and nearuV light have the capacity to 
excite .TiO2  the anatase structure has 
the highest band gap, and it is preferred 
over other polymorphs for photocatalysis 
applications because of the higher elec
tron mobility, low dielectric constant, 
and lower density [40] compared with 
rutile, which tends to recombine elec
trons and holes, preventing the transport 
of electrons.

Various investigators have reported 
that TiO2  is more effective in the form 
of nanoparticles than as bulk powder 
[42]. When the crystallite diameter falls 
below a critical radius of about 10 nm, 
the band gap increases, and the band 
edges yield a larger redox potential 
[41]. the higher redox potential pro
vides a stronger driving force, increases 
the rate constant of the charge transfer 
(the ratelimiting step in photocataly
sis), and then increases the photoactivity 
of the nanoparticles. Additionally, the 
smaller size of the TiO2  allows a high
er chance of mass transfer because of  
a larger  surface area, thus increasing  
the photoactivity.

APPLICATION OF PHOTOCATALYSIS  
TO OILY WASTEWATER
many attempts have been made to apply 
photocatalysis in treating oily wastewater  
and are summarized in table 1. most of  
the studies applied TiO2  and uV and/or 
solar light to degrade the oil contents in 
different types of wastewater and showed 
good results [44]–[47]. the water types 
can be classif ied as artif icial wastewa
ter and authentic wastewater. the arti
ficial wastewater samples were prepared 
by spiking distilled water and/or seawater 
with the target pollutant [48]–[50]. the 
authentic wastewater samples were pre
pared by either contaminating the water 
samples with crude oil [51] or diesel [52] 
or were obtained from already contami
nated sources [7], [53], [54]. the target 
pollutants, such as oil [55], COD [56], 
dissolved organic carbon (DOC) [57], 
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FIGURE 1 The mechanism of photocatalysis by a UV light source.
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total  petroleum hydrocarbon (tpH) [58], 
BteX [59], phenols [26], pAHs [8], ali
phatic carbons [60], organic acids [61], 
and polymers (e.g., polyacrylamide [pAm]) 
[62], cover the major hazardous organic 
compounds found in oily wastewater.

INFLUENCING FACTORS  
IN OILY WASTEWATER 
High organic load, high salinity, and 
various impurities compose a complex 
matrix in oily wastewater. it significantly 
deteriorates the performance of adsorp
tion and photocatalysis [21]. Catalyst 
surface charge could be vulnerable to 
the complex inorganic and organic com
position of oily wastewater, which can 
result in reactivity reduction [69], [73]. 
the high concentration of organic sub
strates can saturate the TiO2  surface, 
 reducing the photonic reactivity of the 
catalyst [17].

SALINITY
the presence of inhibitory ions of mag
nesium ,Mg2+^ h  calcium ,Ca2+^ h  sul
fate ,SO4

2-^ h  and carbonate ,CO3
2-^ h  

among others, can significantly reduce 
the effectiveness of the catalyst, espe
cially for suspended nanoparticles, by 
blocking the active sites and/or forcing 
the agglomeration of the catalyst [74], 
[75]. Hsu et al. [60] indicated that the 
tendency toward agglomeration (par
ticle–particle interaction) also increases 
at high solid concentration, resulting in 
a reduction of the surface area available 
for light absorption. the adsorption 
competition between cationic ions and 
diesel on the catalyst surface becomes 
signif icant in relatively high salinity 
[68]. the competing ions might occupy 
the active sites, thus decreasing the pho
tocatalytic efficiency against the diesel. 
the higher concentration of anions fur
ther changes the catalyst surface, alter
ing its point of zero charge and thus 
changing the electrostatic interaction 
with the organics [76]. the presence of 
halides could significantly affect photo
catalysis by scavenging stronger radicals 
(e.g., hydroxyl radicals) to weaker halide 
radicals [69]. the radicals involved in 
the photocatalytic degradation process 
could further alter the breakdown path
ways of organics and potentially form 

toxic chlorinated byproducts, which 
have been observed in the photocatalysis 
of saline waters [7], [77].

ORGANIC COMPOSITION
the composition of oily wastewater can 
significantly affect the efficiency of pho
tocatalysis. each organic species in oily 
wastewater responds differently to pho
tocatalysis. liu et al. [69] investigated 
the change in the organic composition 
of offshore produced water during pho
tocatalysis. the findings suggested that 
organics with aromatic rings (pAHs and 
phenols) are more degradable, while 
alkanes are insensitive to photocatalysis 
within 24 h. this is probably because 
aromatic organics are much more vul
nerable to photolysis [8], [14], whereas 
alkanes show negligible changes. the 
overall removal rates from oily wastewa
ter could reach more than 90% after pro
longed irradiation (100 h) [45]. Aromatic 
compounds still have the highest rate of 
degradation, and the breakdown rate of 
alkanes follow the rule of nalkanes > 
branched alkanes > cyclic alkanes.

the effectiveness of photocataly
sis is also affected by the organic load. 
When the organic load is less, photon 
f lux and the activated catalyst site are 
suff icient for photodegradation. in 
this case, an organic load increase will 
increase the degradation rate [78]. At 
higher concentrations, however, the 
photon flux and activated site are insuf
ficient for treating organics. the reac
tion rate remains constant or decreases. 
therefore, the removal rate of organics 
will be decreased with an increase in 
the organic load. the increase in the 
organic load can further hinder reaction 
rates by 1) reducing the concentration of 
hydroxyl radicals through a higher con
sumption rate, 2) screening light through 
the increase of photosensitive organics, 

3)  accumulating organics on the  catalyst 
because the adsorption rate is higher 
than the degradation rate, and 4) gener
ating more adsorptive intermediates that 
occupy the activated sites on the catalyst 
[14], [78], [79].

the additives in oily wastewater could 
enhance or hinder photocatalysis. Zhang 
et al. [68] evaluated the photocatalysis of 
diesel solutions with different concen
trations of surfactants. it was indicated 
that a lower surfactant concentration 
could promote the diesel degradation by 
increasing its solubility. However, with 
a surfactant concentration higher than 
the critical micelle concentration, nega
tive effects, such as photoattenuation and 
active site blockage of overdose, decrease 
the photodegradation of diesel.

INTERMEDIATE
the goal of photocatalysis is mineraliza
tion. nevertheless, the intermediates 
generated from incomplete mineraliza
tion are inevitable in treating oily waste
water because of the high organic load. 
leshuk et al. [7] observed that over 90% 
of acidextractable organics were pho
totransformed after a oneday irradia
tion, but that only 45% of the tOC was 
removed. this suggested that the acid
extractable organics were transformed 
to oxidized intermediates instead of 
being completely mineralized. Ziolli 
and Jardim [67] analyzed the composi
tion change of the soluble oil fraction in 
oilcontaminated marine waters during 
the heterogeneous photocatalysis pro
cess, finding 63 new peaks on the gas 
chromatograph. these peaks represented 
 oxidized intermediates that contain oxy
gen atoms, with most having lost their 
aromatic character during irradiation. 
they further suggested that these com
pounds might actually be more toxic to 
marine organisms than the originals. 

The intermediates generated from incomplete 
mineralization are inevitable in treating oily 

wastewater because of the high organic load.



10  |  IEEE nanotEchnology magazInE  |  september 2017 

Hashimoto et al. [80] characterized 
the byproduction during photocatalysis 
of different organic species. For aliphatic 
hydrocarbons, the common intermedi
ates are oxidized to alcohols, aldehydes, 
and carboxylic acids, while phenol, cat
echol, hydroquinone, and muconic acid 
are detected in the degradation of ben
zene. it should be noticed that hydroqui
none and benzoquinone are considered 
to be scavengers for oxidative radicals 
[7], so further photocatalytic oxidation 
is dramatically inhibited. Zulfakar et al.  
[50] observed that the formation of 
inter  mediates also signif icantly affects 
the rate of reaction by competing on 
the active sites. Fouling of the cata
lyst surface can also occur through the 
polymerization of pAHs during the pho
tocatalytic process [8].

CONFIGURAbLE FACTORS IN THE 
PHOTOCATALYTIC PROCESS
to remediate the deterioration of the water 
matrix through photocatalysis, the opti
mization of configurable factors, such 
as light sources, catalyst  concentration, 
 surface area, temperature, pH, and oxi
dant concentration (e.g., O2  and ),OH2 2  
is important.

LIGHT SOURCES
the light intensity among the studies varies 
from milliwatts per square centimeter [8] 
to microwatts per square centimeter [47] 
with an energy consumption of 8–1,500 W 
[53], [63]. light intensity and wavelength 
directly affect the reaction rate. Da rocha 
et al. [47] applied two lights of the same 
wattage but different light intensity and 
wavelength in treating oil sludge. the 
blacklight mercury lamp emitted 98  lx 
and 373 μW/cm2 at a wavelength range 
from 290 to 390 nm and 10.4 μW/cm2  

at 254 nm, while the white light was 1,900 lx 
and 74 μW/cm2 at a wavelength range 
from 290 to 390 nm and 11.2 μW/cm2 at  
254 nm. the re  sults showed that white 
light with a higher light intensity has 
a higher tOC removal rate. Further
more, compared with another study [8], 
the  complete degradation of pAHs under 
76.5 mW/cm2 was much accelerated, from 
four days to several hours, indicating that 
the higher light intensity resulted in a 
higher degradation rate. 

Han et al. [81] applied two uV lamps 
(185 nm and 254 nm) with TiO2  toward 
decomposition of pchlorobenzoic acid 
and figured out that the rate constants 
for TiO2  at 185 nm were 3.0–6.5 times 
as much as those for TiO2  at 254 nm. 
photocatalysis with natural sunlight 
attracts many researchers because of 
the free light source. Berry [71] evalu
ated the photocatalytic degradation of 
toluene and 1decene with different light 
sources: a uV lamp and sunlight. the 
results showed that the degradation rate 
of toluene with / /UV TiO O2 2  is only 
slightly higher than that with sunlight/

/ ,TiO O2 2  suggesting that the uV 
light intensity from the sun might be 
sufficient. leshuk et al. [7] indicated a 
complete degradation of acidextractable 
organics in oil sands processaffected 
water achieved by solar photocatalysis in 
1–7 d. Cho et al. [58] proved that more 
than 70% of BteX and tpH in gaso
line/dieselcontaminated groundwater 
can be degraded by the solar light/TiO2  
slurry system. it should be noted that 
most of lamps with high energy con
sumption were simulating solar light. 
this energy eff iciency is much lower 
than the uV lamp, as only uV light and 
nearuV light have wavelengths lower 
than 400 nm.

CATALYST
Karakulski et al. [64] indicated the opti
mal catalyst content to be in the range of 
0.8–1.2 g/l in treating the oil in ultrafil
tration permeate. King et al. [8] applied 
a high dose (3% and 9%) of TiO2  nano
tubes on an oil slick and showed that 
the best dose of TiO2  nanotube was 
9%, by which a 93% enhancement in the 
observed degradation rate constant of 
very small pAHs (one to two rings) was 
reached compared with no oxide irra
diation. the degradation of larger pAHs 
was not well accelerated or even inhib
ited. they further indicated that TiO2  
addition could increase light attenuation, 
thus  inhibiting the photolysis of pAHs, 
especially large pAHs, which are the 
most photoactive. saien and neiati [22] 
observed that the photocatalytic degra
dation rate increases with the increase of 
suspended catalyst concentrations, up to 
about 100 mg/l. Greater than that con
centration results in a turbidity increase 
and a reduction of light transmission, 
consequently decreasing degradation. 

shahrezaei et al. [26] found that 
a maximum reduction in COD was 
achieved with a catalyst concentration 
of 100 mg/l. they further pointed out 
that the agglomeration of the catalyst in 
high doses could reduce the surface area 
for light absorption and hence decrease 
the degradation rate. santos et al. [57] 
tested TiO2  particles of different sizes: 
TiO2  (Brunauer–emmett–teller [Bet] 
surface areas of 1.7 and 8.3 m2/g) and 
Degussa p25 (a 30nm particle size and 
a 50 ± 15m2/g Bet surface area) in the 
photodegradation of phenols in petro
leum wastewater samples. the results 
showed that p25 in lower doses has a 
great enhancement (five times) in phenol 
removal, implying that a larger surface area 
can significantly enhance photocatalysis.

pH
the pH controls the surface charge of 
the catalyst, the reduction potential of 
hydroxyl species, and the affinity of the 
pollutant for the catalyst surface [26], 
[82]. the pH could further enhance or 
hinder the photodegradation efficiency 
by controlling the electrostatic interaction 
between the catalyst surface, organic mol
ecules, and generated radicals [72]. saien 

The pH controls the surface charge of the 
catalyst, the reduction potential of hydroxyl 

species, and the affinity of the pollutant  
for the catalyst surface.
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and neiati [22] analyzed the removal of 
organic pollutants in petroleum refin
ery wastewater (prW) at different pHs. 
When the pH was lower than the pH of 
the zero point of charge ( ),pHzpc  the 
positive charge of the catalyst would 
attract more anions, thus increasing 
the removal rate. similar results can be 
found in shahrezaei et al. [26]. most of 
the organic matter in prW consists of 
phenol and phenolic derivatives. these 
are negatively charged after ionization, 
and their electrostatic attraction to the 
TiO2  surface is favorable at a low pH, 
where the TiO2  was positively charged. 

santos et al. [57] pointed out that the 
best pH for degrading the majority of 
wastewater organic pollutants (alkanes), 
which are nonpolar, is pH ,zpc  where the 
TiO2  surface is neutral. Ginemo et al. 
[83] investigated the adsorption of fluo
rene on TiO2  at pH = 2 and pH = 5. 
Higher pH resulted in higher adsorption 
and consequently a higher degradation 
rate. Vargas and nunez [49] conduct
ed photocatalytic degradation of several 
representative compounds at different 
pHs. the results indicated that the deg
radation rates were dibenzothiophene > 
naphthalene > pnitrophenol at pH = 3.  
Both naphthalene and pnitrophenol have 
higher degradation rates at a basic pH 
(e.g., 10). Generally, there can be high
er concentrations of hydroxyl radicals in 
water with a basic pH, but Zhang et al. 
[68] indicated that the agglomeration of 
 catalytic particles could accelerate in an 
overly acidic or overly alkaline solution 
and finally reduce the surface area. to 
achieve better efficiency, they found, the 
pH should be kept neutral, which allows 
better particle dispersion and formation 
of hydroxyl radicals.

TEMPERATURE
the influence of temperature has been 
studied by many researchers. saien and 
neiati [22] observed the positive influ
ence of temperature during the photoca
talysis of prW. they further pointed out 
that photocatalytic degradation is usu
ally accelerated by increased temperature 
because of the increase of TiO2  electron 
transfer. Gahsemi et al. [72] evaluated 
the interaction between catalyst dose and 
temperature. the outcome indicated that 

the efficiency increased as temperature 
increased when the optimal dose of cata
lyst had been selected. leshuk et al. [61] 
observed the neglected effect of tempera
ture on degrading naphthenic acids in oil 
sands processaffected water. they stated 
that the increase of temperature might 
increase catalyst aggregation, thus miti
gating the overall reaction rate.

OXIDANT
Oxidants have a vital role in the reac
tion, as they absorb the free electrons on 
the catalyst surface, produce the hydrox
yl radicals, and dramatically accelerate 
the reaction rate. O2  and OH2 2  are often 
chosen to enhance photocatalysis [71], 
[77], [84]. Berry and mueller [71] aer
ated the photocatalytic system with ,O2  
by which the degradation rate of tolu
ene was significantly improved and that 
of 1decene was slightly increased. Cazoir 
[32] summarized two important roles 
that oxygen plays in photocatalysis: 1) it 
prevents the electron–hole recombination 
by scavenging the photogenerated elec
tron, and 2) it reacts with other species 
( , )O OH2

-  and produces reactive oxygen 
species, such as O2

$- and ,HO2 $  which 
improve the oxidation efficiency. 

the addition of H O2 2  produces 
increased degradation in two ways [77]: 
1) it reacts directly with organics and 
 easily decomposes to OH radicals, and 2) 
it provides a more active electron accep
tor compared with .O2  pernyeszi and 
Dekany [65] applied OH2 2  in the photo
catalytic oxidation of a crude oil emulsion. 
the results showed that the tOC removal 
rate was increased from 20% to 50%. Cho 
et al. [58] added 10mm ,H O2 2  which 
significantly increased the degradation 

efficiency in both the slurry and immo
bilized systems. With an optimal dose 
of H O2 2  (4~10 mm), COD removal 
from oilfieldproduced waste water was 
enhanced 3.5 times [77]. santo et. al 
[57], by contrast, observed no significant 
changes after adding H O2 2  to the con
tinuousaeration system, implying that 
the bubbling provides sufficient oxidant. 
therefore, the addition of oxidant and the 
dose should be specific to different types 
of oily wastewater.

ENHANCEMENT OF NANO-TiO2-
bASED CATALYSTS
photocatalysis shows strong potential for 
treating oily wastewater. However, the 
application of the technology is restrict
ed by the low reaction rates for some 
organic species, insufficient mass and 
photon contact rates for catalysts under 
high organic loads, and the sophisti
cated recovery process. therefore, modi
fication of the catalyst to achieve a wider 
range of light absorbance, higher pho
ton–electron conversion rate, and more 
feasible application are much desired.

DOPING OF NANO-SCALED tio2

the band gaps of TiO2  are more than 
3.0 eV, so only uV light can induce the 
catalyst, which means that most sun
light energy is wasted. to extend the 
application of TiO2  more widely, the 
technology of doping other materials 
to the TiO2  surface has been studied 
[23], [42], [85]. Doped TiO2  introduces 
intrabandgap states, decreasing the band 
gap, and it can be induced by lower
energy photons (Figure 2).

transition metal ions provide addi
tional energy levels within the band gap 
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FIGURE 2 The mechanism of photocatalysis by extended light source.
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of a semiconductor; electrons can trans
fer from one of these levels to the CB 
through photons of lower energy [86]. 
noble metals can obtain the electron 
from ,TiO2  as the hole remains on the 

.TiO2  this reduces the electron–hole 
recombination possibility, which increas
es the efficiency of the photoinduction 
[42]. nonmetallic or anionic elements, 
such as carbon, sulfur, halides, phos
phorus, and boron seem to have more 
significant advances: it unlikely form 
recombination center but reduce the band 
gap that improve the photocatalytic activ
ity [60], [87]. Zhang et al. [68] doped 
both bismuth (Bi) and nitrogen (n) with 
nanoTiO2  and examined its photocata
lytic efficiency under a visible light source.  
Bi .1 0–n–TiO2/expanded graphite car
bon/carbon composite (eGC) showed 
excellent performance in mineralizing 
diesels, proving the extended capacity of 
doped TiO2  applied under solar light. 
it further indicated that the presence of a 
lower concentration of Bi on TiO2  inten
sified the absorption of visible light and 
reduced the electron–hole recombination 
rate, while higher percentages resulted in 
the reduction of photon excitement.

IMMOBILIZATION OF  
NANO-SCALED tio2

immobilization of nanoscaled TiO2  
is still limited to industrial applications 
because of the inconvenient catalyst
recovering step of suspended TiO2  from 
the treated water at the end of the opera
tion. membrane filtration, microfiltration, 
and ultrafiltration may be able to remove 
fine particles, but the drawbacks are sig
nificant: higher transmembrane pressure, 
higher fouling potential, and greater flux 
declination [53]. therefore, to increase 
the efficiency and longevity of nano
scaled TiO2  and prevent the inconvenient 
catalystrecovering step after treatment, 

many studies focus on immobilization of 
nanoscaled .TiO2  it has been proven 
that TiO2  immobilization has advan
tages in terms of catalyst recovery and 
ease of handling, but the surface area 
becomes much lower than that of sus
pended ,TiO2  and the mass transfer rate 
is limited [88]. the approach of synthe
sizing nanoscaled TiO2  with different 
structures (nanofiber, nanowire, nanoro
ds, and so on) increases the size of the 
bulk TiO2  without compromising the 
reduction in surface area. Another solu
tion to increasing the catalyst area is coat
ing TiO2  on different substrates with a 
relatively large surface area, such as quartz 
sand [50], microbeads [59], glass fiber 
[89], membranes [90], carbon nanotubes 
[91], and absorbents [45], [92]. 

liu et al. [53] compared the photo
degradation of pAHs in offshore produced 
water by TiO2  powder and immobi
lized .TiO2  the effectiveness of pho
tocatalysis was slightly higher with the 
immobilized catalyst, indicating that 
the immobilization is more resistant to 
the water matrix. Cho et al. [58] indi
cated that the addition of OH2 2  could 
enhance the efficiency of immobilized 
TiO2  and narrow its difference with 
that of TiO2  slurry. Wang et al. [62] 
added a mixture of TiO2  and surfactant 
in treating oily wastewater to trap the 
TiO2  particles in the interface. Heller 
et al. [93] attached TiO2  on ceramic 
microbeads maintained at the air–oil 
interface. these microbeads with cata
lyst can deploy into the environment 
and allow a longterm catalytic photoly
sis of spilled oil, which has potential in 
arctic applications.

MODIFICATION OF THE ADSORBENT 
SURFACE WITH NANO-SCALED tio2

the combination of photocatalyst and 
adsorbent has been studied in treat

ing oily wastewater to enhance cataly
sis effectiveness [66]. Composite TiO2  
on the surface of an adsorbent com
bines the advantages of both: 1) large
surfacearea adsorbents work as the 
support for nanosized TiO2  and con
centrate the pollutants and intermedi
ates around the ,TiO2  2) nanosized 
TiO2  photocatalysts can decompose 
the pollutants, thus regenerating the 
adsorbent in situ, and 3) a TiO2/adsor
bent composite can capture photode
composed intermediates, preventing 
possible secondary pollution [94]. 

Ghasemi et al. [72] coated TiO2  onto 
FeZsm5 and applied it to the treat
ment of refinery wastewater. the coating 
of TiO2  resulted in the reduction of 
the specific surface area, but the highest 
photocatalytic activity was achieved com
pared with a simple mix of zeolite and 
Degussa p25. However, the addition of 
an adsorbent could have a negative effect. 
D’Auria [45] observed that a TiO2/zeo
lite composite could reduce the overall 
degradation rate of the organic species 
in crude oil because of light scattering. 
Zhang et al. [68] used expanded graphite 
as an adsorbent because of its extraordi
nary oil adsorption rate. it was indicated 
that in combination with the catalyst, the 
specific surface area was enlarged. the 
adsorbent not only shortened the dis
tance between the organic and photocat
alytic sites but played a role as a floating 
substrate to keep the catalyst between 
the air–liquid interface. the adsorbent, 
with a similar function, has also been 
used to treat diesel [23]. the catalyst 
with graphene signif icantly enhanced 
the adsorption effect to 96 g of diesel 
per gram of catalyst. it should be con
sidered, however, that the overwhelm
ing effect of adsorption could inhibit 
the photocatalytic process because of a 
reduction of the mass transfer rate inside 
the adsorbent. therefore, the balance 
between photocatalysis and adsorption 
should be carefully evaluated.

SYSTEM DESIGN
the effectiveness of photocatalysis de 
pends critically on both the mass and 
photon contact rates of the catalyst. to 
optimize the photocatalytic effectiveness, 
various processes have been  proposed 

The combination of photocatalyst and adsorbent 
has been studied in treating oily wastewater to 

enhance catalysis effectiveness.
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aimed at increasing the contact efficacy 
and contact time. An annular photoreac
tor can shorten the photon travel path 
[95]. With tangential inlet and outlet 
tubes, an annular reactor increases the 
mixing rate within the system [96]. 
laoufi et al. [97] used a helical photore
actor to maximize the irradiation time. 
Yu et al. [98] coated a helical support 
with TiO2  and combined it with an 
annular reactor to increase the contact 
time of pollutants and photons with the 
TiO2  layer. A fixedbed system with an 
immobilized catalyst has shown advan
tages in terms of having no need of 
downstream separation processing and 
allowing continuousflow treatment [99].

Combination with other technolo
gies can also increase the applicabil
ity of photocatalysis. Karakulski et al. 
[64] f irst f iltered bilge water using 
ultraf iltration. the f iltration process 
removed 96–98% of the oil, which is 
more than  350 mg/l. the complete 
decomposition of oil in the ultrafiltra
tion permeate was achieved after 2 h 
of uV illumination using a potassium 
(K)/TiO2  photocatalyst. photocatalysis 
has the capacity to treat organics with 
high toxicity and low biodegradability. 
residual organic carbon was found to 
be significantly more biodegradable than 
the initial acidextractable organics [7]. 
therefore,  photocatalysis followed by 
 bioremediation could significantly reduce 
the overall intention time [46]. the com
bination of photocatalysis with ozone 
is very  effective in promptly degrad
ing organics such as phenol in a short 
period (5 min) [84]. it increases the 
 biodegradation rate of treated water from 
13% to 40%.

REGENERATION
the lifetime of a photocatalyst is an 
important parameter for evaluating 
its feasibility in real applications. the 
deactivation of a catalyst during photo
cataytic degradation can signif icantly 
increase the operational cost because of 
the frequent changes of catalyst that are 
needed. leshuk [7] reused the catalyst 
and observed some loss in f ive treat
ment cycles (~20% lower apparent rate 
constant). the process of centrifuga
tion and resuspension increases the 

aggregation of the particles and thus 
reduces the specific surface area. they 
suggested that the deactivation of the 
photocatalyst could be mitigated by 
better dispersion or particlewashing 
techniques. Ghasemi et al. [72] reused 
the TiO2 /FeZsm5 nanocomposite 
three times. A slightly decreasing trend 
of the COD removal rate was observed. 
the accumulated organic substrate and 
intermediates blocked the activated site 
of the catalyst. 

to reactivate the catalyst, several 
approaches have been made. the organic 
fouling of the catalyst can be treated 
by calcination, burning out the organ
ics and keeping the catalyst stable and 
reusable [72]. However, this technol
ogy consumes additional energy. Zhu 
and Zou [100] applied different tech
nologies (e.g., uV, uV plus ,OH2 2  and 
uV/ultrasound) to regenerate the used 
photocatalyst and found that the com
bination of ultrasound and uV has the 
shortest process time. they further indi
cated that the ultrasound could 1) gen
erate hydroxyl radicals that oxidize the 
fouling organic on the catalyst surface 
and 2) produce ultrasonic waves to break 
the aggregation of catalyst particles into 
a smaller size and mechanically clean 
their surface.

SUMMARY
this article summarized various kinds 
of photocatalytic applications in oily 
wastewater treatment. nanoTiO2 
induced photocatalysis is a promis
ing technology in treating petroleum 
hydrocarbons that has proven to be very 
attractive because of its higher miner
alization, lesser selectivity, and lower 
toxicity. However, the lower efficiency 
and mineralization rate caused by the 
complex matrix of oily wastewater, the 
higher energy consumption, and sophis
ticated posttreatment could hinder the 
application of the technology.

Greater effectiveness with lower cost 
is the major goal of technology adapta
tion. the approaches to this are system 
configuration and catalyst modification. 
the use of solar light with doped TiO2  
can replace uV light, which has a much 
higher energy consumption. lightemit
ting diode light can also be an option 

because of its higher electron–photon 
conversion rate. immobilizing TiO2  on 
a larger, porous structure or on a fixed 
surface allows for continuous treatment 
of oily wastewater without subsequent 
separation. in combination with an 
adsorptive substrate, the concentrate
andtreat approach allows for continu
ous treatment of the oil fraction for 
remediating oil spills. these approach
es are therefore more functional and 
do not greatly compromise degrada
tion efficiency.

the research on photocatalysis ap 
plications to oily wastewater is still in 
an early stage. to increase applicability, 
more effective catalysts with greater 
durability are desired. Further research 
is also needed for application in larger
scale systems. indepth and system
atic studies on the interaction of the 
water matrix and surface change during 
photocatalysis as well as studies on the 
more generalized system simulation 
and optimization are required to maxi
mize removal eff iciencies and predict 
reaction performance globally.
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