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Abstract: Petrochemical wastewater is a major industrial @®wf pollution that
produces a variety of refractory and toxic orggpatiutants that are detrimental to
animals and plants in natural water bodies; it speeially harmful to biological
treatment systems. Regardless of these threatdiestwn these specific organic
pollutants are limited at present. Consequentlys iéxtremely essential to promote
relevant problem solving efficiently. Currently, lpriimited processes are available
for pretreatment of high-concentration effluentd advanced treatment methods as
compared to the conventional treatment are intreduxy current studies. Therefore,
in this review, we have systematically generalitezicharacteristics of petrochemical
wastewater; we have particularly summarized andpeoed different methods (recent
developments, influencing factors, etc.) which agplied in pretreatment and
advancement of current methods. Additionally, thgernaction mechanisms of
microbes under a wide range of concentrations etifip organic pollutants and
associated degradation pathways have been descobgarehensively. Moreover, we
have analyzed bioenergy recovery from the degrawlaémoval of specific organic
pollutants with environmental-friendly and econoatlig methods because it can help
realize the goal of circular resource utilizatiarridg the process of detoxification and
minimization.

Key words: Petrochemical wastewater; specific organic pafitda pretreatment;

Corresponding authoZhigiang ShenState Key Laboratory of Environmental Criteria aridkRAssessment,

Chinese Research Academy of Environment Sciences, in®eijl00012, PR China, Email:
shenzg@craes.org.cKaijun Wang, School of Environment, Tsinghua Unsi Beijing 100084, Email:

wkj@mail.tsinghua.edu.cn; Yuexi ZhouState Key Laboratory of Environmental Criteria andskRi

Assessment, Chinese Research Academy of Environm@anhces, Beijing 100012, PR China, Email:
zhouyuexi@263.net.



© o0 N o 0 A W0 N -

N N G (i G G |
o N o o0~ W N -~ O

19

20
21

22
23
24

advanced treatment; bioenergy recovery.
1 Introduction

The petrochemical industry is a fundamental ingutttat plays an essential role
in any country’s national economy and provides supfp many other sectors, such
as agriculture, energy, transportation, etc. (Ejg(Clews, 2016c; Jafarinejad 2017).
Petrochemical wastewater is generated via sevaugds from this industry, including
effluent from raw materials, factory rainwater, tog water, and domestic sewage. It
has been reported that global petroleum produdias reached 4.40 billion tons
based on related industrial statistics (https://ws@lvu.com/a/119515720_122917).
Moreover, relevant studies have revealed that 3.80- n? of petrochemical
wastewater is generated per ton of petroleum nefipeocess (Zhang and Fan, 2016;
Siddique et al., 2017). For instance, China's animgaistrial wastewater discharge is
2.10 x 18°t, of which the proportion of petrochemical wasaev was 3.00-5.00% in
2016. A report derived from China’s oil and chericalustry has shown that 2.00
billion tons of petrochemical wastewater were patlionly in 2016, and the total
emission increased up to 4.00 billion during thehl13-year plan period (CMEP,
2015). Moreover, massive petrochemical wastewager pvoduced all over the world
during the same period that needed to be treatempedy and urgently.
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Figure 1 The relationships of petrochemical induatrd other industries.
Owing to the use of complicated raw materials, cdempprocesses, and

complicated side reactions characteristic of thteopbemical industry, its wastewater
generally contains many poisonous substances tleatlassified as inorganic and

organic pollutants. Inorganic pollutants are refdrto as heavy metals and other
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ingredients (sulfides, fluorides, etcgnd only a few studies have paid attention to
their removal and recycling so far (Cechinel et 2016; Wei et al., 2016). Organic
pollutants are composed of specific organic politdasuch as benzenedgdehydes,
phenolsetc. (Capello et al., 2009; Kumar et al., 2013)icwtare considered to be the
main problem in petrochemical wastewater becaugsbedf high toxicity. Therefore,
China implemented a new discharge standard forp#teochemical industry that
outlined 60 specific organic compounds (CMEP, 20R&)pid industrial development
often causes petrochemical wastewater to enteralawater bodies; the specific
organic pollutants that are released with it inecathe lack of a proper treatment are
also carried by this wastewater and prove to bélhigoisonous to water bodies,
microorganisms, human beings, and ecosystems wighroper treatment (Oliveira et
al., 2004; Abdullah et al., 2012). For instancepi®a & Oztekin (2010) discovered
acute toxicity of Daphnia magna by polycyclic aromatic hydrocarbons (PAHS)
released from a petrochemical industry at conceatrs as low as 42.6 ng/mL (Yuan
et al., 2019) toxicity evaluation methods reve&egidichlorophenol, formaldehyde,
and pyridine originating from petrochemical wastewao be toxicants. Moreover,
some studies have suggested that specific orgasllatgnts from petrochemical
wastewater also pose threats to human health xompgle, Iran’s workers’ exposure
to volatile organic compounds from the petrochemindustry made them suffer
from cancer (Hajizadeh et al., 2018). Similar stsdin China have also reported
workers in petrochemical industries to suffer froecupational exposure to PAHSs,
which put them at a higher possibility of acquiriogncer than a common person
(Wang et al., 2015; Wei et al., 2015). Consequentlyis necessary to treat
petrochemical wastewater properly and efficienlyrteet discharge quality standards
before it is allowed to enter the environment.

Immense attention has been paid to conventionaknrent of petrochemical
wastewater in the last few decades with physicdlenacal, and biological
technologies being developed for effluent of loweganic loading rate (OLR) and
lower toxicity. For example, coagulation—floccutati (Verma et al., 2010; Teh et al.,
2016), catalytic ozonation (Zhang et al., 2018baikty et al., 2019)submerged
membrane bioreactor (sSMBR) (Qin et al., 2007), avlaie expanded granular sludge
bed (EGSB) (Liang et al., 2019), microaerobic hyghis-anoxic/oxic processes
(Yang et al.,, 2015), microaerobic hydrolysis—a@udifion—anoxic—oxic processes
(MHA-A/O) (Yang et al., 2015) etc. have been exieglg applied in conventional

3
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treatment methods. Admirable performance has bedmnewed in reduction of
contaminants and improvement in water quality byvemtional treatments, however,
some limitations are still present in the optimiazatof the overall performance. These
include the high costs of maintaining equipmentabke operation, strict safety
management demands, and sludge disposal problenmghyisical and chemical
methods, while biological wastewater treatment tslanay suffer from toxicity. To
allow the effective treatment of highly concentdatand toxic petrochemical
wastewater so that it can meet stringent dischangality standards, substantial
attempts have been conducted to improve pretreatamehadvanced treatment in the
recent years. The purpose of advanced treatmeatdshieve the partial removal of
specific organic pollutants, toxicity reduction,dabiodegradability improvement at
high concentrations and toxicity levels in petrooieal wastewater before it is
subjected to the conventional treatment (Yi et2016; Zhang et al., 2018a; Zheng et
al., 2018). Advanced treatment aims to deeply tvemdtewater by subjecting it to
pretreatment, followed by conventional treatmensatisfy highly stringent quality
control demands, for example, soluble microbialdoicis (SMPs), microbial flocs,
specific organic pollutants, etc. (Ponce-Roblesle2018; Wang et al., 2018). Only a
few studies have focused on both pretreatment dwdnzed treatment in the past
because industrial wastewater that is released rminicipal wastewater treatment
plants is subjected directly to conventional tresitn In recent decades, more studies
have explored the possibilities of pretreatment awoldanced treatment to meet
environmental-friendly and cleaner production regments. For example, a full-scale
bioreactor was adopted by Dao et al. in 2014 tattt@ghly toxic styrene and
propylene oxide (SPO); their results showed thgnicant detoxicating effect could
be achieved by this procegdectrochemical oxidation (ECO) was employed by dos
Santos et al. (2014) on petrochemical wastewateactieve removal of organic
matter and COD (92.7%) efficiently. Iron-nickel foehas been used as a catalyst in
catalytic oxidization (Huang et al.,, 2019), whichade is possible to remove
two-thirds of specific organic pollutants and 96.@®D in 120 min. Considering the
economy, operational safety, and engineering agiphias, pretreatment and advanced
treatment are more capable of employing biologaral physicochemical methods of
pollutant removal. Nonetheless, the availabilityeobnomic and effective processes
of pretreatment and advanced treatment are liméed no studies have been

conducted to systematically analyze these strageilereover, removal mechanisms

4
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for specific organic pollutants has not been cormensively reviewed.

Recently, methods of energy-recovery attracted insaeattention with regard to
recovery of biohydrogen and biomethane from pewodbal wastewater by
anaerobic digestion treatments (Luque et al., 2@808ntner et al., 2010; Rahman et
al.,2018). For example, Elreedy and Tawfik (201%) &lreedy et al. (2018) proposed
biohydrogen recovery from petrochemical wastew#abebe a feasible, green, and
profitable strategy. Siddique et al. (2014, 201821 6) studied biomethane recovery
from petrochemical wastewater and achieved theretbsbiomethane recovery
potential. Moreover, they reported that ultrasoamnd microwave pretreatment can
enhance anaerobic co-digestion to obtain biometlyglds of around 53.0% and
25.0%, respectively (Siddique et al., 2017). Ferpghrpose of pollution reduction and
renewable energy generation to alleviate the fdssik crisis, bioenergy recovery is
becoming a hot research topic.

The fundamental aim of this article is to comprednegly review and compare
state-of-the-art pretreatment and advanced tredtmeehnologies of petrochemical
wastewaterMoreover, the advantages and disadvantages ofratitfeechnologies
have been summarized and compared systematicdily. rémoval mechanism of
specific organic pollutants in petrochemical wastew by pretreatment and advanced
treatmentdisposal systems has been stated systematicallycantprehensively.
Furthermore, we have also summarized the proceskiognergy recovery from
petrochemical wastewater to aid the realizationaoflual purpose of pollutant-
reduction methods by enabling bioenergy recoveryaddition, we have discussed
feasible future trends of petrochemical wastewdteatment and given some
promising viewpoints.

2 Method and analysis section

The recent developments in petrochemical wastewafgetreatment
(high-strength) and advanced treatment (low-stf@ntitat have been considered in
this review are shown in Fig. 2. In this review, feeused on economical, efficient,
and feasible technologies (anaerobic digestion hwdrolysis acidification) for
pretreatment. Moreover, important parameters tfiattethe equipment performance
were investigated; these included temperature HT,, OLR, DO, etc. Moreover, we
have systematically reviewed and summarized funatimicrobes and some removal
mechanisms of typical specific organic pollutants these biological treatment

systems. Furthermore, we have reviewed potentidhads of high efficiency for

5



© o0 N o g A W N -

—_— -
= O

12
13

14
15
16
17
18
19

20

21

advanced treatment, which mainly included fentagne, catalytic, photocatalysis,
and electrochemical oxidation. We have also draemclusions about critical factors
involved in these processes, such as catalyst tgpesific organic pollutant species,
catalyst dosage etc. Furthermore, we have exploypital pathways of specific

organic pollutant degradation. Additionally, we bBgpresented insight into recovery
of bioenergy (biohydrogen or biomethane) from patemical wastewater directly,

while achieving reduction in pollution and resoureeovery. We have summarized
other factors related to bioenergy recovery, incigdime, OLR, pH, and co-digestion
of substrates etc. The significance of this workoirovide essential guidance for
petrochemical wastewater remediation and to sudptute work on circular society

construction.

Pretreatment

A A Nonbiodegradable and
Biodegradable, low toxic pollutants
toxic and bioenergy
recovery potential Biodegradable and
pollutants toxic pollutants

Anaerobic treatment Hydrolysis acidification Physicochemical treatment

Conventional

treatment
Advanced

treatment

Specific organic pollutants removal

Figure 2 the roadmap of method and analysis section
3 Petrochemical wastewater pretreatment and advanced treatment
3.1 Pretreatment
3.1.1 Anaerabic treatment
Anaerobic digestion is capable of treating highgamic loads and of tolerating
high toxicity levels; it can also give low sludgeelgs from recalcitrant wastewater;

therefore, it has been extensively used for inthlstvastewater treatment. An
anaerobic baffled reactor (ABR) was used by Ji e{2009) and Zhang et al. (2011)

to treat nutrient-deficient (COD:TN:TP, 1200:15H9avy oil-containing wastewater

6
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and acetone—butanol—-ethanol wastewater (ABE), ctispéy. Both studies indicated
ABR to have great shock resistance capability. Tifgbitory effect increased
progressively as the OLR increased during anaerdigiestion (Almendariz et al.,
2005), however, the anaerobic digestion still digpt stable and effective
performance. The up-flow anaerobic fixed bed (UAF8)-flow anaerobic sludge
blanket (UASB), and anaerobic hybrid reactor (AHBR)aerobic migrating blanket
reactor (AnMBR), as well as the ABR, were applieg bla et al. (2015),
Ramakrishnan and Surampalli (2012), and Kuscu grah#& (2009a, b) to pretreat
high-strength petrochemical wastewater with higkidity levels of specific organic
pollutants; results are achieved because of thetgatf key enzymes being enhanced
at higher temperatures. However, mesophilic (35:038.0C) and thermophilic
conditions (55.0 + 3.0@) can significantly increase anaerobic digestiobRO
treatment and reduction in specific organic politdaSreekanth et al., 2009; Majone
et al., 2010; Li et al., 2014b); this happens injooction with improving microbial
activity as compared to EGSB that only degraded®®.Rg COD/kg in VS/d
2-propanol-contaminted wastewater at X5.qChang et al., 2005). Furthermore,
UASB was used by Liu et al. (2013) and Chen e(2017) to treat petrochemical
wastewater and to demonstrate that the supportégriada have a positive effect on
resistance to pH change and acceleration to tla¢ntent process. Moreover, scrap
zero-valent iron (SZVI) generated more*Fstimulating protein in the extracellular
polymeric substance (EPS); this, in turn, promoted aggregation and enhanced
methanogenesis using the hydrolysis acidificatiorodpcts for performance
enhancement of anaerobic digestion systems (Wara).,eR017b). Other assisted
additives, such as turf soil, were also investigateenhance UASB performance in
COD. Specific organic pollutants removal was regwrto be feasible by Chen et al.
(2018). Therefore, it is helpful to explore suitallssisted additives for promotion of
pretreatment of specific organic pollutants dur@mgerobic treatment.
3.1.2 Bioener gy recovery from petrochemical wastewater

Nowadays, some researchers pay great attentiooneadrgy recovery from high
concentration and biodegradable petrochemical wasée. As compared to anaerobic
pretreatment, bioenergy recovery can help ensuaéghals, i.e., pollution reduction
and energy recovery, where the bioenergy produedukloffset treatment costs to a
certain extent. Currently, bioenergy recovery maifdcuses on biohydrogen and

biomethane recovery.
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3.1.2.1 Biohydrogen recovery

Recently, bioenergy recovery (biohydrogen and bitinee) from petrochemical
wastewater has become a popular trend. Hydrogeanismportant intermediate
product that is produced during anaerobic diges{ibga. 1-8) (Giovannini et al.,
2016) with a balance between,-producing and ktutilizing activities. More
hydrogen can be achieved as biohydrogen when p#esneontrolled at benefiting
H,-producing microorganisms (Khan et al.,, 2018; Linak, 2018). Considering
hydrogen is cheap, green, and of a high heatingeyalome investigations explored
hydrogen-producing recovery from petrochemical easter treatment (Tab. 1).
Parameters involved in biohydrogen recovery are ti®LR, pH and the co-digestion
of substrates (Prabakar et al., 2018). Elreedy Eawffik (2015) investigated ABR
from biohydrogen recovery of specific organic ptahis and found that biohydrogen
yield increased from 45.5 to 377 mlL, iy COD removed as HRT decreased from
70.0 to 18.0 h, Zhu et al. (2010) and Elreedy e(2016) also confirmed maximal
yields under HRT 6.00 and 9.00 h when PTA and pbemical wastewater were
treated using CSTR andnPBBR, respectively. This was because methanogens
turning H into CH; or transforming KW and CH into CHCOOH via
homoacetogenesis by homoacetogenic bacteria ghpcamumulated at prolonged
HRT. OLR also affects biohydrogen production, Elieet al. (2018) discovered that
biohydrogen yield was 438 + 43.0 mL/L/d at an OLR4d0 g COD/L/d ,and that
yield increased from 13 + 10.8 to 189.1 + 22.4 mlawno-ethylene glycol
(MEG)iniias When OLR was increased from 1.00 to 4.00 g CODikith AnPBBR.
Furthermore, the maximum biohydrogen content athiat this OLR was 47.4 +
3.60%. However, Elreedy et al. (2015) found that dptimal yield achieved was 359
+ 33.5 mLH/g CODemoveds When stepped anaerobic baffled reactor treated
petrochemical wastewater was used. Thus, a suit&ll® is necessary to
biohydrogen recovery because higher OLR increasgdrolysis acidification,
producing more hydrogen; the reduction in hydrogensumption results from the
toxicity of increased specific organic pollutanteddaaccumulated VFAs inhibition of
methanogens (Sreethawong et al., 2010). Anotheroritapt factor, pH, affects
extracellular enzyme activity and fermentation patis, because the optimal pH of
hydrolytic bacteria (< 6.00) is lower than that foethanogens (6.80—7.50) (Zhu et al.,
2010); clearly, acidic conditions improve biohydeogrecovery. For example, Zhu et
al. (2010) confirmed an optimum pH was 4.20-4.4ated PTA wastewater, Elreedy

8
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et al. (2015) showed optimal pH of 5.23, and Elyeetlal. (2018) depicted the best
pH of 6.00for treating mono-ethylene glycol (MEG) wastewategually important,
the effect of the co-digestion substrate shouldirbeestigated deeply based on
currently limited exploration; a clear example maHo et al. (2010) co-degraded
phenol and cresol-containing wastewater witlostridium sp. R1 with cellobiose
providing biohydrogen; they obtained a maximum aregen yield of 3.50 mol H
/mol cellobiose at pH 6.00 and 30

Determining the microbial community in biohydrogamduction is critical. The
dominant hydrogen-producing bacteria are relate@ltstridiaceae (Elreedy et al.,
2015), Clostridium sp. R1, Clostridium butyricum (Ho et al., 2010),Bacillus,
Clostridium, Desulfovibrionales, Ethanoligenens, Enterobacter, Rhodobacter,
Thermoanaerobacterium, and Thermotogales spp. (Elreedy et al., 2016)Clostridium
butyricum, Lactobacillus casei (Park et al., 2018). However, the transformation
pathway by these microorganisms is still unclear.asd&&l on the
economical-technological superiority, treating petremical wastewater for pollutant
reduction and biohydrogen recovery is a promisiaghhology. Some economic

analysis and biohydrogen recovery potential revkéte net profits changed from

14,000.00 to 6.710"4 dollars (Elreedy et al., 2018; Elreedy et2016).

2CO, +4H -~ CHCOO +H +2H @ G=-138.2 kJ/h @)
2CH,CHOHCOO +H - CH (CH ) COO +2H +2CQ\G=-718 kd/mol @)
2CH,CHOHCOO +CH COO +H- CH (CH,) COO +GO +KG=-21.3kJ/mo @)

CH,(CH,),COO +H +2H O. 2CH COO +2H + 2H\G=481kJ/mol @
®)
C,H,O, +2H 0~ 2CHCOO +2H +4H +2CO\G=-292.3K/mol (6)

6 12

C,H,O ,~ CH,(CH,),COO +H +2H + 2CQAG=-309.4kJ/mb

C,H,O, +2H, - 2CH CH COO +2H +2H @ G=-308.5 kil

6 12

(@)

CH,CH,COO +3H O~ CH COO +HCD +H + 3H\G=76.1K/mol @®

3.1.2.2 Biomethane recovery

Biomethane produces from methanogenesis in anaemibestion which is
described in (Ega. 9-10). Acetoclastic methanoggitige CH;COOH generates CH
and H utilizing methanogens use hydrogen and, @biosynthesized into CH

CH,COOH -~ CH, +CQ ©)

(10)
Bioconversion processes (mainly anaerobic digestimmovide an excellent

4H, +CO, -~ CH, +2HOQC

possibility to convert containing-rich organic wasinto CH, for example from food

9



o © 0o N o o M~ W N -

W W W W W N N N DN D DD DN DD DD 22 A a A a a A A
A WO N =~ O © 00 N O 0o & WO N =~ O © 0o N O 0a & 0N -~

waste (Li et al., 2018b) and slaughterhouse wasiteg(et al., 2018). Lately, several
studies were carried out to recover biomethane frwmicipal wastewater and even
industrial wastewateand biomethane was recovered from petrochemicalewaser
(Tab. 2). Generally, the methanogens are more tsensto surroundings in
bioconversion system and important factors ardainitoncentration, temperature,
HRT, OLR, pH, and co-substrate.

Initial petrochemical wastewater concentration kg a significant impact on
biomethanation as specific organic pollutants haliferent biotoxication to
methanogens. Rahman et al. (2018) found optimatdyeninitial concentration was
200 mg/L for biomethanogenesis and that maximainethane yield was achieved
with anaerobic bioreactor treated benzene-ladertewaser, while inhibition caused
when the concentration higher than 300 mg/L. A Emphenomenon was also
confirmed by Elreedy et al. (2016), who treatedrqudtemical wastewater with
anaerobic packed bed baffled reactor; Yen et dlfp@vho disposed of PTA with
UASB-MBR; and Siddique et al. (2014) who handlettrgehemical wastewater with
CSTR. Therefore, an appropriate initial concentrats needed to seriously determine
different specific organic pollutants and technadsgconsidering the inhibition effect
on methanogens. Some investigations were carrigdabul5.0 to 55.0C for
petrochemical wastewater biomethanogenesis, winotved that temperature has an
essential role for methanogens. Many studies cdadwat mesophilic condition (20.0
to 40.0°C), for instance, Elreedy et al. (2015) recoveréth @om MEG at 21.0C,
benzene at 35. (Elreedy et al., 2015; Rahman et al. 2018), PWign(et al., 2016)
at 35.0C and (Zhang et al., 2011) petrochemical wastevatdd.0'C. Their studies
firmly affirmed that excellent recovering Glgerformance achieved at mesophilic
conditions. Moreover, some work explored the cdpglof biomethanogenesis from
petrochemical wastewater under thermophilic cooddj Patel and Madamwar (2002)
investigated the effect of temperature on ,Ckecovery from petrochemical
wastewater in thermophilic condition (45.0, 550@), with a maximal CHl yield of
0.670 mi/kg COD/d at 55.0C with OLR of 6.00 kg COD/fid; this wadetter than at
mesophilic conditionwhere more C@ produced affected reactor alkalinity at
thermophilic condition and seriously affect the bé&a operation of bioreactor.
Therefore, mesophilic conditions are recommendedbfomethanogenesis. HRT is
another important parameter in biomethanogenestause it has a significant

influence on the microbial community. A number afvéstigations explored

10
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recovering CH from petrochemical wastewater at HRT (9.00 h t@ &0 (Elreedy et
al., 2016; Patel and Madamwar, 2002; Zhang et@l1Pthese clearly indicated that
prolonging HRT had a positive influence on LCkecovery resulted from the slow
growth of methanogens; thus, a longer HRT is good rhethanogens growth
efficiently. Owing to dramatic changes in the diffiet specific organic pollutant
toxicity, OLR is also a critical factor for biomethogenesis. For example, the optimal
OLR was 1.67 g COD/L/(Elreedy et al., 2015), 20.0 g COD/L/d (Yen et 2D16)
and 5.40 kg COD/ftd (Zhang et al., 2011) for biomethane recovery frofa®] PTA
and petrochemical wastewater, respectively. pH s important factor in
biomethanogenesis as it affects methanogen grofethexample, Siddique et al.
(2014) conducted biomethane recovery from petroatemwastewater at pH
5.45-7.55. Other studies focused on pH 6.12 (Siddiet al., 2016), pH 7.60 (Patel
and Madamwar, 2002), benzene at pH 6.50-7.00 (Rafaal., 2018), petrochemical
wastewater at pH 6.50-7.50 (Siddique et al. 201etyochemical wastewater at pH
7.00-7.50 (Siddique et al., 2017). These studideated a pH near neutral is optimal
for methanogen survival compared to an acidic kalade condition. Co-substrate is
current research niche for biomethane recovery froetrochemical wastewater
(Siddique and Wahid, 2018), such as, glucose (Rahehal., 2018), dairy and beef
cattle manure (Siddique et al., 2014), thickenedura activated sludge (Siddique et
al., 2015a) etc. demonstrated co-substrate-addamg significantly ameliorate the
petrochemical wastewater performance and improgeibgas production, while the
further mechanism should be explored systematieaitl/thoroughly.

The function of methanogens in biomethane fromqgoéiemical wastewater in
anaerobic digestion is an important topic to expld&lreedy et al. (2015) discovered
predominant methanogen wisliethanobacterium (hydrogenotrophic methanogens) at
stepped anaerobic baffled (SAB) bioreactor and danti microbes were
Methylosarcina fibrate, Methylophilusmethylotrophus, Methylobacteriumisbiliense,
methylocaldumtepidum, Methylocaldumszegendiense, Methylocystis spp. and
uncultured methylobacterium strains in AnPBBR reactor (Elreedy et al.,, 2016),
(Cheng et al., 2014) Methanosaeta (aceticlastic methanogenylethanoculleus and
methanther mobacter (hydrogenotrophic methanogen), Methanoculleus,
Methanocor pusculum, Methanobrevibacter, Methanobacterium, and Methanosarcina
in ABR (Zhang et al., 2011 Methanosaeta, Methanobacterium, Methanolinea and
Methanogenic archaea in UASB (Chen et al., 2017, 2018). Some exploratishould
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be further conducted to search the effect of metbans in petrochemical wastewater
biomethanogenesis considering different technotogiel specific organic pollutants.
The abovementioned studies show that high condemtrand biodegradable
petrochemical wastewater can be pretreated by einaetreatment. Furthermore,
these specific organic pollutants are used to rercbiohydrogen and biomethane for
reducing treatment cost through anaerobic treatmdite parameters initial
concentration, temperature, HRT, OLR, pH, and dustate, especially the type of
specific organic pollutants displaying important p@met on anaerobic
treatment—particularly specific organic pollutaritansformation in the bioenergy
recovery, the effect of microbes are needed to Xygoeed and the engineering

application of bioenergy recovery—still to be imped.
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Table 1 Recent studies on biohydrogen recovery fsetrochemical wastewater’s specific organic paliis.

Initial conc. Temperature HRT ) Hydrogen yield L CH g™
Compounds (COD mg /L) Processes (-C) (h) pH OLR Optimal parameters VS Ref.
Petrochemical . : OLR 4.00 g COD/L/d, HRT (Elreedy et
wastewater 1.00-6.06:10"3 AnPBBR 15.0-30.0 9.00 - 0.67- 4.00 g COD/L/d 9.00 h 438.1 +43.0 mL/L/d al., 2016)
. 1.00- 4.00 g COD/L/d OLR 4 .00g COD/L/d, C/N
Petrochemical 1.50-6.0610°3 ASBR 15.0-25.0 - 5.50 ratio 28.5,salinity 5.00 g 586 + 69.3 mUL/d (Elreedy et
wastewater NaCl/L al., 2018)
Ethylene 333- 1.3%10"3 g (Elreed_y and
1.00<10"3 ABR 23.0-27.0 18.0-70.0 5.23+0.19 HRT 18.0 h 377 mL H/g COD removed Tawfik,
glycol CcoD/L/d 2015)
6.30 gVSS/
L, OLR 16.0 kg COD/rh/d,
HRT 6.00 h
temperature 35£1.0°C, pH (Zhu et al
PTA 4.00¢10"3 CSTR 35.0 6.00 4.20 - 4.40 16.0 kg COD//d 4.20 - 4.40, alkalinity 280- 0.070 L/g MLVSS/d 2010)
350mg CaC@L and
ORP -220 ~
-250. mV (effluent)
MEG - SAB 21.0+6.0 72.0 - 0.330-1.67 g COD L /d 1.67 gCOD/L/d 350¢10"3£335mL  (Elreedy et
H,g CODremoved al., 2015)
3.50 mol H mor* (Ho etal.,
Phenol 2.00x10"3 - 30.0 6.00 - pH 6.00 and 30.@ cellobiose 2010)
: 8.70 £0.50 - 29.7 £ 0.50 ) 107 £ 0.700 L/kg waste  (Dounavis et
Glycerol 1.28 g Qlg waste UFCB 35.0 £ 0.500 24.0-48.0 5.30-6.10 0g CODIL /d glycerol al., 2015)
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Table 2 Recent studies on biomethane recovery $fmauific organic pollutants.

Compounds In'(t:ﬁg?f)nc' Processes Tem(;gce:)rature HRT (h) pH OLR Optimal parameters Co-substrate 4GiEld L CH, gt VS Ref.
Anaerobic Glucose (Rahman et al.,
Benzene 200 mg/L bioreactor 35.0+1.00 - 6.50-7.00 - - 1.80 mM 2018)
Petrochemical ~ COD 1.00 - 0.67-400 g OLR 400 g
wastewater 6.00¢10"3 AnPBBR 15.0-30.0 9.00 - coD/L/d COD/L/d, HRT 9 h - 238+ 21.7mL/L/d (Elreedy et al., 2016)
0.330-1.67 g 159 + 14.7 mL
MEG - SAB 21.0+6.00 72.0 - CoD L/d 1.67 g COD L/d - H,/ gCODremoved (Elreedy et al., 2015)
55.0 n% 6.00 kg
Petrochemical ) Anaerobic upflow : 3.60-21.7 kg COD/nt/d, pH 7.00, ) (Patel and
wastewater fixed-film 25.0-55.0 1.4410"3 760 cop/mid Total  alkalinity 0.670 nikg COD/d Madamwar,2002)
4.90-5.19
COD 1.0210"3 350 °C, 20.00 66.0 L/ L/ d, CH content
PTA L OMLOM3 UASB-MBR 35.0 12.0-24.0 6.50-8.50  20.0 g/L/d g/L/d, HRT 12.0 h 62.0-80.0% (Yen et al., 2016)
6.31 kg COD/n¥d,
Mesophilic HRT 10.0 d, pH 50.0-60.0%/kg COD
; ) 7.55, FIM (g COD/g . -
Petrochemical 1.50<10M + CSTR 36.0-240 5.45-7 55 6.31-25.2 kg VSS/ d) 0.290, Total Dairy and beef (Siddique et al.,
wastewater 30.0 coD/nf/d alkalinity (as Cac@ cattle manure 2014)
. . o
Thermophilic mg/) 540 + 70.0 50.0-65.0%/kg COD
mg/L
Flow rate 370mL/d, Thickened
Petrochemical HRT 9.00 d, COD: (Siddique et al.,
wastewater 15.0 £ 0.080 CSTR 37.0 360 6.50-7.50 - N: P 25051, pH _manure 13.1 + 0.700 ni/NB/d 2015a)
6.80 activated sludge
Petrochemical . 1.25-5.00 HRT9d, pH 6.89 £ Activated (Siddique et al.,
wastewater 15.0 + 0.300 CSTR 37.0 72.0-288 6.12+0.20 g/Ud 0.090 manure 419 + 15.0 mL/ CORmoved 2016)
Petrochemical 33.0 3.70 £ 0.300 and 2.80 *
wastewater - Batch 55.0 : - - - - 0.300 g oil (Cheng etal., 2014)
. OLR 5.40 kg COD .
Petrochemical 0.960-5.40 kg 3 2 Pig manure and
wastewater ABR 40.0 +1.00 40.0 CoD/nt/d 2102](1_3&%% N: P rice straw 0.250 L /g COR:moved (zhang et al., 2011)
Petrochemical ~ sCOD 8.54 + ) ) Waste activated (Siddique et al.,
wastewater 0.030 Batch 37.0 744 7.00 - 7.50 HRT 32.0d slugde 0.220 L CH/g VSadded 2017)
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3.1.3 Hydrolysis acidification treatment and itsfactors of dependence

Hydrolysis acidification has attracted immense rditen for improving
wastewater biodegradability and reducing toxicitynticrobes in biological processes
with metabolic activities enhanced by exoenzymes secreted from facultative
hydrolytic and acidogenic bacteria (Gu et al. 204, et al. 2016). Wu et al. (2016)
explored hydrolysis acidification-anoxic-oxic (HAK®) to pretreat petrochemical
wastewater, COD removal rate was 88.0% and 87.0%bdoch-scale and actual
wastewater treatment plants, besides, the toxsidpificantly reduced because the
major 5 specific organic pollutants were biodegdhdsesentially, and the wastewater
biodegradability improved by 0.13. Moreover, hygsi$ acidification has the
possibility to other compounds removal, MHA-A/O dted actual petrochemical
wastewater achieved 72.0-79.0% COD (MHA accounted 33.0-42.0%) and
ammonium removal (>94.0%) at HRT 24 h (Yang et 2015). Limited-aeration
hydrolysis acidification (Wu et al., 2015) pretrst petrochemical wastewater
revealed that sulfate eliminated by sulfate-redyicimacteria (SRB) with DO
0.200-0.300 mg/L. Two-stage system hydrolysis #&cation coupling withalgal
microcosms employed by Huo et al., 2018b pretrgaitrylonitrile butadiene styrene
(ABS) resin manufacturing wastewater, which showgdellent removal of NE-N
(100.00%) and phosphorus (89.0%) were discoverddryoH 6.47—7.45, ORP -110 £
25.0 mV and temperature 35.C. Thus, hydrolysis acidification is a promising
technology for enhancing petrochemical wastewatddgegradability and removing
specific organic pollutants and other pollutantthie future.
3.1.3.1 Temperature

Microbiota survived in wastewater treatment planteeded a suitable
temperature to sustain normal growth and metaltawiivity, improving temperature
properly is highly good for pollutants removal tocertain extent. Li et al., 2014b
compared the COD and terephthalate removal in HAB3a37, 43 and 5Z, their
removal rates were 77.4%, 91.9%, 87.4%, 66.10%/am8P0, 94.0%, 89.1%, 60.8%,
respectively, which clearly indicated that enhantemperature properly facilitated
the COD and specific organic pollutants removas a#ributed to the key microbial
communities improved. Moreover, appropriate inoeesstemperature can improve
key temperature-sensitive enzymes activities, fxangle, Vermorel et al., 2017
discovered 2-propanol degrading and acetate-uijimnethanogenesis inhibited when

temperature under the psychrophilic conditions arammatic compounds degrading
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enzymes showed higher activity at 370than 35.0C (Ma et al., 2015). Especially,
more studies treated petrochemical wastewater umdsophilic condition (25.0-40.0
‘C) to guarantee outstanding performance (Huo e2@l8b; Li et al., 2017a), thus,
the mesophilic condition is recommended as reactemperature in biological
treatment petrochemical wastewater.
3.1.32pH

pH (usual 6.00-8.00) plays very essential in waatewtreatment plants steady
operation in the biological treatment system, pergcor peralkaline are detrimental
to wastewater treatment plants continuous operat@ren et al., 2017 discovered
peralkaline caused dramatic effect on UASB stapleration when pH adjusted from
7.30 to 9.00, the COD removal declined about 20 88fticularly important, it took a
long time (31.0 d) to recover and stabilize perfance. The FT wastewater pH was
3.00 caused a detrimental effect on wastewatetntieset plants stable operation, it
was extremely necessary to adjust pH to 6.00 fordaivg adverse influence (Wang et
al., 2017b). The influent pH was held at 6.50-8&@0naintain wastewater treatment
plants steadily operating during a steady-stateg@gethe pH was adjusted to acidity
(2.20) and alkalinity (9.45) aimed at investigatthg impact of acid/alkaline shock on
wastewater treatment plants, their researchesatetigperacidity had no influence on
combined system and shorter recovery time at alikalicondition compared to
without turf soil system, therefore, turf soil comdd with UASB had better
capability to resist pH shock (Chen et al., 2018nnsequently, some efficient
measures should be taken to keep the influent pingutral condition for biological
treatment.
3.1.3.3 Hydraulic detention time

HRT is one of the parameters significantly affegtimastewater treatment plants
performance in biological processes. Minimum HRTswequired 4.00 d for phenol
effective removal in the three-stage system (Zhaal.e2009), while optimum HRT
was 24.0 h for phenolics pretreated by HUASBs (&aeth et al., 2009), which
significantly indicated HRT greatly depends on msses and specific organic
pollutants types. Usually, the performance redueetHRT decreased, Ji et al., 2009)
confirmed HRT had an essential relationship with removal, the oil removal
efficiencies both reduced as HRT decreased atrdiffeaCOD loading rates. Phenolics
(Ramakrishnan and Surampalli, 2012) and NB (Kusal $ponza, 2009b) removal
also agreed with the removal decreased with redudiRT (1.50 to 0.330 d and 10.4
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to 2.50 d). From Tab. 3, the HRT ranges from 12t0 B.0 d is ascribed to different
specific organic pollutants pretreated via différprocesses, hence, we can conclude
applicable HRT determination should consider speafganic pollutants kinds and
technology types seriously.
3.1.3.4 Organic loading rate

OLR refers to the organic pollutants content entpwastewater treatment plants
under per volume per time, which expresses theemader treatment plants treatment
capability measuring generally with COD or BOD amgjanic pollutants loading.
Suitable OLR is beneficial to effectively and ecomcally treat wastewater because
lower OLR limits the wastewater treatment plantsfggenance while higher OLR
affects its stable running. Almendariz et al., 280@idies displayed the COD removal
decreased from 96.0% to 90.0% as the OLR increfased1.50 to 1.60 g COD/L/d,
2,4 dichlorophenol (DCP) (Sponza and Ulukdy, 208ppnza and Cigal, 2008) and
phenols (Guo et al., 2015) removed by UASB alsdiooed this phenomenon. The
reason was the microorganism activity started tanbéited as OLR increased, and
the microbe’s tolerance enhanced as the extendegtiad for keeping stable
performance (Majone et al., 2010). Additionallye LR is closely related to process
and specific organic pollutant’s types, Ramakrishaad Surampalli, 2012 revealed
AHR withstood 4.00 times shock loading better tHAdASB (2.50 times shock
loading). Joung et al., 2009 compared the 4 spearfianic pollutants OLR shocks on
AHR, which displayed acetic acid and benzoic acetenmore critical to AHR stable
running than PTA and pTOL because they had highleibition effects. To avoid
loading shock, sufficient considerations shouldd&n for specific organic pollutants
kinds, removal performance and technology typetetermine suitable OLR.
3.1.3.5 Dissolved oxygen

DO has an essential role in biological treatmemnbper DO concentration is
needed to specific organic pollutants and othestsuzes removal and construction
and operation cost reduction. A little DO (0.20@.81g/L) added into hydrolysis
acidification is due to enhance hydrolytic and agehic bacteria in the hydrolysis
acidification (Yang et al., 2015), however, 2.008.mg/L are needed to realized
overall performance by HA-A/O in the full-scale wasater treatment plants (Wu et
al., 2016). Importantly, DO increase inhibits stdfeeduction (Ega. 11) by enhancing
SRB diversity and richness (Wu et al., 2015; Yanhgale 2015. Gu et al. 2018

discovered DO affects NEN, NHs-N removal under different DO concentration,
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NO,-N accumulated in anoxic and aerobic phase at DQchwllemonstrated
nitrobacteria (NOB) inhibited at low DO concentoati(1.00 and 2.00 mg/L), whereas
no NO,-N could be detected at DO 3.00 and 7.00 mg/L, mae NH-N removal
enhanced as the DO concentration increased. Therefthough adding or
improving DO for satisfying efficiently some speciforganic pollutants removal,
however, it also furtherly considers other inorgasuibstances effective removal and
toxic gas generation avoidance simultaneously.
SO, +ATP +8e +10H- H S+5H O+ 2Pi+AN (21)
3.1.3.6 Key microbesin pretreatment

Microbes contained sludge aggregates displayediciatrrole with degrading
specific organic pollutants into low toxicity or cnomolecule substances and utilized
by microorganisms through metabolism and anabolispecific organic pollutants
removal has a positive relationship with microlsalecies; therefore, focuses have
been paid on hydrolysis acidification and anaeraligestion microbes resulted from
previous studies. The predominant genera vigaerolineaceae and Sulfuritalea in
MHA (Yang et al., 2015)while Acidobacteria > Proteobacteria > Bacteriodetes (Wu
et al.,, 2016). HoweverProteobacteria, Chloroflexi, Firmicutes, Bacteroidetes,
Planctomycetes, Acidobacteria, Deferribacteres, and Actinobacterium existed (Wu et
al., 2015) under the phylum leveThloroflexi, Proteobacteria and Bacteroidetes in
the phylum level andnaerolineaceae uncultured andesulfobacte, Blastocatella and
Anaerolineaceae uncultured, Saprospiraceae uncultured and Nitrosomonadaceae
uncultured were dominant generm hydrolysis acidification (Ding et al., 2016)
differed from limited aerated hydrolysis acidificat. In the phylum level,
predominant microbes discovered in anaerobic dmesivere Proteobacteria
(anaerobic biofilm) (Li et al.,, 2017a)Clostridia (ABR) (Ji et al., 2009),
Proteobacteria, Chloroflexi and Bacteroidetes (UAFB) (Ma et al., 2015)Bacillales
andRhodobacterales (UASB reactor) (Liu et al., 2013)cetothermia, Proteobacteria
andFirmicutes (UASB) (Chen et al., 2018Rroteobacteria, Chlorobi, Bacteroidetes,
and Firmicutes (Anaerobic biofiim reactor , AnBR) (Dong et al.,015),
Proteobacteria (ABR) (Lin et al. 2012), Anaerolineaceae (Anaerobic SBR)
(Rosenkranz et al., 2013) artoteobacteria and Firmicutes (EGSB) (Lim et al.,
2014). These studies suggested microbiotas ardyhiglated to process and specific
organic pollutants types and environmental condgio

Nowadays, some reports explored the function ofrobies in hydrolysis
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acidification (Tab. 4)Firmicutes andActinobacteria (Ma et al., 2019)Chloroflexi (Li

et al., 2017a) facilitated hydrolysis acidificatjoDesulfobacter, Desulfofustis and
Desulfomicrobium were SRB in hydrolysis acidification utilizing spkc organic
pollutants as electron donor for reducing sulfate H,S, Chlorella sp. was
benzene-degrading bactenahydrolysis acidification for benzene degradat{btuo

et al., 2018b), degrading or mineralizing organgtters Proteobacteria), facilitating
hydrolysis and acidogenesis by secreting extrdeellenzymes such as lipases,
proteases etc. F{rmicutes), degrading macromolecular organic&hioroflexi)
(Mielczarek et al., 2012), degrading protein andbohydrate for producing acetic and
propionic acidsBacteroidetes andActinobacteria) (Ammar et al. 2013, Zeppilli et al.,
2015), degrading aromatic compounds, PAHs, chltethdaydrocarbons and other
toxic substanceSyntrophorhabdus (Ma et al., 2015)Bacillales andRhodobacterales
(Liu et al., 2013)Acinetobacter (Dong et al., 2016)Pseudomonas (Liao et al., 2015),
Bacillus (Anwar et al., 2009)KIlebsiella (Cui et al., 2014)Xanthobacter (Ding et al,.
2016), Novosphingobium (Segura et al., 2017), removing sulfite and thiase
Desulfomicrobium (Thevenieau et al., 2007Xulfurovum (Huang et al., 2015),
Sulfurovum riftiae (Giovannelli et al., 2016), degrading nitrogentadmng
substancesNitrosomonas (Ding et al., 2016), Nitrospira (Yu et al., 2018),
Nitrosomonadaceae (Shi et al., 2018) uncultured. From abovementioressarches,
we can conclude the process, specific organic fawits and external conditions
displayed significant microbial communities and gfie organic pollutants removal
depends on the combined function of different nmbe (Janbandhu and Fulekar,
2011; Gu et al.,2018; Palma et al., 2018).

At present, it's more meaningful to figure out gfiecorganic pollutant’s
degradation pathways for future research. nonylphéNP) degradation pathway
displayed in Fig .3 (Duan et al., 2018), phenoldroxyl removed after alkyl chain
firstly was oxidized and then intermediates mineeal into CQ with Proteiniphilum
acetatigenes andPropionibacterium acidipropionici. Tetrachlorobisphenol-A (TCBPA)
biodegradation pathway (Fig. 4) Yuan et al., 20kkcavered TCBPA dechlorinated
by SRB significantly. Yen et al.,, 2016 revealed PtaAn be transformed into
intermediates (i.e. C4#€OO0OH, GHsCOOH, GH;O,, and HOOCGH,CHO) firstly
and then transformed into methane under anaeraimditton. Chen et al., 2018
studies indicated phenolic hydroxyl firstly removietb benzoate following benzene

ring removal for generating hydrogen and acetategd antermediates were
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transformed into methane via methanogenesis fir(&lly. 5). However, it should be
noted that more efforts are taken into exploringecdr organic pollutants
degradation pathway which considering the petroatemvastewater’s composition

and structure complexity.

4-hydroxyphenylacetic ———  Phenylacetic acid
OH OH OH
J\/\/K/@ oJ\/OOH 04\@ 0-C-0
Alkyl chain Phenolic . _ —
Nonylphenol oxidation hydroxyl OH Mineralization Carbon dioxide

0»’/\/@'0'1 removal oﬁk/@
HO

4-hydroxyphenylpropionic acid ———— Phenylpropionic acid
Figure 3 The proposed degradation pathway of N&aerobic fermentation.
OH
cl
e O HO OH
0 £X Cron
Cl Cl
o]

Dechlorination Dechlorination

Tetrachlorobisphenol-A —————————— Dichlorobisphenol-A Bisphenol-A

Figure 4The proposed degradation pathway of TCBPA by ate@fermentation.

0, 0O Hydrogen
H—H
HO Phenolic
hydroxyl H
removal Benzene
Phenol — Benzoate ring b—5—H
removal Methanog 1
'0‘< enesis Methane
o)
Acetate

Figure 5The proposed degradation pathway of phenol by abaefermentation.
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Table 3 Petrochemical wastewater’s pretreatmeulifigrent biological methods.

Methods Key Parameters specific organic pollutantsBODs/COD(cy Inf. Con. (COD mg/L) Eff. Con. (COD Other pollus. (Removal References
(mg/L) mg/L) rate)
EGSB HRT 62.8 h PO/MTBE 4.65¢1073 + 236 669 + 167 - (Liang et al. 2019)
ABR HRT 60.0-144 h, Ioading rate Qil 700-2.1%10"5 7.4%10M Qil (880%) (JI et al., 2009)
0.070-212 kg COD/ritd
UAFB VLR 210 kg COoD/rid, Terephthalate, benzoic acid 1.25¢1073-2.2510"3 74.5-134 - (Ma et al., 2015)
temperature 37.CC and HRT 18.9 h
UASB HRT 0.330-0.750 d, SRT 32.0-58.0 Phenolics 2.24x1073 200-385 -
d, temperature 27-3& (Ramakrishnan and
AHR HRT 0.330-0.750 d, SRT 42.0-68.0 Phenolics 2.24x1073 202-358 - Surampalli,2012)
d, temperature 27-3&
UASB HRT 12.0 h Alkanes 130-1.2%10°33 46.7-446 NH-N (94.0%) (Liu et al., 2013)
SS (98.0%)
UASB HRT 10.0-20.00 d, temperature 36.0 - 500 -5.06:10"3 35.0-350 - (Chen et al., 2017)
+2.00°C, OLR 0-11.0 kg COD/fd
ABR HRT 1.00-10.4 d, OLR 0-11.0 kg NB 3.00¢10"3 240-630 NB (100.0%) (Kuscu and Sponza,
COD/nt d, NB 30.0-700 mg/L 2009b)
AMBR HRT 6.00-9.00 d, OLR 3.33-66.8 g NB 3.00¢10"3 270-450 NB (100.0%) (Kuscu and Sponza,
NB/m®, NB 20.0-40.0 mg/L 2009a)
HAR HRT 32.0 h, VLR 1.60-4.50 kg PTA 1.50x1073-4.0:10"3 122.-1.3610"3 Terephthalate (Li et al., 2014b)
COD/(nf’-g), temperature 33.0, 37.0, (60.8-94.0%)
43.0,52.0C
ABR Acetone 0.700-0.800 g/L, ethanol ABE 45.0-63.0 kg/L 5.31-7.50 kg/L - (Zhang et @n11)
0.560-0.630 g/L, butanol 4.90-5.60
g/L, OLR 5.40 kg COD fid, COD:
N: P ratio of 200-300:5:1
CFPBR HRT 140 d, OLR 3.40-20.0 g FT 2.80x10"4 1.1%x10"3 - (Majone etal., 2010)
COD/L/d, temperature 3&
UAFB HRT 1.70-6.00 d, COD: N: P FT 3.2x10M-3.8%10"M 6.5%10"3-7.6% - (Wang et al., 2017b)
200:5:1, temperature 34 +°C, pH 103
6.00
EGSB HRT 2.00 d, OLR 0.870-1.87 g Phenol and cresols 1.83¢1073-3.3% 103 183-339 - (Almendariz et al., 2005)
COD/L /d, temperature 3C
EGSB HRT 8.00 d, loading rate 0.290 kg Ethanol and 2—propanol 2.00x10"3-2.6610°5 - - (Chang et al., 2005)
COD kg-VS/ d, temperature 200
UASB HRT 20.0 h, flow rate 3.00 L/d, 2,4 dichlorophenol 3.00x10"3 690 - (Sponza and Ulukdy,
temperature 2@C 2006)
UASB HRT 48.0-72.0 h, phenol 210-840 Phenol 1.00¢103-3.06:10"3 300 -900 Sulfate (85.0%) (Guo et al., 2015)
mg/L, SQF 1.00-2.00E3 mg/L,
salinity 1.0-3.0%, temperature 35.0
+1.00°C
UASB Turf soil 1.12 mg/g, OLR 1.00-2.50 Phenol 1.00¢10"3-3.010"3 30.0-90.0 Phenol (97.0%) (Chen et al., 2018)
kg COD/nf/d, pH 6.50-8.00,
temperature 36 + T
EGSB HRT 8.00 d, SLR = 0.25-0.29 kg 2-propanol - - - (Vermorel et al., 2017)

COD/ kg VS/d, temperature 250
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HA
HA-A/O

MHA-A/O

HA-algal microcosms

AJO-BR

DO 0.200-0.300 mg/L -

R 100.0%, HRT 32.0 h, SRT 17.0 d,1,3-dioxolane,

DO 2.00-3.00 mg/L ethylbenzene,
2-chloromethyl-1,3-dioxolane
and indene

HRT 20.0 h Alkanes, aromatic and
polycyclic hydrocarbons
pH 6.47-7.45, OBP -110+25.0 mV Aromatics
and temperature 35.0
HRT 36.0-50.0 h, temperature Qil

30.0-35.0C, DO aerobic 3.50-4.50
and anaerobic <0.130 mg/L

0.230-0.430

2-pentanone, 0.300-0.430

0.270+0.180
0.340 £0.140

0.220-0.560

421
307-581

348-529

856 £11.0

650-1.1%10"33

316
54.4 bench-scale
60.9 wastewater
treatment plants

98.0-111

146 +1.00

44.2-78.2

Ammonium (>94.0%)

NN (100.0%),
Phosphorus (89.0%)
TN (82.8%)

(@¢wal., 2015)
(Wu et al., 2016)

(Yang et @11%)

(Huo et al., 2018b)

(Li etal., 2017a)
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Table 4 different microorganisms’ functions in tieenoval specific organic pollutants.

Microorganisms

Key functions

Microorganisms

Kepdtions

Desulfomicrobium

Thialkalivibrio
thiocyanodenitrificans

Sulfurovum
Sulfurovumriftiae

Sulfuritalea

Desulfomicrobium

Pseudomonas

Rhodocyclales

Bacillus

Lactococcus

Klebsiella

Saprospiraceae

Defluviicoccus

Rhodobacterales

Bacteroidetes vadin
HAL17

Caldisericum

Aminicenantes
Longilinea sp.

Spirochaetaceae

SRB, transforming sulfate, sulfite and
thiosulfate into hydrogen sulfide
(Thevenieau et al., 2007)

Sulfur oxidizing autotrophic bacteria, Xanthomonadales
electron donor with nitrate/nitrite  as

electron acceptor to producsulfate and

ammonia (Sahariah and Chakraborty, 2011)

Oxidizing sulfur to sulfate (Huang et al., Nitrosomonadaceae

Azospirillum

2015) uncultured
Sulfur-and thiosulfate-oxidizing bacteria  Nitrosomonas
(Giovannelli et al., 2016)

Obligate and facultative sulfur Nitrospira
chemolithoautotrophs, oxidize inorganic

sulfur compounds (Watanabe et al., 2014)

SRB, reducing sulfate to hydrogen sulfide Anaerolineae

(Guo et al., 2015)

Denitrifiers; degrading oil, alkanes, and Novosphingobium
aromatic substances (Liao et al., 2015);

producing extracellular proteases and

depolymerases (Liao et al., 2013)

degrading hydrocarbon (Shokrollahzadeh e®hodopseudomonas
al., 2008)

Denitrifiers; degrading toxic substances Syntrophorhabdus
(PAHSs, naphthalene) (Anwar et al., 2009)

Lactic acid bacteria, producing lactic acid Bacillales
(Yang et al., 2015)

Facultative anaerobic bacteria, degrading Ottowia
toxic substances (Cui et al., 2012, Cui et al.,

2014)

Enzymolysis protein (Xia et al., 2008) Xanthobacter

Glycogen accumulating organisms, using
acetate and propionate as carbon source
(Dai et al., 2007)

Hydrocarbon-degrading bacterizalkanes
(Liu et al., 2013)

Proteiniborus,

Anaerobic/facultative metabolism bacteria, Clostridiales
degrading complex carbon organics

(Baldwin et al., 2015)

Hydrolytic-acidogenic bacteria, hydrolyzing Cetobacterium
and degrading biorefractory pollutants

(Cheng et al., 2014; Hao and Wang, 2015)

Anaerobic bacteria, degrading hydrocarbons llumatobacter
(Farag et al., 2014)

Degrading alkanes (Chen et al., 2017) Prevotella
Utilizing small organic molecules as carbon Thermotogaceae
and energy sources (Chen et al., 2017)

Fixing nitrogen (Han and New, 1998)

Heterotrophic denitrifiers,
denitrification (Chon et al., 2010)

Ammonium-oxidizing bacteria,
oxidizing ammonium (Ding et al., 2016)
Ammonium-oxidizing bacteria,
oxidizing ammonium (Yu et al., 2018)

Nitrite-oxidizing bacteria, oxidizing
nitrite (Shi et al., 2018)
Semi-syntrophic and fatty
acids-oxidizing bacteria, degrading

carbohydrate (Narihiro et al., 2012)
Degrading aromatic compounds (Segura
etal., 2017)

Photosynthetic bacteria, secreting lipase
and anti-salinity (Ji et al., 2009)
8-Proteobacteria, degrading PTA (Ma et
al., 2015)

Hydrocarbon-degrading bacteria,
degradingn-alkanes (Liu et al., 2013)
Degrading phenol (Cao et al., 2014)

Degrading chlorinated hydrocarbon;
degrading halogenated  short-chain
hydrocarbons and carboxylic acids
(Ding et al., 2016)

Protein-utilizing bacteria, producing
CH;COOH and hydrogen (Niu et al.,
2008)

Degrading  proteins, lipids and
carbohydrates (Ma et al., 2019)

Digesting proteins (Hao et al., 2017)

Decomposing organic substances (Fang

et al., 2015)
Degrading polysaccharides (Nograsek
et al.,, 2015)
Anaerobic thermophiles, fermenting

carbohydrates and peptides (Wagner
and Wiegel, 2008)

Mesotoga Utilizing small organic molecules as carbon P putida F1 Degrading aromatic hydrocarbons (da
and energy sources (Ben et al., 2013) Silva and Alvarez, 2010)
3.2 Advanced treatment

3.2.1 Catalytic oxidation

Besides fenton-like oxidation,

ozone oxidation,

ticarrent focus more

concentrated on catalytic oxidation, photocatalysxsdation and electrochemical

oxidation. Catalytic oxidation (CO) degrading spieciorganic pollutants by

generating free radicals which are located on tivéase of various catalysts with
air/0O,/03, such as Mn (Hou et al. 2018), Fe (Han et al. 20E6a. 12-16 (Xiao et al.,
2018)), Co oxides (Sable et al.,, 2018). Owing t® superior specific organic

pollutant’s degradation capability, it has been elydintroduced into advanced

treating specific organic pollutants (Tab. 5).
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0,+C - O,+0 (13)
0,+0 - 0 +Q (14)
O, - O, +C (15)
SOPs+G -~ ¢ (16)
Ciops+ O - Intermediate products CQ, a7

Where G, C,, O and Q' presents the active sites of ozone decompositispecific

organic pollutants and active oxygen, respectively.
3.2.1.1 Key parametersin catalytic oxidation

More studies have paid attention @ssential factors are catalyst types,
catalyst-loading, and supporting materials. Mn-lnogdVinQ/Al,O3 and Fe-loading
MnO,/Cey 6£50.350. monolithic catalysts (Han et al., 2016; Hou et 2018) degraded
specific organic pollutants because Mn or Fe hadsthonger electron transformation
ability to O; for enhancing the degradation. Noble metals csislyRu/TiQ had
highest catalytic performance compared with Pd{Ti@U/TiO, and Rh/TiQ for
chlorobenzene degraded (Liu et al.,, 2019a), Pt/Riky 85.0% toluene removal
compared than Pt-Ce/BEA and Ce/BEA (> 99.0%) ustlailar conditions (Xiao et
al., 2018). The degradation increased as catadgslithg increases firstly, further the
performance decreased because over-loading cataBdticed the exposure
opportunity of catalyst and specific organic pdhis, for example, the optimal
specific organic pollutants removal capacity exiediat 10.0% Mn-loading, (Hou et
al., 2018) and 16.0 wt% Fe-loading (Han et al.,&0Different supporting materials
also have different effects on specific organiclygahts removal, the supporting
materials followed Ce© > TiO, > Al,O3 > YSZ with LaMnOx catalyst and
sulfonated-Zr@>ZrO, iron oxides by CO removed 1,2-dichloropropane -QCP)
(Han et al. 2016) and phenol (Sable et al., 20Mjreover, other parameters
affecting the CO include temperature and ait@¥ dosage are also considered
seriously (Chen et al., 2015; Teimouri et al.,, 20ZBang et al., 2018c). However,
reducing catalyst cost, modifying its structure iimproving its useful life is future
research hotspot.
3.2.1.2 Removal mechanism of typical specific organic pollutants in catalytic
oxidation

Recently, CO has been advanced treated actual dagorpetrochemical
wastewater by some researchers and certain spexgi@nic pollutants removal

mechanisms been explored. The maximal COD and twtanic carbon removal
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obtained 75.3% and 50.3% under these conditior800 g/h @, 0.450 g/L catalyst
and 120 min reaction time by PAC@Bg CO (Ahmadi et al., 2017b), the specific
organic pollutants removal mechanism was mainhyodgmwsed by hydroxyl radical
(Fig .6). Fe-Ni foam catalyst petrochemical wastew&O indicated sCOD removal
was 96.0% under 110 g/L catalyst, 12.2 mgA, gH 4.00-12.0, room temperature

and reaction time 120 min, the specific organiclytahts removed by OH

generated from zone reacted with oxides and hydesxi(Huang et al., 2019),
moreover, TP, TN, N®N, CI', and some heavy metals also be removed at arcertai
degreeA critical role of Qin the CO investigated by Zhang et al., 2018b, ER8y

dropped was ascribed to it degraded into dissotwg@dnic matter (DOM) by ©
while it increased because more EPS secreted bigeslto protection from adverse
conditions and DOM dominated gradually reactingw@. The CO dibromomethane
and styrene removal mechanism (Fig. 7), which redeh greatly depended on active
groups produced from CO without oxidants and catalyHuang et al., 2017; Mei et
al., 2018).

(o, )
Solution phase

Products- _
N

SOPs
Adsorption

Solid phase

Figure 6The proposed degradation pathway of specific omgpollutants by PAC@FR8, CO
(Ahmadi et al., 2017b).
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Figure 7The proposed degradation pathway of specific omgpoilutants by Cg0, and Four
cobalt (Ill) corroles CO (Huang et al., 2017; Meaé, 2018).
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Table 5 Summary of studies addressing for the ramaivspecific organic pollutants by CO.

% COD %

Reference

Compounds Reaction/hol Initial Catalyst types Synthesized  Assisted Catalyst Oxygen/ozon pH Temperatur Pressure %
d time (min)  Conc. methods substance  doses () e e (C) (Bar) Compoun TO S
(ppm s doses d C
)
LaMnOs/TiO, Situ citrate 507
1,2-DCP 60.0 1.00¢ LaMnOy/YSZ sol-gel - - 20.0% Q - 460 - 100.0 - - (Zhang et
1073 LaMnGy/Al ;O3 al., 2017)
LaMnOs/CeQ
FoC-Co Precipitation 0.100 mM (Huang et
Alkene 600 1.00 FsC-Co - 0.100¢ Phl (OAc), - 25.0 - 96.0 - - al., 2017)
mM FicC-Co N TBHP,
F1:C-Co 10%3 MMy hisay, Phio
Toluene - 1.00¢ MnO,/Cey 6521030 Impregnation - 15.0% Air - 250 - 100.0 - (Hou et
1073 2 al., 2018)
Formaldehyde - 200 Fe()/y-Al,03 Impregnation - 16.0 wt% 500.00 6.00 100 - 67.0 - - (Han et
Fe03 mL/min air al., 2016)
Nitrobenzene 3.00¢10"3 300 sFCCc Calcination - 0.250, 0.62- 2.25 3.00-4.00 25.0-50.0 - - 55.6-87. - (Chen et
mg/L 0.500, mg/min 2 al., 2015)
0.750 and
1.00 g
Formaldehyde 200 15.0 MR@LIAI05 Wetness - 10.0% 250 mL/min - 200 - 92.0 - - (zhu et
impregnation 150 ppm @, al., 2017)
20.0% Q
Chlorobenzene - 50.0 Pd/TiO Co-precipitatio - - 20.0% Q - 287 - 90.0 - - (Liu et al.,
PHTIO, n and 337 2019a)
RU/TiO, calcination 339
Rh/TiO, 340
Phenol FelZr& Calcination and  0.50 g/L 2.00 g/L - - Atmospheri 64.0 - - (Sable et
0.100 impregnation H,0, 25.0 c al., 2018)
360 g/L
Fe/sulfonated-Zr® 0.500 g/L 1.20g/h © 88.0
specific organic 120 COD Fe-Ni foam Precipitation - 110 g/L 122 mg/k,O  8.30 20.0-25.0 - - 96.0 (Huang et
pollutants 144 al., 2019)
mg/L
Dibromoethane - 500 GO, Evaporation 2.00% 80.0 mg 10% @ - 271 - 90.0 - (Mei et
and calcination H,0, al., 2018)
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Benzene

- 1.50¢ Oxalate - 100 mg 20.0% © - 191 Ambient 90.00 - - (Zhang et
103 CoMn;04 co-precipitation al., 2018c)
Toluene 2.40¢10"3 22.0 Pt-Ce/BEA Calcination - 0.100 g 20.0 mL/ min - 90.0 - 99.0 - - (Xiao et
PY/BEA 300 ppm @ - al., 2018)
Ce/BEA and G -
Dibenzothiophen MoO;3 Impregnation 57.Ql (Teimouri
e 75.0 500 V205 30.0% 0.100 g - - 70.0 - 99.1 - - et al.,
MCM-41 H.0, 2018)
specific organic 120 362+ PAC@FgO, Co-precipitatio - 0.150-0.75 0.050-0.300 3.00-11. - - - 75.3 50.3 (Ahmadi
pollutants 36.0 n 0g/lL g/h G 0 et al.,
mg/L 2017b)
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3.2.2 Photocatalysis oxidation

Photocatalysis oxidation (PCO) is a process dependsee radicals generating
from photocatalytic reaction to advanced treat spgeorganic pollutants under
catalyst and light existed simultaneously (Figr8or! Reference source not found.),
which has been extensively used in advanced tredt(ab. 6) based on its high
performance and low reaction time.
3.2.2.1 Key parametersin photocatalysis oxidation

The key parameters affecting performance are cdtajypes, catalyst dosage,
specific organic pollutants species, specific orgagollutants initial concentration
and external conditions. The catalysts are usuaiBtal oxides semiconductor
(titanium dioxide, iron oxide, cerium oxide etc. (Ameta et al., 2018))O,
nanoparticles (Khaksar et al., 2017Bi,OsBr,x (Meng et al., 2018),
PdO/ALOs—Nd,O3 (Barrera et al., 2014), PF/TiCLi et al., 2018a)SrsO4 microballs
(Balgude et al., 2019) and J&& (Vosoughi et al., 2017) both PCO treated phendi wit
62.8-100.0% removalLa-doped Zn (O, S) nanoparticles (Abdullah et 20,19),
B-GO-TiG, B-TiO,, GO-TIQ, (Shokri et al., 2016), R®3’/RGO nanocomposite
(Mohan et al., 2019), MaB8GO, CdS-MogrGO composite (Peng et al., 2016)
degraded 4-nitrophenol (4-NP) achieved 22.0-100.68moval. These results
indicated different catalysts exhibited a criticadle in same specific organic
pollutants and different specific organic pollusalso affected the removal. L3
considered to be an outstanding photocatalyst i@ R& specific organic pollutants
based on its stable performance, high photocatalgctivity, low-cost and
environmental-benign material. Recently, Co-doped modified technologies also
applied to enhance its performance further andeaeki good results (Bai et al., 2019;
Wang et al., 2017c).

The catalyst dosage also affects the degradatipabdéy significantly, which
the photocatalytic activity promoted as the inceeak catalyst dosage because more
active sites generated to produce more free radibivertheless, overdose is harmful
to improve activity for attenuating the light intty to catalyst (Morris et al., 2004).
For instance, (Shokri et al., 2016) indicated medifTiO, dosage (GO-B-Tig) PCO
degradation 25.0 mg/L 4-NP was 1g/L, (Khaksar et 2017) confirmed optimal
TiO,-loading was 80.0 g/fn

The initial specific organic pollutants conceniati is one of significant

parameters affecting the degradation performanadtieg from limited PCO process,

29



© 00 N o aa ~ O N -

W W W W W N N N DN D DD DN DD DD 22 A a A a a A A
A O NN =~ O © 00O N O 00 M O N 0 O © 0o N OO o b~ W NN~ O

Khaksar et al., 2017 found when initial phenol anteation increased from 50.0
mg/L to 700 mg/L, the phenol degradation efficierdscreased by 30.0%, similar
results detected by Bai et al., 2019 for bisphehdBPA) removal by D35-TiQ
nano-crystalline film. The reason is mainly restdilfeom overdose specific organic
pollutants influencing the free radical’s produatias it covered on the surface of
catalyst.

The external conditions (i.e., reaction time, pBsisted materials etc.) are also
exhibit different impact on PCO process at a certdeégree. The reaction time is
absolutely required to degrade specific organiduperits with the action of free
radicals, some of researchers found time is highpyortant factor than other factors,
Khaksar et al., 2017 concluded the significancditférent factors followedtime >
initial phenol concentration > TigOconcentration > pH, Quispe-Arpasi et al., 2018
and Silva et al., 2015 both suggested necessarfiardime should be guaranteed for
effectively or completely degrade specific orgapadlutants was due to pH affected
the free radicals generation , therefore, suitaiie should be selected seriously.
Khaksar et al., 2017 determined the optimal pH @&0 for TiQ photocatalytic
oxidized phenol was attributed to *OH are the d@miroxidant species at neutral or
higher pH levels, however, Bai et al., 2019 discedeat low or high pH both had
negative impact on the free radicals formation #relinteraction between specific
organic pollutants and catalysts, on the conttdayati et al., 2018 reported acidic pH
was necessary to PCO with the existence of Fi@@d CQ?, which interfered *OH
formation. Assisted substances mainly are oxidadted to PCO for enhancing the
free radical’'s formation, for instance,® was added by Bustillo-Lecompte et al.,
2018 improved the degradation capability of BTEKce&dntly and similar phenomena
also confirmed by Quispe-Arpasi et al.,, 2018, whigsulted from more <OH
produced in PCO with addition of,8,. PCO has been gradually implemented in
industrial wastewater AT, especially in the petemical wastewater for the removal
of specific organic pollutants in recent yearsv&it al., 2015 compared the removal
of catalyst TiQ-ZNSiO, and P25 under UV and visible radiation under deiteed
conditions, 48.6%, 45.2% and 66.3%, 50.2% speafiganic pollutants removal
achieved, respectively. Spent catalyst treated dvgisi et al., 2017) phenol
determined the COD removal reached 98.5% undemopti parametersieaction
temperature 47.1C, 0.160 mol/L HO,, 20.0 g/L catalyst and 92 min. Color and COD
removal reached 93.1% and 23.4% withOpl assistance by AD coupled with PCO
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(Quispe-Arpasi et al., 2018) treated petrochemicatewater, respectively.
3.22.2 Removal mechanism of typical specific organic pollutants in
photocatalysis oxidation

It is important to explore the specific organiclptdnts removal mechanisms for
overall understanding PCO reaction, some studie® fepicted specific organic
pollutants removal mechanism recently. Liu et 2019b (Fig. 9) revealed phenol
removal mechanism completely, the electron-holespaioduced from the surface of
the catalyst when it exposed to light irradiatitren «OH generated by the reaction of

photo-generated-holes and@®and oxygen anions@,") formed by the reaction of

DO and electrons. The phenol transformation andadksgion started under the action

of «OH and <O, , phenol firstly oxidized into o-benzoquinone gntéenzoquinone,

and then transformed into muconic acid and 2,xa{®-hexenedioic acid with free
radicals, respectively. These carboxylic acids hiert oxidized into unknown
intermediates and finally degraded into £&hd HO. Similar phenol degradation
mechanisms also confirmed by Wang et al., 2017cadiegl phenol by RF supported
catalysts irradiated with solar-light and Balgudele 2019 removed phenol by 5&h
microballs photocatalysts with solar-light. Penglket 2016 and Abdullah et al., 2019
both clarified 4-NP PCO detoxification via Mg&50 composite and La-doped Zn (O,
S) photocatalyst that 4-NP could be changed indd?4with the effect of free radicals.
Moreover, phenolic substances also degraded intpad@@® HO, for example, Meng
et al., 2018 confirmedisOsBrogl14 photocatalyst decomposed fully resorcinol,
o-phenylphenol, and 4-tert-butylphenol into £é@nd HO. However, it should be
noted that more and more specific organic pollgtaemoval performance and the

mechanism through PCO should be explored.
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Figure 8 The general removal mechanism of speaifianic pollutants by PCO.

Sunlight irradiation

Figure 9The proposed removal mechanism of phenol and dghignol by PCO.
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Table 6 Summary of studies addressing for the ramivspecific organic pollutants by PCO.

N Catalyst
Compounds Rea&t:% time Initial conc. Catalysts dosage pH Light intensity Temperature-C) % Compound % COD % TOC References
(9/)
) . 160 W UV (Khaksar et al.,
Phenol 180 50.0 mg/L Tihanoparticles 80.0 g/m 9.00 radiation Room 88.0 - - 2017)
Nitrobenzene 100 20.0 mg/L TiO, cake 1.60 mg - 500 W UV light irradiation Room 97.0 - - (Lietal, 2017b)
(anatase/rutile)
Phenolic 80.0 - BOsBryl2.x 1.00 mg/mL s0o0w ha"l)i%f]’t‘ lamp visible Room 92.0 - 79.0  (Meng etal., 2018)
A2
Phenol 120 80.0 ppm PAOMEI-NG,0;  1.00 mg/mL 4.40<10™-3pW-cm = Uy Room ; ; ; (Barrera etal,
power supply lamp 2014)
Phenol 450 10.0 mg/L PF/TO 2.00 mg/mL - O.Z?J?ﬂi:%/tn% 200 62.8 - - (Li et al., 2018a)
Phenol 360 200mgL  Ho-@graphene oy g 700 8.00 W UVC lamp Room - - . (Shahbazietal,
nanocomposites 2018)
(Yb*, EF) 0.200
Phenol 20.0 20.0 mg/L co-doped m. mL - Visible-light illumination Room 100.0 - - (Liu etl., 2019b)
TiOA/AgsPOy 9
Phenol 60.0 6.00 ppm 8Dy microballs 1.00 mg/mL - Sunlight Room - - (Balgz%(iz)et al.,
Phenol 15.0 - RGOk-FeOOH - 4.00-8.00 Solar-light-driven Room 100.0 69.0 310 (Wangetal,
composites 2017c)
D35-TiO,
Bisphenol A 300.0 10.0 mg/L nano-crystalline 5.00 mg/L 7.00 116 mwi/chsolar power Room 100.0 - - (Bai et al., 2019)
film
0.020¢
Bisphenol A 360 - FDU-PdPcS 107-3 11.0 500 W halogen lamp Room 100.0 - - (Xing et2013)
mg/mL ,
i La-doped Zn (O, S) 0.500 ) 0.088 mWcm “ UV tube ) (Abdullah et al.,
4-nitrophenol 120 30.0 ppm nanoparticles mg/mL lamp Room 100.0 2019)
B_If—(')ri_OTZIQ 100 W tungsten lamp 1805060 %’8 (Shokri et al.,
4-nitrophenol 180 25.0 mg/L GO-TiO, 1.00 g/L 3.00 visible light Room 80.0 65.0 - 2016)
Bi;O3 100.0
TiO, 35.0 (Muersha and
4-nitrophenol 90.0 25.0 mg/L %rn(g 2.00 mg/mL - 150 W halogen lamp Room 338 - Soylu, 2018)
4-nitrophenol 50.0 10.0 mg/L FQOJRGO. 0.500 - Visible light irradiation Room 100.0 - - (Mohan etal.,
nanocomposite mg/mL 2019)
MoS/rGO -
. 0.400 500 W xenon lamp
4-nitrophenol 60.0 20.0 mg/L CdS-MoS/GO mg/mL - visible light Room 70,0 - - (Peng et al., 2016)
composite ’
P-nitrophenol 120 1.00 mM P-Ti@hin films - 1.00x10"3 W xenon lamp 28.0 +1.00 - - - (Méndez et al.,
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specific
organic
pollutants

Phenol

Benzene
Toluene
Ethylbenzene

Xylenes

specific
organic
pollutants

specific
organic
pollutants

Phenolic

specific
organic
pollutants

60.0

160

360

92.0

240

20.0 mg/L

60.0 ppm

100-300 mg/L

80.8 £ 0.600
mg/L COD

40.0-50.0 ppm

1.05¢10"3
mg/L COD

TiO> thin films

P25 (titania)

TiO2ZNSIO,

rGO/ZnO/THO

TiO,

P8

Co-TiOy/zeolite

0.700 giL

0.600 g/L

2.00 g/L

20.0 g/L

250 g/L

4.00

3.00

7.00-8.00

3.00

30.0 mW/cri UV light

125 W mercury vapor lamp
UV and visible light

150 W visible light
illumination

6.00 W UV lamp

300pmol m?s™* Cool
white fluorescent lamp

Artificial irradiation

Low-pressure mercury lamp

30.0

27.0+1.00

20.0

25.0

37.0+2.00

47.1

UV 48.6% and
visible 45.2%

UV 66.3% and
visible 50.2%

100.0

90.0

98.5

97.8

12+
1.60

93.4

2015)

(Silva et al., 2015)

(Hayati et al.,
2018)

(Bustillo-Lecompte

etal., 2018)

(Huo et al., 2018a)

(Quispe-Arpasi et

al., 2018)

(Vosoughi et al
2017)

(He et al., 2017)
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3.2.3 Electrochemical oxidation
Electrochemical oxidation (ECO) is a promising aedvironment-friendly

process for removal of specific organic pollutaritsworks under mild operational
conditions, requires less cover area, and has ad fog a catalyst (Garcia-Segura et
al., 2018). Organic pollutants are decomposed bywalg to react with oxidant
species effectually stemming from active (i.e.njraluminum) or non-active anodes
(i.e., graphite, platinum (Pt)) (Brillas and MadginaHuitle, 2015; Martinez-Huitle and
Panizza, 2018). Direct anodic oxidation occurs letwthe anode surface and the
specific organic pollutants; direct electron tramsér indirect oxidation occurs in the
solution, depending on electrochemically generatédants to avoid electron fouling
(Martinez-Huitle and Panizza, 2018) (Fig. 10). Alilgh active anodes have the
potential to decompose specific organic pollutamts low-molecular weight species
with electrocoagulation (Eqa. 17-27) (Nematollahi al., 2017)), complete
mineralization capability is still limited. There®y non-active anodes are
predominantly employed in ECO (Cavalcanti et aQl2 Scialdone et al., 2011).
Reactive species originate from non-active anodese they have been initiated as

represented in Eqa. 28-29; hydroxylated derivatiég*OH)) and chemisorbed

active species (MO) are then devoted to mineratimadf specific organic pollutants.
Accordingly, specific organic pollutants are mireed into CQ and HO (Eq. (30).
However, side reactions occur as well becauseesf fadicals (Eqa. 31-32) (Brillas
and Martinez-Huitle, 2015; Martinez-Huitle and Raaj 2018).

Fe - Fé& + 2 (18)
2H,0+2¢ - 20H +H (19)
F€' +20H - Fe(OH) (110)
4F€" +10HO+Q - Fe(OH) +8F (11)
8H" +26 - 8HC 12)
4Fe+10H O+Q - Fe(OH) + 4} (13)
Al - A +3e (14)
3
3H,0+3¢ - 30H +— H (15)
2
3
Al +3H0 - 30H +—H (16)
2
R-H + (HO)OFe — M-OFe + H ( 17)
R-H + (HO)OAIl - M-OAIl + H,0 (18)
M+HO - M(OH)+H +é (19)
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M('OH) = MO +H +¢ (20)

R+M('OH) —~ M+CQ +HO (21)
M(OH)+H,0- M+0O, + 3H +3e (22)
2M('OH) — 2M+0Q, + 2H +2e 123

Where, M, M(*OH), R, or RH express anode, adsongid, and specific organic
pollutants, respectively.
3.2.3.1 Factors of dependencein electrochemical oxidation

Electrochemical oxidation has been applied for nemhaf specific organic
pollutants in petrochemical wastewater over theemegears; these include phenol
(Lizhang et al., 2016)nitrotoluene (Chen and Huang, 2014), benzene (Lalgt
2014a), etc. (Tab. 7). Some papers have discussedivotal factors in removal of
specific organic pollutants, such as anode specigsgent density, pH, electrolyte, and
initial concentration (Cavalcanti et al., 2013; Rawjad et al., 2014; Garcia-Segura
et al., 2018; Khatri et al., 2018; Li et al., 20L4&ctive anodes (Al and Fe) have been
considered in ECO as auxiliary reagents*{lee H,O.). Previous studies (Gumand
Akbal, 2016; Khatri et al., 2018) employed iron daowith HO, solution to treat

phenol. Here the well-known mechanism of pollut@moval was based ofOH via

the Fenton reaction as follows (Ega. 33-37):
F€' + HQ - F& + OH+OH (24)
Fe" +H O -~ HQ +H (25)
RH+'OH- R+HO (26)
R +F& - R +Fé& 27)

Active anodes Non-active anodes
+ = + -

H,0 H,0

H* H*

rganic
*OH Q) compounds
H* 0,+H,0|
Organic +
0 compounds 02 +H
: Products

0,

— — — —

Anode Cathode Anode Cathode

Figure 10 The proposed removal mechanism of refracirganic compounds by ECO.
R" + OH - R-OH (28)
however, substantial competitive reactions co-egistausing negative effect on

36



-

© 0 N o O b~ WDN

N
o

—
-_—

12
13
14
15
16
17
18
19
20
21

22

23
24
25
26
27
28
29
30

31
32

specific organic pollutants decomposition (Eqa438-

Fe€" + OH- F& +OF (29)
HO, + 'OH- HO +HC (30)
HO, + 'OH - Q + HC (31)
OH + 'OH- HO (32)

It should be noted that more and more studies evetdd to non-active anodes
in ECO. For example, Pt, boron-doped diamond (BRDy PbQTi. Current density
is considered the most important factor that affée€O, phenol removal (Khatri et
al., 2018); TOC and COD removal is reported to hanseased by 25.0% when
current density changed from 0.100 to 2.00 mAlcAreport by Cavalcanti et al.

(2013) and Chen and Huang (2014) showed consisé=nits becauseOH was

enhanced greatly at higher current densities (Bawgpsami and Muthukumar,
2012b). Similarly, pHs an important prerequisite in ECO. Gigraind Akbal (2016)
discovered phenol degradation and COD removal tee Heeen reduced by about
25.0%, when pH increased from 3.00 to 7.00. Sinméaults by Ren et al. (2018) and
Zazou et al. (2019) indicated that pH must be kecidic conditions (2.80-3.00) to
enable free radicals to have maximal catalytic vagti Furthermore, Fe(OH)
precipitation occurs and &, decomposes at pH higher than 3.00 (Ma et al., 2009
consequently, pH lower than 3.00 is recommendeE@D. The electrolyte is
generally added to improve degradation efficiengyribensifying the rate of electron

transfer in low a conductivity effluent (Khatri ak, 2018) as compared to the effect

of NaCl, NaSQ,, and KCI for phenol removal. It was obsenibat NaCl shows

much better performance by producing chlorohydravadicals (Ega. 42-43). Sos
Santos et al. (2014) exhibited acceleration forcsgeorganic pollutants abatement
because oxidizing agent peroxodisulfate generditesl.expected that degradation of
specific organic pollutants has a negative relatigm with increased initial
concentration (Gunmsiand Akbal, 2016). Up to only 30.0% COD removal |dobe
achieved, when phenol concentration increased %0 to 500 mg/L, which was
likely due to limited <OH availability in the presee of excessive phenol
(Babuponnusami and Muthukumar, 2012a).

M+Cl +H,0- M[CIOH] +H +2e (33)
R+ M[ CIOH] -~ M+ H" + RO +ClI (34)
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3.23.2 Removal mechanism of typical specific organic pollutants in
Electrochemical oxidation

Some attempts have been made to treat petrochewastéwater in an advance
manner and certain specific organic pollutants aegtion pathways have also been
explored. Davarnejad et al. (2014) compared theolisguminum and iron anode for
petrochemical wastewater removal to reveal thataRede exhibits better COD
removal capability (67.3%) than the Al anode (539%der optimal conditions.
Similarly, dos Santos et al. (2014) investigateatipized titanium (Ti/Pt) and BDD

anodes for removing actual petrochemical wastewtterBDD system was observed

to show better performance in reducing COD fron5210° to 200 mg/L in less than

five hours. The authors also evaluated the cosbet56.2 kWh/m An overall
understanding of degradation pathways is benefifmal advanced petrochemical
wastewater treatment of specific pollutants, sustdianethyl phthalate (DMP) and
1,2-dichlorobenzeneo{DCB). Ren et al. (2018) used graphite anode tat tlenethyl

phthalate with Ce® catalyst in the presence of,® solution; Q was firstly
transformed intocOOH, which was then translated into®4 to produce moreOH

in the CeQ@system (Ega. 44-45). The reason behind this wasnibgative charge
covers the surface of Ce®d NaSO, solution, which transforms DO into unstable
OOH. This happens because the cleavage of the @@ under the influence of the

electric field follows the formation ofOH, which is responsible for degrading DMP

V/A
Anode (+) () )

Cathode (-)

Graphite

Figure 1 The proposed removal mechanism of dimgththalate by ECO.
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O,+H +e - OOH (35)
OOH+H +é - HQ (36)
(Fig. 11). Zazou et al. (2019) compared anode nadgePt, BDD, and Ti/Ru@-IrO,

(DSA) for removal ofo-DCB; about 90.0% COD removal was achieved under
optimal conditions. Moreover, the authors propoaedetailed degradation pathway
for o-DCB in the BDD-based ECO system. TheDCB firstly transformed into

2-chlorophenol by oxidative dechlorination wit®H; further dechlorination changed

it to catechol; it was then transformed into o-bmnenone and o-benzoquinone by

the effect of*OH. Both compounds produced formic acid, maleidacialonic acid,

and oxalic acid byOH oxidation. Lastly, the four intermediate produdinally

completely mineralized into GGand HO (Fig. 12).

Power supply

Compressed air

= 0H Formic acid

Maleic acid o,

. 0
l{ 1 OH
1 [ on o
diffu / 2 -
Air|diffuser ’
() 0

4° -~ 900 -OH] \ (o M
----- 9-----....... F— 2:0H @ H Malonic acid

Anode Cathod

)

Magnetic bar
>— Oxalic acid
Magnetic stirrer <

Figure 12 The proposed removal mechanism of 1,Bkalicbenzene by ECO.
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Table 7Summary of studies addressing for the removal e€ifip organic pollutants biCO.

16
Reaction . Current . -
Compounds time (min) Initial conc. Anode Electrolyte density Optimal conditions % Compound % COD % TOC Ref.
Phenol 5.00 250 mg/L Iron Raw effluent mi/(():(r)nz pH 3.00,H,0, 500 mgl/L, 93.3 87.5 - (Gumgiand Akbal, 2016)
H,0, 372 mM, pH 5.20,
0.800 electrical conductivity 125 100.0 (5.00 .
Phenol 30.0 250 mg/L Iron NaCl mA/crm? us/cm, stirring speed 100 rpm, min) 84.0 52.0 (Khatri et al., 2018)
inter-electrode gap 4.00 cm
. . 8.00 Electrode potential 6.00 V, T =
Phenolic - 10.0 mM Platinum 0.500 SO mA/crT? 250°C - - - (Nady et al., 2017)
Electrode potential 6.00 V, T =
Nitrotoluene . 30.0°C,
420 TOC 450 mg/L Platinum Raw effluent - 0» = 150 mUmin, pH = 0.100 100.0 - - (Chen and Huang, 2014)
and Fe (Il) = 150 mg/L
\oltage 5.00 V, Ultrasound
BPA 30.0 1.00 mg/L B‘z;ig’r‘];gﬁzed o.ﬁsosr&g/ L . frequency, 24.0 kHzElectrode  90.0 . - (Dietrich et al., 2017)
% distance 2.00 cm
DSA/Carbon
felt
Current 500 mA, BDD anode and
1,2-dichlorobenzene 180 14.7 mg/L Pt’fgﬁ"b"” 5,\?'08"&'\" - CF cathode, 50.0 mM N&Q,and - - 90.0 (zazou et al., 2019)
B 0.100 mM F&", pH 3.00
BDD/Carbon
felt
0.100 M NaSQ,,
DMP 24.0 15QM CeQ NaHPO,, - pH 3.00 93.9 - - (Ren et al., 2018)
NaNG; or NaCl
PbQ/Ti
Petrochemical COD 2.75%10730 Ti/Pt 40.0 Inter-electrode gap 10.0 mm,
wastewater 480 mglL BDD Raw effluent mA/cr? 60.0 °C - 98.7 - (dos Santos et al., 2014)
COD 146 Inter-electrode gap 3.0?5)1 cm,
. g current density 68.7 mA/m pH
Petrochemical 79.. 1073-1.7610"3 Aluminum Fé" solution 25'0_89'0 3.06, HOJ/petrochemical - 53.9 - (Davarnejad et al., 2014)
wastewater . mA/m’
mg/L wastewa}er 2.14 mL/Land
H.0,/Fe* 4.99
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73.2

Iron

Inter-electrode gap 3.00 cm,
current density 59.7 mA/im pH

2.76, HO./petrochemical
wastewater 1.23 mL/Land

H.0./Fe** 3.65

67.3
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4 Future per spectives

Petrochemical wastewater is typical industrial wasiter and contains numerous
specific organic pollutants that are toxic to p&rdnimals, ecosystems, and human
beings. Plenty of attention has been focused ortré@tment from governments,
environmental rescue institutions, researchers,jtididuals, owing to the difficulty
of ensuring high-strength pretreatment and low-eab@tion advanced treatment.
In this review, we concentrated on both state-efdht pretreatment and advanced
treatment technologies for the removal of specdiganic pollutants; we also
discussed the potential of these processes to dmolioenergy recovery from
petrochemical wastewater. Some promising and feagierspectives have been
provided for future research with practical apgiimas as follows:

Anaerobic digestion or hydrolysis acidification are recommended for
high-strength and biodegradable petrochemical wastewater pretreatment.
Anaerobic digestion and hydrolysis acidificatione aeconomical and feasible
processes to ensure petrochemical wastewater giregat at an industrial scale;
however, great efforts should be made to exploreensuitable technology and
optimal parameters for different and unrelated sjpeorganic pollutants, especially,
mixtures of specific organic pollutants. Particlyadominant microbes and specific
organic pollutants degradation pathways shouldxdpéoeed thoroughly for promoting
this field of research.

Bioenergy recovery displays better prospects as compared to
degradation/removal. Bioenergy recovery from specific organic pollutamgsan
economical and environment-friendly way of ensufganer production and circular
resource utilization in the society. The methodsdssed here can provide high yield
under steady conditions of operation with littleanhes of safety issues and air
pollution.

Oxidation-related advanced treatment processes should be promoted. The
advanced treatment methods discussed in this rev@whelp to achieve complete
specific organic pollutant removal in a very shtirhe so that strict discharge
standards can be fulfilled. However, present stidie mostly restricted to lab-scale
applications, which has resulted in the increasedsts and secondary pollution.
Furthermore, different removal mechanisms for dpeorganic pollutants should be

thoroughly studied to guide industries effectively.
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Highlights
A good toxicity reduction of petrochemical wastewater pretreatment is hydrolysis
acidification.
Specific organic pollutants removal is the key of petrochemical wastewater
advanced treatment.
The function of microbial community mainly influencing pretreatment effect.
Bioenergy recovering from petrochemical wastewater is economic and viable

measure.



Key Abbreviations

Anaerobic-anoxic-oxic HNAL/O
Anaerobic-anoxic-oxic membrane bioreactor 1/A%/O-MBR
Acetone—butanol—ethanol wastewater ABE
Anaerobic baffled reactor ABR
Acrylonitrile—butadiene—styrene ABS
Anaerobic hybrid reactor AHR
Anaerobic migrating blanket reactor AMBR
Anoxic-oxic A/O
Anaerobic packed bed baffled reactor AnPBBR
Anaerobic migrating blanket reactor AnMBR

Anaerobic-anoxic-aerobic batch fed moving-bed batch  AnOAMBR

model
Anaerobic-aerobic-biofilm reactor A/O-BR
Boron-doped diamond BDD
Bisphenol A BPA
Continuous-flow packed-bed biofilm reactor CFPBR
Methane CH
Catalytic oxidation CcO
Chemical oxygen demand COD
Continuous stirred tank biological reactor CSTR

1,2-dichlorobenzene o-DCB




2,4 dichlorophenol
1,2-dichloropropane
Dimethyl phthalate
Dissolved oxygen
Dissolved organic matter
Electrochemical oxidation
Expanded granular sludge blanket reactor
Ethylene oxide/ethylene glycol
Ethylene glycol
Extracellular polymeric substances
Fischer—Tropsch
Hybrid anaerobic reactor
Hydraulic detention time
Hybrid up flow anaerobic sludge blankets
Membrane bioreactor

Mono-ethylene glycol

Microaerobic hydrolysis-acidification-anoxic-oxic

Nitrobenzene
Nitrobacteria
Nonylphenol
4-nitrophenol

Ammonia nitrogen

DCP
1,2-DCP
DMP
DO
DOM
ECO
EGSB
EO/EG
EG
EPS
FT
HAR
HRT
HUASBs
MBR
MEG
MHA-A/O
NB
NOB
NP
4-NP

NEN




Organic loading rate
Polycyclic aromatic hydrocarbons
Photocatalysis oxidation
Methyl tert-butyl ether
Purified terephthalic acid
p-toluic acid
Mixed liquor recirculation ratio
Stepped anaerobic baffled
Sequencing batch reactor

Submerged membrane bioreactor
Soluble microbial products
Styrene and propylene oxide
Sulfate-reducing bacteria
Scrap zero valent iron
Tetrachlorobisphenol-A
Total nitrogen
Total phosphorus
Up-flow anaerobic fixed bed
Upflow anaerobic sludge blanket

\olatile fatty acid

OLR
PAHSs
PCO

PO/MTBE
PTA

pTOL
R
SAB
SBR
SMBR
SMPs
SPO
SRB
szVI
TCBPA
TN
TP
UAFB
UASB

VFA
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