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Review

Enhancement of biodegradability of industrial
wastewaters by chemical oxidation

pre-treatment

Dionissios Mantzavinos* and Elefteria Psillakis

Department of Environmental Engineering, Technical University of Crete, Polytechneioupolis GR-73100 Chania, Greece

Abstract: Chemical oxidation technologies are often employed for the treatment of complex industrial
effluents that are not amenable to conventional biological methods. The role of chemical oxidation depends
on the treatment objectives and may vary from partial remediation to complete mineralization. In the case
of partial treatment, chemical oxidation aims at the selective removal of the more bioresistant fractions
and their conversion to readily biodegradable intermediates that can subsequently be treated biologically.
Coupling chemical pre-oxidation with biological post-treatment is conceptually beneficial as it can lead
to increased overall treatment efficiencies compared with the efficiency of each individual stage. This
paper reviews recent developments and highlights some important aspects that need to be addressed when

considering such integrated schemes.
© 2004 Society of Chemical Industry
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NOTATION
AOP Advanced oxidation process
AOSC Average oxidation state of carbon

AOX Adsorbable organic halogen (mgdm™?)

BODy, Short-time biological oxygen demand
(gdm?)

BOD, Ultimate biological oxygen demand
(gdm—)

BOD, Biological oxygen demand after x days
(gdm™?)

C Concentration of specific substrate (g dm—3

or mmol dm~3)
COD Chemical oxygen demand (gdm™2)
CODpgariox Chemical oxygen demand reduction via
partial oxidation (gdm™2)
DOC Dissolved organic carbon (gdm—>)

DTPA Diethylenetriaminepentaaceticacid

ECso Exposure concentration 50

EDTA Ethylenediaminetetraaceticacid

EPA Environmental protection agency

FBR Fixed bed reactor

GL Dilution factor, where the luminescence
inhibition is below 20%

IABOD Immediately available biological oxygen

demand (gdm™3)
LG5 Lethal concentration 50
MTBE Methyl tert-butyl ether

MW Molecular weight (kgmol™1)

OME Olive mill effluent

PAH Polycyclic Aromatic Hydrocarbons
Po, Oxygen partial pressure (MPa)
Py, Total pressure (MPa)

SBR Sequencing batch reactor

T Temperature (°C)

TC Total carbon (gdm3)

TKN Total Kjeldahl nitrogen (gdm™>)
TOC Total organic carbon (gdm™2)

TP Total phenols (gdm™2)

WAO Wet air oxidation

uw Efficiency of COD reduction via partial
oxidation

1 INTRODUCTION

The treatment and safe disposal of hazardous organic
waste material in an environmentally acceptable
manner and at a reasonable cost is a topic of
great universal importance. There is little doubt that
biological processes will continue to be employed
as a baseline treatment process for most organic
wastewaters, since they seem to fulfil the above
two requirements. However, biological processes
do not always give satisfactory results, especially
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applied to the treatment of industrial wastewaters,
because many organic substances produced by the
chemical and related industries are inhibitory, toxic or
resistant to biological treatment. Therefore, advanced
technologies based on chemical oxidation may be the
only viable options for decontaminating a biologically
recalcitrant wastewater. Such oxidation technologies
are broadly classified as follows:

(i) advanced oxidation processes (AOPs) including
wastewater remediation based on ozone, hydrogen
peroxide, hydrogen peroxide/ferrous iron catalyst
(the so called Fenton’s reagent), UV irradiation,
photocatalysis and electrochemical oxidation;

(i) wet air oxidation processes (WAO).

The most common AOPs described here can
be broadly defined as aqueous phase oxidation
methods based primarily on the intermediacy of
hydroxyl radicals in the mechanisms leading to the
destruction of the target compound, and can be used
either separately or in various combinations such as
ozone/UV, ozone/hydrogen peroxide, UV/hydrogen
peroxide, ozone/UV/hydrogen peroxide.

Sub-critical wet air oxidation refers to the aque-
ous phase oxidation of organics and oxidizable inor-
ganic components at elevated temperatures (typically
between 125 and 300°C) and pressures (typically
between 0.5 and 20 MPa) using a gaseous source of
oxygen.! Although it has traditionally been employed
for the conditioning and treatment of waste activated
sludge,!? increasing interest has been shown over
the past 10—15years regarding its use for industrial
effluent treatment.

The scope of this paper is to review recently
published work in the field of integrated chemical and
biological wastewater treatment. Chemical oxidation
technologies are evaluated regarding their efficacy to
improve the biological treatability of several types of
industrial effluents and some key elements of process
integration are discussed.

2 COUPLING CHEMICAL AND BIOLOGICAL
TREATMENT

2.1 The concept

Given the specific treatment objectives, the effluent
characteristics (eg composition and concentration)
and the oxidation potential of the oxidant in
question, oxidation technologies may be used either
for the complete mineralization of all pollutants to
carbon dioxide, water and mineral salts or for the
partial removal of certain target pollutants and their
conversion to intermediates. In general, a chemical
oxidation method aiming at complete mineralization
might become extremely cost-intensive since the
highly oxidized end-products that are formed during
chemical oxidation tend to be refractory to total
oxidation by chemical means. A potentially attractive
alternative to complete oxidation through chemical
means is the use of a chemical oxidation pre-treatment
step to convert initially biorecalcitrant organics to
more readily biodegradable intermediates, followed
by biological oxidation of these intermediates to
biogas, biomass and water. For instance, organic
macromolecules such as soluble polymers may simply
be too large to permeate cell walls, which precludes
their effective biological oxidation. Chemical oxidation
might break these molecules into smaller intermediate
compounds (eg short-chain organic acids) that can
enter cells and may be more readily biodegradable
than the original molecules, since the rate of biological
oxidation is generally thought to increase with
decreasing molecular size. Conversely, total chemical
oxidation of these intermediates to carbon dioxide and
water may be difficult and require severe oxidative
conditions, since the rate of chemical C-C bond
scission seems to decrease with decreasing molecular
size. Putting these two separate observations together
in a qualitative sense, the concept of an integrated
chemical and biological treatment process can be
illustrated schematically (see Fig 1). As seen, there
appears to be a breakpoint beyond which biological

AOP or WAO
_—

Effluent

Rate of carbon—carbon scission

Biogenic
intermediates

v

Switch processes

Chemical oxidation Biological oxidation

Biodegradation
End products

Molecular size

Figure 1. The concept of integrated chemical and biological treatment.

432

F Chem Technol Biotechnol 79:431-454 (online: 2004)



Chemical pre-treatment of industrial wastewaters

(yBOLIBAO PBNUNIUOD)

20U80saUILIN|OI]
JO uonigiyul JusoJad se

1I8YOS OLIGH/ UM UILU G 1O}

suiealis 994y} 8y} o}
c-WpPB G| pue g ‘g =aoo

(sweans
98Jy}) siuenye Iiw Jaded

+/0 Ayoixoy ‘olred 00/5A04 Sa0d uonegnou ‘puewsp usbAxo [eaibojolg ZHY 00G ¥ punosen ‘dDdeN 40} o_wWpB9L'0 =aod ‘ereusydolojyoeiusd wWNIPog il
(euore
suoiNjos BUO 4oBs J0 aINiXIW Ul Jayue)
8Ibuls 10} _WpjoWW 0 =0 |ousydoniuip-9*y-IAylew-g
0SH3 eubew eluydeq Yyum y g o} g6 ‘2JNIxiW 8y} Ul punoduloo ‘lousydonuip-‘g
+ se Al1o1x0} ‘oneld A00D/Laog uonegnoul ‘puewsp UsbAXo [edlbojolg pue g'g =Hd e €0 4oes 10} ¢_Wp [oWW S0 =0 ‘lousydoajiu-1 ‘JousydoiN-g Sl
U ¢ 10} eules Blwepy pue ygy—te uolepixo
=/0 0807 se AjoIxo | Jo} eubew eluydeq yum uoregnou| [eQILUBYD0.1108] c-WpbB L F6'71 =000 usniye i 8Alo Zh
(20°%H yum asepixosad jousydopol-d ‘jousydowoig-d
+ [eAOWB) 81eASaNS ysipeJlasioy) uonepelBep onewAizug ZHM §2F 16 punosen|n c-wpoww gL =9 ‘lousydouojyo-d ‘jousyd LE
slojoeal pajelse Ul
[earowal DOL abpn|s paleAoe palewjooe-uou pue
+ ‘(L2 ‘0t ‘g = X) ored A0D/*A04d perew|jooe ‘pueisp usbAxo [eolbojoig €0 o-WpBL0=0 lousydoioyolg-v'e o}
c-WpBSL'0 =000
pu fenowal OOd Jojoees WiyoIq peresse peq pezipinj4 €0 ‘e_upowwg =9 aulpUAdIAyIsIN-¢ 6
Wb saujjiue
AN/2O%H/ +¢o4 ‘MBI c-WpPBS0~ 001 pue sjousyd ‘suoged010|yd
+/0 olles DO1/9a04d puewsp usbAxo [eaibojoig AN/2O%H/(C0IS—84) ‘e—Wpb gL ~ oo SNOWEA Ylm Jusn|ye [euisnpuj 38
slojoesl c—WpBz L ~ Sqog
+ lerowsl 0O pejeloe Ul oBpN|s pejeAloe perewjooy ¥~ Hd e €0 ‘e-WpbBGvg =aoo juenjye Ais|isIp SUIA L
Wwu $Gg e sdueqiosqe c-WPBYO0F620=dL
pue sjousyd [e101 ‘qOD slo10Bal pajeler Ul eBpn|s paleAloe ‘e—wpb L0 FGL'L = SQ0g
+ JO [eAroWw) ‘olted JOD/Sa0g pajewl|ooe ‘puellsp UsBAXo [eolbojoig $'G ~ Hd 1e €0 ‘e-WpB L'0OF 6L =a0D enyye Buisseooid HoD 9
LE SlUBN|YS UOHEINULIO)
+ onel q00/5qog puewsp usbAxo [eaiBojolg pue / ‘c =Hd1e €0 e—WPB ¥ 1-G2°0 =Aa00 soljolgnue Aleuus1an pue uewinH S
(eres oxEdn JusN|e (I BAIO IO} UBNID (sewil Q1 pPaIN|IP) JusN|ye [
usBAX0 woJy peinduwod Ajpoldxs jou ‘(eanixiw ayy ul BN|O ‘SpIOR OljnJa) pue dlayed
+ sI gog) olres g0OD/q0g Answouidsas eBpn|s sAl0y €0 pIoe Yoes I0)) o_Wp joww | =9 ‘OLIBLINOD-d “OILIBUUIO JO BNIXIA ¥
10043 108440 1usWiea-aid uonepeJbep [eoibojoig dov UOBJIUSOUOD [elly| uen|ye Jo 1oy

10 aInses

80JN0S/papeibop s[eolwsyD

(PBUIWIBIEP 10U :pu ‘1o8ye JuedyubIsul 10 ‘10aye aAlzeBau :— ‘1oaye aalysod :+) seiuadoid [eoibojolq uo juswiiesli-aid JOV JO 10843 °| d|qel

433

F Chem Technol Biotechnol 79:431-454 (online: 2004)



D Mantzavinos, E Psillakis

elI81oeq 0} UoIHAIYU! Jusdied (45661 -886 | 'HOVH) 18} ANOIXO0} gl pue
+ se Ajoix0} ‘ole 40D/°a0d /j05 3 ‘puewsp usbAxo [edlbojoig 0l ‘Z‘'G=Hd®E0 c-WPB300-5200 ~ O lousydoJojyoeiad 9z
wninuiooLded
wnJjseusfes yum y g/ 1o eubew
els1oRq BIUYEJ UM Y 817 —17Z IO LIyl WbluNs/¢QeH/ 1704
+/0 0} UolqIyul Jusdiad se AJoIxo | OLGIA UM Ul 0g—G 4O} uoljegnou| WBluNs/cOI1L c-wWpbs00=20 IAwoyis |y Ge
(sweans BuusIgep
SJ0joeal pue @c_cmm\s U@X_Ev Ssjuenjje
+ [eAnowal a9 yoreq ul abpn|s pareAiloe parewjooy gL =Hd 1 €O c-Wpb¥8y—1e'¢c=aod Buisseooid sanjo a|gel Moelg e
2oueqglosqge
0} uolgIyur Jusosed Aesse A1101x010140 pay
10 senjeA 7o se \ﬁ_o_xow .wo_wm\_ [eJINBN _.twsom.t oLqIA YIM Ul Og J0)
+/— ao0/8eaog pue a0o/5aod uolregnoul ‘puewsp usbAxo [eaibojolg €0 c-Wpbz =0 G xoelg (eAnoesy) |0zewsy €2
(d4g4) eBpnis parennoe
ferowsad DOJ ‘0903/1 POZIIGOWILU ‘LBYISY OLGIA YNM uolepIxo auojozeplwizuaq
+/0 se \ﬁ_o_xow ‘onel QOO\mDOm uolegnoul ‘puewsp usbAxo _mo_mo_o_m |ed1Wsyd04109|3 m\rcb jowwg =9 -N-_>£®C\_-@-OC_C\_<-® ac
omOm_
+ uo paseq xapul Aoxo} sAileley UIL G IO} LIBYISY OLGIA YHM UOREGNOU| ZHX 0cg ¥ punosedn e-WPB200=0 € en|g oiseg ' umoig olseq Ic
Wbl AN/COCH/ 184 aU0|0ZePIWIZUS]
+ ferowsal DOJ (4g4) ebpnis pereanoe pazijiqow| WBI AN/ 404 c-wWpB2e0-91'0~ 0 -Z-Aglew-g-ouwy-G 02
(eBemes
Ssewolq o-WpPB 1'G~ D01 OSBWOP UM %05 Pain|ip)
+ ul esealoul ‘lerowal g0 H4gsS Ul ebpn|s pareailoe payew|ooy CO%H/+¢o4 ‘e—WpB GGl ~doo S8uLIq UoljelusLUIg) A0 Ul [
4gs Buidduys Jre Agq (Buiddis o3 Joud) Buunioenuew
pu [erowas goo Ul 8bpN|s pajeAiloe pajewjooe-uoN pepaoaid cQeH/ 404 o—Wp 689l F229=a0d J0}ONPUODILUSS WO} Jusniyg 8l
sJojoeal osip Bunejol S9ApOZe BaA110ES )
+ [erowaJ Jnojod pue DOJd Ul SSewolq palelse paz||iqouwul) ¥/, =Hd e €O g—wp 69,0~ D00 Buiureuoo Juseniys [Iw snxe | s
eusioeq DZ-M Poy 1Uelug
+ 0893 se Ayoxo | payioadsun Yum Uiw G| 4o} Uojregnou| Wbl AN/COIL c-wWpBL0=0 an0eaY ‘gg-XIN Py Uoiooid 9l
BIU[el] SwieaJ]s a9yl
NN/2O%H/ 4204 ‘WPl 8y} o} WP B /G0 PUE 66°0 (swesns
senfen LBYOSY OLIGIA UHM AN/CO%H *¢O%H/C0 ‘67'0 =000 ‘c-Wph g6z 8914} syuebe Buusiym Jo
+/0/— Iy se Ajjoxoy} ‘olel 82q0g/a00 uopregnoul ‘puewsp usbAxo [eoibojolg ‘Wb AN/EO ‘€0 pue $8'¢ ‘g6'L =000  Buunioeinuew sy} WoJl sjuenjys St
10049 10848 Juswieai-aid uonepelbep [eoibojoig dOov UOBJIUSdUOD [ellu| en|ye Jo 1oy

1O aInsespy

80IN0S/papeibop seolwsyD

panunuod | alqeL

F Chem Technol Biotechnol 79:431—-454 (online: 2004)

434



Chemical pre-treatment of industrial wastewaters

(yBOLIBAO PBANUKIUOD)

L_l

pu

ones q0o/°aod

ones q0o/°aod

ollel 00/5aod
SJUBISUOD 81eJ SI0JU0D)
‘SSewolq Ul 8seasoul ‘sjousyd

[e10} pue QOO 40 [eAOWBY
soles D01/a09d

pue d0o/5aog ‘faodg

0SH3 se AjoIxo} ‘suluby| pue
suluue} ‘gqoD 4o [erowss ‘Sqog

0593 se Aoxo |
0993 se AjoIxo |

0S9H3/| se Aloxo}
‘o) 00/5Q09 ‘lerowss D0d

[erowal OOd

0S03/1 se Aloixo}
‘Oles 400/5Q04 ‘erowss Od
sajel uolepelbap alelsans
0903/001 se Ayoixo
0903/001 se Ayoxo

SIUBISUOD OLIBUIOIYDI0IS

pue oneun| suILLISIep
0] SluBLIBINSESLL DUjeLWoIIdsay

puewsp usbAxo [eolbojoig

puewsp uabAxo [eolbojoig
puewsp usbAxo [ealbojolg

sJojoes)
4oleq Ul swsiueBioololw pareley

puewsp usbAxo [ealbojolg
H8Yyosy) OLqgIA YiM uoiregnoul
‘puewiep usbAxo [eolbojolq
‘Syse|l OMeys Ul 8Bpn|s paleAloy
wnsaJoydsoyd wnusoeqoioyd
ULM Ul G| JO} uoiiegnou|
wnaJoydsoyd wnusjoeqoioyd
YUM UILU G | 4O} uolregnou|
LBYOSI} OLQI/ YIM Uohegnoul
‘puewiep usbAxo [eoibojolq
‘(4g4) ebpnis pereniloe pazijiqowu|
(dg4) ebpnis psjeanoe pazjigouiw
158} AHligepesBepolq susjiep-uyez
H8yosy) OLqgIA UM uoiregnoul
‘puewisp UsbBAXO [eoIbojoIq
‘(4g4) ebpn|s psjeAloe paz|igouww

IS PBIBUILLBIUOD-HYd
WIOJ] PB1RIOS] S8IN)No [eusloey

LBYOSY OLGI/\ YU UILL G | 1O} UOIEEGNOU|
1I8YS} Ol YUM Ul G | 1O} UOITeGNOU|

sJojoes)
4oleq paelelse Ul SSeulolq pajewljooy

CO%H/ +z°4

uonenoool Aq
pepeoeid cOeH/ 4504

€0

¢0%/+z04 'O

(Hd pajiosuooun) €0

€0

/. =Hd e
o
pue ‘v = Hd 1e €0

Wb AN/2O%H/ 4¢84

WBI AN/CO%H/ +¢o

W61 AN/COIL
sjueloeuns
OIUOI-UOU INOYHM

0 yum 20eH/ 4 484
Wbl

AN/QUZ ‘W6 AN/COLL

LEpue ,=Hd e €0

.'6=Hd €0

c-wpbeo=0
(g) g—wpbge =a0d
pue (v) —wpbg'L ~ d00
o-WPB 2 0F 95 L = Saod
‘e—WpbeZz-22 =ad00

o—WpBzs = Sqog
‘e-WpBGe = aood

c-Wpbg0=0

c-WpB gz~ aoo
e-wWpBz0o-10=0
c-WpPB80-61'0=0
c-WpPB I-e¥00=0

c-WpbB6°0 =000
‘e-wpB ¥ =aoo

c-WpBy00~ 0

e-wpb 1 0=0
c-wWpBs00=0

o-WPB o 0L ¥6-600=0

e-WPBG'6 ~ 0D

jousydoJojyolp-‘g
‘lousydoJolyD-

@

Buisseooid jusbislep pue (v)
ASnpul 8|13xa} WoJy syuaniy3

sjuaniye
Buiysem sanio a|gel Moe|g

JusNYS i SAIO

G >foe|g enoesy

a1eyoes| pJeA 6o
|jousydololyo-1
‘lousydoJolyo-¢ ‘jousydoiolyn-g
jouayd ‘euszusqoJyu
‘ploe 210ZUBq ‘Buljiuy
pioe
OlUOYNS-OYLI0-8uUBN|010NU-d
‘uoinuioigolew ‘uoinyodos)

VLRIV

uoJnoidos|

auaJAd[elozuaq ‘eusdelyiuy

61 enig enijoesy
LZ enig enloesy ‘61
an|g aAl10eaY ‘G Moe|g aAnoesy

(swea.s sse204d Unoy
4O BINIXIW) JUSNIYS I BJIXe

474

oy

68

8¢

VA

9¢

ge

e

€

ce

Le

0¢

6¢

8¢

YA

435

F Chem Technol Biotechnol 79:431-454 (online: 2004)



D Mantzavinos, E Psillakis

puewsp usbAxo [ea1bojoIq

(g weans)
g-wpbgs =aoo pue (v

(sweans

+ ollel 400/°Q0d ‘ferowss 0O ‘(4g4) ebpnis pejeniloe pejewooy CO%H/+z°4 weslls) o Wpbz'e =000  om) jueniye Buisseooid yniseAq eie]
auaiAd[elozuaqg
eus1oeq B6G1°0 Jo suaiid
01 UonIgiyul JusoJsad se AJoIX0} B | pue spesq
‘lenowal QOO0 ‘serelpswisiul sse|f yum paxoed
pue 81e/1sgns Jo uonepeltop (98661 -8861 ‘HOVH) 1581 AlIoIX0) JO10B8) UWIN|O0 B 0}
pu ‘0z ‘s1 ‘01 ‘s =x) *gog Jj00 3 ‘puewsp UsbAXo [eolbojolg pa} S| Jarem payeuozQ uanIB Ajondxe 10N auaiAd[e]ozuaq ‘eualid 756G
00LV.L PUB 8BV SUIBAS WnUNWIYaAA]
+ SSBWOIQ Ul 8SE8I0U| gjjouowes Yim uoiregnou| ZHX 00Z 1e punoseln e-WpB_0L292=0 |ousydoJojyoeiued 2s
SIUEISUOD
a1elJ s|I0u0) ‘sjousyd slojoeal 6 o-Wp B~ Saog suan|ye
+ [e101 pue Q0D 40 [eAOWSY Uoyeq Ui 8bpnis pereAioe pajewjooy pue g9 ‘v = Hd e €0 ‘e-wWpb9 ~ oo Buiysem sonjo jaes yoelg LS
SIUEISUOD
a1eJ SI0JU0Y ‘@duBqIoSqe
vSeaN pue sjousyd [e101 (eBemas 01}SeIop YIM Saull
+ ‘NML ‘001 ‘0D jo [erowiey abpn|s psjeaioe perewljooy €0 c-WPBEZ~aA0D 0Ol paMip) enye As|sip BUM  0S'61
nuneiq
SNWISBPOISHUY IO WNINUIODLIARD
+ ymoJb [ebe o} uolgiyul WiNJISeUsidS YiM uoiegnou| /pueg‘c=Hdi o g-wpowwo-|L =9 (loy8wW) jousydouwe-d-|AyieN-u [e1%
ZHM 819 louaydoioyolp-1'g
+ oMeldn usbAxo ‘lerowisl qOD abpn|s paleAnoy JO Q9g 1e punoseJin c-WPBGL'0-G200~ D ‘auszuUsgoIolyD VA%
Buunioenuew
auo|0Zeplwizusg-g
+ o) 0o/5aog puewsp usbAxo [ealbojolg B! AN/CO%H/ 404 c-WPBH9~a0D  -lAyiew-g-oujwe-G wol Jueniys oy
c—Wpb6y ~ O0L (eBemas d1IsaWwop Yum sewil
+/= olle) g0o/"Aog puewsp usbAxo [ealbojoig CO%H/ 4204 ‘e-Wpb /¥L ~ 0D 0L pamiip) Jusniye [Iiw 8AlIO 914
a1eJ uononpoud
sebolq ‘snioydsoyd (Do22-81) c—WpB%oe F 'L ~ aod
+ pue o9 10 [eroway uonsebip olgoseeue oliydoiyoisd ZHM 0S 1e punoselin ‘o-WpB %YL F 28~ A0 JusN|ye ainynoenby i
Wb
AN/2OZH/EO WOl (1ueBielep) B1RHUSOU0D
UmolB [eigosoiw Aesse Alnoe aseusbolpAysp AN/€O ‘CO%H/EO DM ZEAINY PUB (Jausyos)
01 uoniaiyul Jusoled ‘Alnjoe ‘syisel} exeys ul ebpnis pajennoe Wbl AN/CO%H c-wWPB 0~ 00a g10 lodene] ‘(ynisehp)
+ BWAZUS ‘S]UBISUOD 81eJ POUOIA pajew||ooe-uoU pue parewooy ‘b1 AN ‘CO%H ‘€O ‘o—wpbzZ~aoo O on|g POy Jo 8INIXIN ~ £F'2h
109119 1091Je 1UsWieal-a.d uonepeJBep [eoibojolg dov UONBIUSoUOD [eniu| uen|ye Jo 1oy

1O aInsespy

80IN0S/papeibop seolwsyD

panunuod | alqeL

F Chem Technol Biotechnol 79:431—-454 (online: 2004)

436



Chemical pre-treatment of industrial wastewaters

(yBBlIBAO PBNUNUOD)

I_I

+/-

axeldn usbAxo ‘ones q0O/5ao0g

splaIA uononpoud
spioe Al1e] 9|I1e|oA pue sueYla

0503/001 se
AJI0IX0} ‘SSBWOIQ Ul 8SB8.OUl

‘olres d0D/°A0g ‘lerowal oD

ssewolq
Ul eseasoUl ‘lerowal 0D

[erowss OO

0593/} 40 8doUB2sBUILNIOIG
10 uoIgiyul 1usosad se AJoIXo |
SJUBISUOD OLIBUIOIYDI0IS
PUE D8up aujuI1ep
0} SjusWwaINsesw duewolidsay

ollel 0O/9a0d
S1uel1suod
ol|uU NeJY) ‘ferowas gOod

olfed d0o/aod

Ajewoudsal

Bungiepn ‘puewsp usbAxo [eaibojoig
abpn|s pajewjooe-uou
pUB Pa1ewIo0E PaxIW YIm

se|dwes pajn|ip Jo uonsabip dlgoleeuy

wnaJoydsoyd wnue1oeqoioyd

Ylim Uil G| —G Joj uonegnoul

‘puewap usbAxo [eaibojolq
‘aInynd abpn|s pajeAlloe Pajewl|o0y

21n)No eBpN|s PaIeAINOY

uonel|uoig

abpn|s paleAiloe yum skep gz

Jo eubEW BlUYdERT YIM Y 17Z 10
LBYISY OLQIA UIM UIW G IO} UOIFegNOU|

si0j0eal
yoleq peleise Ul SSBUIOI] PalewWIjooy

puewap usabAxo [eoibojoig
sJo1oeal
Uoleq Ul aBpn|s pajeAiloe pajew|ooy

puewsp uabAxo [ealbojolg

S0%H/ %04
‘GZ=Hd1e €0
g =Hd1e €0

SOAYBI AN/OUZ
C0AYBI AN/ZOIL

/ = Hd 12 1y6) AN/EO

€0

ZHX 006G e punosedn

S0%H/+¢o4

Wbl AN/COLL
€0

o]
pue / ‘y'g=Hd e €0

c-wWpbBgv ~ 001
‘e-wpb6'LZ =a00

c-Wpbzve =01
‘e-wpbgLZl =aod

@

weeals) _wpBw e = XOV

‘e-WPB g2 ~ Ao pue (v

weans) o_wpbuw /L = XOV
‘e-wpB9'L ~ 0D

g-wpB6L'0=00L
(weans
Jeyye) o_wWp B0 ~ 0D

c-WpbBe00~ O

c-wpbe'L =aoo
uenjye
8y} Jo} o_WPBZL0~ A0D
JO S8Ap 0ze JO suonn|os
[epowl Jo} o WP b 1'0 =0

g-wpBye ~aoo

g-WpB/ig-g'L ~ oo

Buunioeinuew pioe (Qsq)
dlUoyINSIP- g Z-eusqisoulLLEIn
-¥'y wou) Jueny3

JusNIYS i SAIO

(sweans omy) Buissaooid
pPOOM WOJ} Sjuen|ye Buiyoes|g

$OX8|dWOD UoJ| JO UL}

au} Ul (g_WwpBw L01) Vd1d

10 v1@a3 pue (g_wp bw o)

81B}90E WNIPOS

‘(g—Wp Bw 00G) eyeuLIo)

wNIPOs “(g_Wp B €) [ex0AI5
‘(g—Wip B g) uifjiuen Jo Inixij

(swea.is omy) sjueniye |jiw Joded

ajeusydoJojyoeiuad wWNIPOS
(BueAp uteAk
pue 8iqy OlAUoB WOJ) sweals
peXIW) Jusniye (il ejlxe L
wen|ye
9|11xa] |[oom ‘ebuelO |AUIBIN
TdD-X 8nig dluoe) ‘¢ pay
BAI10BSY ‘G| Py aAloesY
‘D¢ _QX MOJIBA dAOESY
(Joyem pajsIp Yim sawi
€ INoge PaIN|ip) JUSNYS (I SAIO
(ebemes
olIssWoP yum sewlil 0c—0
peIN|ip) eNn|ye AIs|IlSIp BUIA

g9

9

€9

29

L9

09

65

8G

VAS)

99

437

F Chem Technol Biotechnol 79:431-454 (online: 2004)



D Mantzavinos, E Psillakis

S]UBISUOD SJOJ0R8l (2 ~ Hd 1 |e) Wby
+ 8Jel POUO ‘[erowal DO Yoleq pejelse Ul ssewolq palewjooy AN/EO ‘WBI AN ‘€0 c-WpBG0=0 pioe dlpusiolyo VA
uonenbeod Ag
pepadsald uonepIxo
+ Aupiquny pue g0 Jo [erowiey abpnis perennoy [eD1LUBYD0I108|] o-WPB 20~ aod usniye (i ajixe L 9/
T4t ebuelQ |Ausydojos ‘a4
PaY uoJoeqID ‘NY-g 181eds
+ onel q0o/ao0d puewsp usbAxo [eaibojolg S0AUBI AN/2OIL o-WPBWOGZ-09 ~ QOO  [esiedsiq ‘di-O MO|iOA [essedsid S/
Joyoe8l auipuAdiAyiBw-z-1Ay1e-g
pu ejesisgns pue OO JO [eAoway WIIOIQ PS8ZIPIN Ul S8INYNO PaXIIA /. =Hd1e€o g-wpjowwyg =9 ‘SUIPUAdIALIBIN-E 122
80U80SBUIWNOI] wnaJoydsoyd winlisoeqoioyd Jnxodoud ‘proe
- Jo uomqIyul Jusdiad se AJoIXo | UM UILU G| Jo} Uuoreqnou| 20AYBI AN/COLL c-WpBwog =09 oneoe Axousydosolyola-v'g e/
+ SQ0g ‘lerowss Q0D puewsp usbAxo [eaibojoig /=Hd 1o c-wpbs0=0 || 86ueIO 2/
0¢n3/1 Jo HBYIsy OLqgIA Yum uolegnoul
SouULDsBUILUNIOIG JO uoniqIyul ‘1s81 uonedyUNU 6056 OSI N3 asnoywesq
jus0Jad Se AJ0IX0} ‘eluowiwe 1881 AllIqepelbapoiq 8886 OSI N3 10} o_ WP B |"0 ~ qOO pue sjuBN|e 8snoyweaq pue
+ pue DOJd ‘a0 10 [erowsy ‘UWIN|0D Paq Paxl} Ul SSewolq pajelay / =Hd k€0 pJeA-uel Jo) ._wpB S0~ A0D pJek-uey paresali-aid Ajjeaibojolg 120/
wnaJoydsoyd winue}oeqoioyd uolepIXo V.1Qd3 ‘eulpkoenauolyo
+ 0803 se Ayoixo | YHM UL G| =G 40} uonegnou [eOIWUBYD01108]] c-WpBZ0FG2=0a00 ‘ploe oluUE} ‘UIubIT 69
oUBJAIS
+ [erowal qO90 abpn|s pajeAloe pajewjooy €0 uaAIb Ajpoldxa 10N pUE 8|LJUCJAIOE JO BINIXIN 89
SSeuwoIq palewjooe (4orem yum
+ pielk uononpoid aueyiay pozjiqowiw yum uonsseBip olgoleeuy €0 c-WpB6'6g = A0 P3NP %03) JeNniye |Iu 8AIO /9
wnaJoydsoyd wneoeqoioyd
yum uonregnoul ‘1sel Ajiqepelbepolq
0993/1 se AloIxol ‘leAowsl SUs|lepM\—UYeZ ‘puewisp
DOL ‘'sonel (G ‘v 'e ‘gL =X usbAxo [ealbojolq ‘(4g4) ebpnis c-WpPB 70~ D01 pioe
+ doo/*aod pue 901/5A0gd paleAloe pelewl|ooe pazijiqowu| WBI AN/CO%H/ 4o ‘e-wpB L~ 0 OlUoj|NS-0oyLI0-8USN|0J0IIN-d 99
10043 1088 Juswieaiy-aid uonepelbep [ealbojolg dov UO[1J1uUSdUOoD [ely| wanyye Jo o4

1O aInsespy

80IN0S/papeibop seolwsyD

panunuod | alqeL

F Chem Technol Biotechnol 79:431—-454 (online: 2004)

438



Chemical pre-treatment of industrial wastewaters

(yBOLIBAO PBNUKIUOD)

a1el ymwoub oiioads
wnwiixew ‘ssewolq

Jsjowoud ¢OH
J0 18A[e1ED snosusbowoy +2"0
1NOYIM JO UYHIM ‘JO)0eal paulils

ur esesJoUl 'SQOYg D, 0g 1e si0)0eal Yojeq YOleqg ‘Y9 = swi Juswies. c-WpbBEE-€'¢ ~ O0OL juenjye
+/— ‘DOL pUe 0D J0 [erowsy ul 8BpN|s PeleAlloR PeIRWIDOY ‘Do 0+Z—0LL = L ‘BdiN /—€ = V%o ‘e-WpBb L 7L-2L = a0 Buisseooid senjo s|ge} UssID 93
sones DO1/5a0g ploiel=Y]
pue d0o/5aog ssewlolq PaJIIIS SNONUIIUOD JO Yolegiues
‘Aousblislep aAioe paew|ooe YIm puewsp usbAxo ‘UG 9 = awl} Juswiesl] c-wpb /0~ 00L
- pue DOL ‘0D 40 [erowsy  [ealbojolq ‘S1030e8.0lq JUBLLILYDLIUT ‘0,002 =L edNE'L = O ‘- WPB g~ A0D ‘s WpBL =0 (Sy]) eleuoyns suszusqiie jesur] g
15Aje1EO Snosusbolslay
80/ND YIM ‘J0}oesl palils
yoleq ‘yg = ewl Juswiessy (p1oe-H) proe
+ ores d00/5ao4g pueLLsp UsbAxo [edlbojolg ‘0,002 = L ‘ediNg = O o-WPBOL=0  oOyNsIp-9‘e-loyideu-g-ouiy-| 8
JO}oB8l PaUils yoleq ‘yg = awi
sonel ewiesl ‘0,002-0LF = 1 c-WpB6 -2 L =00L
+ aoo/qogav! pue aoo/dod pueisp usbAxo [ealbojoig BdING'L-G'0 = “Od ‘e—wpb8-9 =aod ueniye |iw Jeded pue dind €8
HO®BN Uim
‘]010B8l) PBLIIS Ydleq ‘yg = awil
sofe) uswieall ‘0o G9L-0LE = L
+ do9/aogv! pue q0o/4og pueLsp usbAxo [ealbojolg ‘BdN G -0 = Oy c-WpBeo~0 b 28
(sisAleyeo p1oe) *OdeH
SelelpawIslUIl sejelpawIaiUl 1NOYUM JO YlM ‘J0)0oBal pallins
pue Sgds o uonepelbep pue Sgds O} perewjooe Yorediwes 'y g = awl} Juswijess) c-WpB80~00L (saas)
+ ‘O0L PUE Q0D O [eAOWISY  SSBWIOIC YIM (SAEp O}) SYSE} 9eUS ‘0. 07Z-08F = L '8dING'} = ©Od  ‘c_WpBE ~ 0D ‘g-WPBYL =0  Sleuojns suszusqikospop WNPoS |8
15Aje1eD
snosuaboialay 80)/UN INOYIM
JO yum ‘Jojoeal paq pexiy mopdn
+ olres 00/5ao4g pueLLsp UsbAxo [edlbojoig ‘0,09+-G2 = L "ediN | = Oy c-WpBzZ0=0 lousydosojyola-v'z 08
S1sAereo snosusbowoy
FZHNC AINC oo
1700 " 420 NOYNM JO Yum
‘Joyoeas 8|qang yokeq ‘Y g = auli
Juswiesl) ‘0,091 -0v |k = L
+ ores 00/5ao4g pueLLsp UsbAxo [edlbojoig “8dN8'0-59'0 = *°d o-WpB 292 =a0o juenjye Buisseooud sulydioy 6/
1se]
AuigepelBepolq susjiepn-uyez c0lLL/NY 40 SOIL yum SwesJ1s OM1 8u} o}
[enowal ‘UILU Qg IO} LByasy OLqgIA pue Y gy SJ0l0Bal 8]0A084 Yoleq pue psq c—WpBW gL pue |'yg = XOV (sweans
+/— aoo ‘0503 se Ayoixo] o} BUBBW BIUYGERQ UNM UOEgNOU|  8MOUY ‘D006 = L ‘BJING'S = 1o ‘c-WpBoepue gz=000  Oom}) sjuenjye Buiyoes|q dind-yeryy 8/
10843 108448 Juswieall uolepelbep [eaibojolg SUONIPUOD OV UONBJIUSOUOD [ellu| 1usN|Ye Jo 82IN0S 1oy

-a1d Jo ainses|

/pepelBap sfeolwsyD

(108ye JueOIUBISUI (0 ‘108Ye BAlebaU (— ‘Josye aAllsod +) seiuedold [ea160j0Ig UO Juswes.}-a1d QWM 4O 10843 “g dlqel

439

F Chem Technol Biotechnol 79:431-454 (online: 2004)



D Mantzavinos, E Psillakis

101088 pallls
yoreqiuies ‘yg = swi) Juswiesi]

(000 GE “0000} 000 L ‘009 ‘0S

+/0 olrel 0O/¢aod puewsp ueBAxo [eoibojolg ‘D, 0vg—0k+ = L ‘edINE-2 = O c—WpBGS'0=00L ‘29 = MIN) SI00AI6 susjhuyiehlod /26
uomqiyu Joyoeel palis yoleq ‘Y | = ewl
suILLIBISP O} S|0JIUOD UM 1810BqOAIN Juswiesl} ‘0,082-092 = L
- poseduwod sejel UOHEOUYLIN  PUB SEUOWOSON JO 1S8} UoigIyu| ‘edN2-¥'0 = ©Od c-WpBsz0=0 aulound 96
€0%v/0uz/0nD
1NOYHM JO YUM ‘Jojoeal pallils
yoreqiuues ‘yg = awli} Juswiesly
+/0 ores d0o/faog puewsp usbAxo [eaibojoig ‘0002-08}+ = L ‘ediN | = Oy oc-wWpbg0=0 Il 9buBID G6'v6
JO}oB8J Palils yoregiues c-WpbBG0~D0L
Aesse ‘Yg L = ewi Wuswieasy ‘e—Wpb gL ~ oo
- ferowss DOJ [fenuslod sueyisw [esiusyoolg ‘DoGSL—-ESL = | ‘BN E = Oy ‘e—uwip 6g,0=0D pioe oLewno)-d 6
(p1oe onfuoeAjod ‘epiwe |Auoehjod
‘l0oAI6 susjAdoidAjod ‘joyoore
siswA|od Joy [AuinAiod ‘000 02—002 = MIN Yim
yg = oewinuswieal ‘0,022 = 1 S|00AIB ausjAyieA|od) siewAjod
‘edIN 96’} = %O pue L1 pue (semniisans peleifye
seplue o) Y g = awl} Juswiealy SiewAjod 10} o_Wp 6sz=00L pue aplWelAIng-u ‘epiwelsde
+ o) 0O/a0d puewsp usbAxo [ealbojog ‘00G/2-G82 = L ‘edN € = “Od ‘seplwe Joj o _WpHG =2 ‘OplliewLIo)) sepiwe b3 26
(4zND ‘soddns snolen uo
UIN/e4 ‘19/00 19/00/nD) sisAereo
1NOYHM JO YIM ‘Jojoeal pallils g weans
Uoleq ‘yg = ewi Juswies) 0} g_WpBg/-G'9 =aoo pue (swesns
+ o) 0O/aod puesp usbAxo [ealbojolg ‘0,002-0S+ = L ‘ediN | = O Vv Weans Joj o wpB6L-0F = 0D omy) Juenjye [iw Jeded pue dind |6
ajejuslal Jo
90A08l) puB UOoIIB}JOUBU JNOYIM
Do GE 1B sl0oeal OlgoJee JO YlM J0loBal PaliilS sSnonuiuod
+ [eAOWes DOL  SNONURUOD Ul SSBUIOI] POTRWIO0Y ‘0,0G1—-00}+ = L ‘BdNE = O ¢ WPBGG0="00L ‘c-WPBL=0 (0000} = MIA) [09AI6 susjiylehiod 0668
JO)oB8) PaLINS
Uoleq 'y = ewi Juswiiess)
+ olrel 40o/5ao4d Saod puewsp usbAxo [ealbojolg ‘0,002 = L ‘BdIN }'2 = “Od c-wpbg=0 loyoore |Aumiiod 88
alewjn JUeISUOD Jayowold ¢O2H Jo sisAfereo
ale) qOg ‘uoiepixo snosusboleley €0%v/id ‘D/0ND
[eied ein Aousiolye JNOYHM JO YUM ‘JoJoeal pallils
[eAOWa) QOO O UoiduUNy yoreq ‘49 = auwi juswieay c—Wpbey ~ D0L (eBemas o1sBWIOP Yim
+/0 e se ojel 400/"aod pueLisp usbAxo [ealbojolg ‘0081 = 1 "BdIN L = ‘o-WPB vl ~ Q0D sewi QL peINiip) Jusniye (I BAI0 /8
10843 10849 Juswiiesal) uonepe.bep [eolbojoig SUOIIPUOD OV UOI1eJIUSduUO0D [erju| 1uen|ye Jo 82JN0s 1oy

-84d JO ainses|y

/pepeJbep s[eolwsyd

panunuo g alqeL

F Chem Technol Biotechnol 79:431—-454 (online: 2004)

440



treatment becomes more attractive than chemical
oxidation in terms of rate.

2.2 Recent studies and general trends
A great deal of research into chemical oxidation
pre-treatment has been undertaken over the past
20—25years and the more recent articles (eg those
published since 1996) dealing with the use of AOPs
and WAO as the pre-treatment stage are summarized
in Tables 1 and 2 respectively. It should be pointed
out that the last column in these tables qualitatively
shows the impact of the integrated process on
the effectiveness of the overall system compared
with controls (eg direct biological treatment without
chemical pre-oxidation). Articles published prior to
1996 are reviewed elsewhere? and are not included in
this work. Nonetheless, a comparison between recent
and earlier studies is attempted in Fig 2 which shows
the relative distribution of various AOPs and WAO
used for pre-treatment.

From the data shown in Tables 1 and 2 and Fig 2,
several generic points to be discussed are drawn and
can be summarized as follows:

(1) several different pre-treatments have been
employed with emphasis given on AOPs; of these,
ozonation (alone or in conjunction with another
oxidant) appears to be the most popular pre-
treatment;

(ii) there appears to be an increasing interest on the
application of WAO;

(iii) studies cover a broad spectrum of industry-related
pollutants ranging from single-component model
solutions to multi-component solutions to actual
effluents;

(iv) the effect of pre-treatment on biological properties
is usually evaluated by means of simple biodegrad-
ability and toxicity tests; relatively fewer studies
report biological degradation experiments as part
of an integrated chemical and biological process.

3 TREATMENT SCHEMES

3.1 Chemical pre-treatment

3.1.1 Chemical pre-treatment by means of AOPs
Chemical pre-treatment should ideally be highly
selective towards the least biodegradable fractions
of wastewaters, thus leaving the most biodegradable
species intact for the subsequent biological step.
Unfortunately, the dominant mechanism through
which the majority of AOPs and WAO degrade organic
pollutants is the formation of hydroxyl radicals that are
highly reactive but poorly selective.

Ozone has many of the oxidizing properties desirable
for use in wastewater treatment, although it has been
traditionally employed in water treatment. Unlike
other oxidants, there are two mechanisms through
which ozone can degrade organic pollutants, namely:
(i) direct electrophilic attack and (ii) indirect attack

F Chem Technol Biotechnol 79:431-454 (online: 2004)
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(@)

37%

17%

7%
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37%
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3 29, 15%

Figure 2. Distribution of chemical oxidation technologies used for
pre-treatment: (a) this work, (b) data from Ref 3. 1, Ozonation; 2,
Fenton; 3, photo-Fenton; 4, photolysis/photocatalysis; 5, WAO; 6,
combination of various AOPs (eg O3/UV, O3/H20> etc); 7, other
processes (eg electrochemical oxidation, ultrasound, y-ray
irradiation).

through the formation of hydroxyl radicals. Direct
attack by molecular ozone (commonly known as
ozonolysis) occurs at acidic or neutral conditions
and is a selective reaction resulting in the formation
of carboxylic acids as end-products that cannot be
oxidized further by molecular ozone. Compounds
susceptible to ozonolysis are those containing C=C
double bonds, specific functional groups (eg OH,
CH3, OCH3) and atoms carrying negative charge (N,
P, O, S).?® This unique feature renders ozonation an
attractive pre-treatment for certain classes of effluents.
For instance, agro-industrial effluents such as olive mill
wastewaters typically contain readily biodegradable
fractions such as proteins and sugars and bioresistant
fractions such as polyphenols and unsaturated acids.
In the context of chemical pre-treatment, ozonation
would ideally leave the former intact, while attacking
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preferentially the double bonds of the latter. At
high pH values, ozone decomposes to non-selective
hydroxyl radicals which, in turn, attack the organic
pollutants. Therefore, the pH of the effluent is a major
factor determining the efficiency of ozonation pre-
treatment since it can alter degradation pathways (and
consequently the distribution of intermediates formed)
as well as kinetics. Ozonation is usually coupled
with another oxidant such as hydrogen peroxide or
UV irradiation to enhance the formation of hydroxyl
radicals in aqueous phase.

Photocatalysis has long been used for partial or com-
plete wastewater remediation and numerous studies on
the subject are being published each year. In the con-
text of integrated treatment, two schemes have been
given particular attention, namely: (i) homogeneous
photo-Fenton processes and (ii) heterogeneous semi-
conductor processes.

A major shortcoming of all catalytic treatments
based on homogeneous catalysts is the need to remove
and/or recover the catalyst from the treated effluent
prior to subsequent biological treatment or disposal.
This usually requires an additional treatment step such
as precipitation and filtration. Bozzi et al® have recently
developed a new photo-Fenton catalyst consisting of
iron ions immobilized on silica fabrics. The catalyst
was capable of enhancing the biodegradability of an
industrial effluent containing various chlorocarbons,
phenols and anilines as indicated by an increase of
the BOD5/TOC ratio of the original effluent. More
importantly, the catalyst exhibited considerable long-
term stability without loss of activity for several
consecutive cycles of operation. Conversely, the
respective homogeneous photo-Fenton process had
practically no effect on the biodegradability of the
effluent.

Semi-conductor photocatalysis involves the use of
a light-requiring solid catalyst which is continuously
photoactivated and thereby serves as a source of
active centres on the catalyst surface capable of either
interacting directly with the adsorbed organics, or
stimulating the formation of hydroxyl radicals. Of the
various photocatalysts tested in wastewater treatment,
TiO, is by far the most popular one, while others such
as CdS and ZnO have received less attention.’® Yeber
et al®® compared the activity of TiO, and ZnO with
respect to the effect of photocatalytic pre-treatment
on the biological properties of a pulp mill bleaching
effluent. In further studies, Lizama er al?*® studied
the TiO, and ZnO photocatalytic treatment of a
textile anthraquinone dye and found that ZnO was
more active than TiO, with respect to dye and TOC
removal. With either catalyst, acute toxicity to Vibrio
fischeri increased sharply during the early stages of the
pre-treatment presumably due to the formation and
accumulation of toxic intermediates and progressively
decreased as intermediates were further degraded.

In recent years, there has been increasing interest
in the use of electrochemical methods for wastewater
treatment. Organics can be destroyed by direct anodic
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oxidation or a combination of direct and indirect
oxidation; the latter occurs if chlorides are present
in the effluent and involves the in-situ generation of
powerful oxidants such as chlorine, hydroxyl radicals
and oxygen.!%

Although materials such as graphite, PbO, and
SnO, have been employed as the anode, titanium
electrodes covered by thin layers of various noble
metals (eg platinum, iridium, rhodium, ruthenium) are
widely used due to increased stability, durability and
efficiency.??1%° Electrochemical oxidation, a relatively
easy to operate process which does not require the use
of extra oxidants or other chemicals, has been recently
tested with respect to its applicability as chemical
pre-treatment for industrial effluents.!22276

A relatively innovative process that deserves particu-
lar attention is based on the use of ultrasound (typically
in the range 20— 1000 kHz) for the treatment of chem-
ical contaminants in water. Ultrasonic irradiation of
aqueous solutions induces acoustic cavitation, which
can be defined as the cyclic formation, growth and sub-
sequent collapse of micro-bubbles or cavities occurring
in extremely small intervals of time and releasing
large quantities of energy over a small location. Thus,
cavitation serves as a means of concentrating the dif-
fused energy of ultrasound into micro-reactors. The
heat from the cavity implosion decomposes water into
extremely reactive hydrogen atoms and hydroxyl radi-
cals, which may recombine during the cooling phase to
form hydrogen peroxide and molecular hydrogen.!°!
Sonochemical degradation in aqueous phase involves
several reaction pathways and zones such as pyrolysis
inside the bubble and/or at the bubble—liquid inter-
face and hydroxyl radical-mediated reactions at the
bubble-liquid interface and/or in the liquid bulk.!%?
The relative importance of the various mechanisms
involved primarily depends on the physicochemical
properties of the pollutants in question; the process
is more selective towards hydrophobic and volatile
species that can be degraded easily via pyrolytic reac-
tions, while hydrophilic and less volatile compounds
are degraded slowly via hydroxyl radical-induced reac-
tions. Various investigations report successful removal
of a wide range of organic pollutants from relatively
dilute aqueous solution and it appears that the applica-
tions of this novel means of reaction in environmental
remediation and pollution prevention is unlimited.!%?
Few recent studies!l:!421:4447.60 haye explored the
possibility of employing ultrasonic irradiation as chem-
ical pre-treatment.

3.1.2  Chemical pre-treatment by means of WAO

WAO is ideally suited to effluents that are either too
dilute to incinerate or too toxic and/or concentrated
for biological treatment. At the conditions typically
employed in sub-critical WAO conditions, COD
reductions are usually between 75 and 90%, thus
implying that complete mineralization cannot be
achieved.!* This is so since wet air oxidation of
organic compounds proceeds through the formation
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of lower MW compounds which are recalcitrant
to chemical oxidation and tend to accumulate in
the liquid phase. Such compounds typically include
oxygenated short-chain organic acids (such as acetic
acid) whose further chemical oxidation to CO, and
water is usually the rate limiting step in most
oxidation processes; moreover, organic nitrogen may
easily be converted to ammonia which is also very
stable in oxidation conditions. Nonetheless, when the
temperature and pressure are raised above the critical
point of water (374°C, 22.1 MPa), extremely high
removal rates can be achieved (>99% within few
minutes) even for the most refractory pollutants; this
process is known as super-critical wet air oxidation.

Sub-critical WAO has gained a lot of attention
as a promising pre-treatment over the past decade.
Its main advantage over other technologies is that
operating conditions can easily be modified to achieve
partial or near-complete treatment of moderately
or highly concentrated effluents (10-100gdm™> of
COD). Moreover, the process becomes thermally self-
sustained at >20gdm™> of feed COD and creates
minimum air pollution since the gas phase mainly
consists of spent oxygen and CO,.

Nonetheless, wet air oxidation is still an expensive
process to install and operate because of the severe
conditions required. High capital and operating
costs are associated with the elevated pressures
and temperatures employed, long residence times
and use of construction materials which should
be resistant to the high corrosion rates occurring
under severe operating conditions. In this light,
costs can be significantly reduced by the use of
suitable homogeneous (eg copper and iron salts) or
heterogeneous (eg noble metals such as Pt, Pd, Ru,
Rh and transition metal oxides such as Cu, Fe, Co,
Mn, Ni, Sn oxides in various combinations) catalysts
capable of promoting reactions under milder operating
conditions and shorter residence times.

Another potential advantage of catalytic wet air
oxidation over the uncatalysed oxidation is that,
in the context of an integrated chemical and
biological treatment process, the use of a suitable
catalyst might alter the selectivity of the uncatalysed
oxidation towards the most readily biodegradable
intermediates. This has been demonstrated in a
recent study’® where both the BOD5 content and the
BOD5/COD ratio of a pharmaceutical effluent subject
to homogeneously catalysed WAO were substantially
greater than the respective values of the uncatalysed
process, while COD removal was practically common
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for both catalysed and uncatalysed runs. Similar
findings have been reported by Lee et al®® who
found that wet air oxidation of 2,4-dichlorophenol
over an Mn/Ce catalyst led to the formation of
intermediates that were more biodegradable (as
assessed by the BOD5/COD ratio) than those formed
during the uncatalysed reaction. WAO of azo dye
Orange II over a CuO/ZnO/Al,O; catalyst led to
greater improvements of biodegradability (as assessed
by the BOD5/COD ratio) than the corresponding
uncatalysed process.’* > However, this was attributed
to the smaller concentrations of intermediates formed
during the catalytic process (eg greater COD removal)
rather than to differences in product distribution since
both catalytic and uncatalysed processes proceeded
through the formation of common intermediates.

3.2 Chemical pre-treatment coupling oxidation
and separation

To improve treatment efficiency, chemical oxidation
may be coupled with a filtration step prior to
biological treatment, as illustrated in Fig 3. The
rationale behind this is that the partially oxidized
effluent is passed over a membrane module, where
larger (and less biodegradable) molecules are recycled
into the chemical oxidation reactor, while the
permeate containing the smaller (and potentially more
biodegradable) compounds is fed to the biological
treatment. In this respect, process efficiency increases
since membrane selectively retains large molecules to
undergo further chemical oxidation. This approach
was demonstrated in a study regarding treatment of a
polymer-containing effluent in a continuous sequence
comprising uncatalysed WAO and nanofiltration.!%
This sequence was further coupled with aerobic
biodegradation post-treatment and was capable of
reducing the TOC content of the effluent by about
95% at a biological residence time of 6 h; conversely,
an integrated process comprising WAO and aerobic
degradation alone would require a biological residence
time of 48h to achieve 95% mineralization. Direct
biological treatment (without any pre-treatment) of
the effluent at a biological residence time of 48h
resulted in only about 35 & 13% removal.®’

Another pre-treatment combining separation and
chemical oxidation was proposed by Lin and Kiang'®
who treated a complex, strong effluent from a semi-
conductor-processing plant by means of sequential air
stripping, Fenton oxidation and aerobic degradation.
Air stripping was found capable of removing most of
the volatile organics originally present in the effluent,

Permeate

Biological
treatment

Filtration

Recycle of Retentate

Figure 3. Coupling chemical, physical and biological treatment.
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thus reducing the initial COD by as much as about
35%; the remaining organics were first diluted with
other low-strength effluents from the same plant and
then treated by Fenton oxidation operating at 70°C
followed by biological post-treatment in a sequencing
batch reactor. With this treatment train, the inlet COD
which was as high as 80 gdm™> was reduced to values
below 0.1 gdm™3.

3.3 Other treatment schemes

Other types of integrated treatment in which a
preceding biological step is followed by further
chemical oxidation (eg biological — chemical —
biological or biological — chemical) have also
been reported in the literature. Such integrated
systems may be favourable for wastewaters that
initially contain some biodegradable fractions which
could be easily removed first, and so subsequently
would not compete for the chemical oxidant. Libra
and Sosath!? studied two schemes to treat textile
effluents, namely: (i) ozonation followed by aerobic
degradation and (ii) two-stage anaerobic—aerobic pre-
treatment followed by ozonation and subsequent
aerobic degradation. Biological pre-treatment reduced
colour by about 70% although the organic content of
the effluent remained practically unchanged. In both
treatment schemes, mineralization was achieved in the
ozonation—aerobic degradation stage.

In further studies, the treatment of cork-processing®
and olive mill>” effluents by means of sequential aer-
obic degradation—ozonation and ozonation—aerobic
degradation was investigated. COD removal during
biological pre-treatment was 27% and 73.6% for cork-
processing and olive mill effluents respectively, thus
implying that most of the biodegradable fractions were
removed first biologically. Overall COD removals of
77% and 65% respectively were achieved for the aer-
obic degradation—ozonation and ozonation—aerobic
degradation schemes of cork-processing effluent; the
respective values for the olive mill effluent were 81.8%
and 84.6%.

4 TREATMENT OF INDUSTRIAL EFFLUENTS
4.1 Agro-industrial effluents

4.1.1 Olwe oil mill effluents

Olive oil production is one of the most important
agricultural industries in the Mediterranean area and
is of fundamental economic importance to several
countries. Mediterranean countries produce as much
as 95% of the worldwide production which is about
2.5 x 10° tons, 70% of which is shared between Spain,
Italy and Greece.!%® Olive oil mills vegetation and
washing effluents (OME) are amongst the strongest
industrial effluents with an annual production rate
of more than 3 x 10’m?® and may have COD
values as high as about 220 gdm™> with the organic
matter mainly consisting of polysaccharides, sugars,
polyphenols, polyalcohols, proteins, organic acids and
0il.107
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The strength of OME as well as the presence of
high concentrations of polyphenolic compounds (up
to about 10 gdm™>) which are difficult to biodegrade
due to their bactericide and antioxidant properties
render OME inappropriate for biological treatment
by conventional methods. Moreover, the seasonal
character of olive oil production (which typically lasts
between December and February) in small plants
distributed over large areas as well as the stringent
discharge levels for this type of waste (eg COD
<0.2gdm™3 in Spain!®®) would require a flexible,
decentralized unit to treat OME effectively.

In this respect, several oxidation technologies have
been tested either alone or in conjunction with a
biological stage for the treatment of OME. Benitez
et al’” reported that ozonation of dilute OME (with
COD varying between 10 and 34gdm™>) for 8h
at temperatures between 10 and 40°C and pH
values between 5 and 9 resulted in a moderate
COD reduction (between 12% and 28%). This was,
however, accompanied by a substantial decrease of
the aromatic content of OME (up to 76%) which
was adequate to enhance the subsequent aerobic
degradation. Experiments with a more concentrated
OME (COD ~ 60gdm™>) showed that ozonation
for 8h led to 6.2% COD and 94.3% total phenols
reduction.®” The nearly complete removal of phenols
reduced the associated toxicity to methanogenic
bacteria and facilitated the anaerobic digestion of
OME. Ozone selectivity towards the phenolic content
of OME has also been demonstrated by Andreozzi
et al®* who reported 65% total phenols reduction after
5h of ozonation at pH 8; under these conditions,
the initial COD value of about 122 gdm™> remained
practically unchanged. However, unlike the results of
Benitez ez al®” ozonation by-products were more toxic
to methanogens than the original effluent.

The effect of operating conditions (hydrogen per-
oxide and iron concentration, reaction temperature)
on OME treatment (COD = 95gdm™3) by means
of Fenton oxidation was studied by Beltran-Heredia
et al?® who reported COD and total phenols reduc-
tions up to about 33% and 94% respectively after 8 h
of treatment. In other studies, Rivas er al*> found that
Fenton treatment of dilute OME (COD ~ 15gdm™?)
was capable of reducing the COD content and total
phenols by as much as 85-90% and 100% respectively
after 3—4h at 50 °C. Moreover, the same effluent was
subject to WAO?® for 6 h at 180°C and P, = 7 MPa
after which 30% COD and 80% total phenols reduc-
tion was achieved; the oxidized effluent was more
biodegradable aerobically than the untreated OME.
These studies show that a sequential chemical and
biological treatment may be ideally suited to OME
since mild chemical oxidation by various AOPs and
WAO processes can easily convert biorecalcitrant frac-
tions (eg polyphenols) to more readily biodegradable
intermediates.

Although complete mineralization by means of
chemical oxidation is plausible, this would require
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harsh treatment conditions and consequently become
prohibitively expensive. Rivas ez al'®® reported that
OME treatment by super-critical WAQO at temper-
atures up to 500°C and P, = 25 MPa was capa-
ble of decontaminating completely (eg 99.9% COD
removal) the effluent in 1 —3 min. Israilides er al'%°
who investigated the electrochemical treatment of
OME (COD = 178 gdm?) over a Ti/Pt anode using
NaCl as the electrolyte reported that complete min-
eralization (eg 93% COD and 99.4% total phe-
nols reduction) would require 12.3 kWhperkg of
COD removed, thus making the process econom-
ically unattractive. However, using electrochemical
oxidation as the pre-treatment step prior to biological
post-treatment to achieve 76% COD and 93% total
phenols reduction would require only 4.7 kWh per kg
of COD removed. In further studies, Rivas er al*’
estimated that OME treatment by Fenton oxidation
would cost USD 3.2 perm? of wastewater treated and
gdm™3 of COD removed which is far more expensive
than the cost of biological treatment. Fiestas Ros de
Ursinos and Borja-Padilla'®® who developed a sophis-
ticated three-stage aerobic—anaerobic—aerobic process
for OME treatment reported running costs in the order
of USD 0.1 perm? of wastewater treated and gdm—>
of COD removed.

4.1.2 Effluents from table olive processing

Production of table olives is another common activity
in Mediterranean countries that generates highly
contaminated effluents during different manufacturing
stages including debittering of fruits with NaOH,
washing with water or dilute NaCl solutions (brines)
and fermentation.?*8¢ Depending on the stage these
effluents come from, they are characterized by
moderate to large COD and BOD contents and
also contain considerable amounts of polyphenols
and other aromatic compounds as well as inorganic
salts; furthermore, they are strongly alkaline with
pH values greater than 12. For instance, washing
effluents®->! may have COD contents between about
2.5 and 6 gdm™2, while debittering effluents'!® may
have COD values up to 25gdm>. In common
practice, washing and debittering streams are merged
and dumped untreated into evaporation ponds.?*

In this respect, recent studies have dealt with
the use of advanced oxidation as a suitable pre-
treatment method for this type of waste. Given the high
alkalinity of table olive processing effluents, ozonation
appears to be an attractive treatment option since
ozone can react rapidly with polyphenols through a
combination of direct attack and hydroxyl radical-
induced reactions. This has been demonstrated
in several studies where ozone pre-treatment was
capable of removing most of the phenolic compounds
present in black olives mixed washing and debittering
effluents,?* black olives washing effluents,>*>! black
olives debittering effluents!!® and green olives mixed
washing and debittering effluents;!!! in all cases,
pre-treatment enhanced subsequent biodegradability.

F Chem Technol Biotechnol 79:431-454 (online: 2004)

Chemical pre-treatment of industrial wastewaters

Coupling ozonation with UV irradiation (with or
without hydrogen peroxide) has also been studied?*!1°
and found capable of improving the efficiency of single
ozonation; this was attributed to increased occurrence
of hydroxyl radical reactions. It should be mentioned
that following chemical pre-oxidation the resulting
effluent is nearly neutral (eg pH = 7.5-8.5) due to
the formation of acidic by-products; this is important
since little or no pH adjustment is needed prior to
biological degradation.

Information regarding treatment of table olive
processing effluents by WAO is scarce. Rivas ez al%°
employed WAO (with and without Cu®* or hydrogen
peroxide) to treat an effluent from green olives
processing with an initial COD and total phenols
content of about 12-15gdm~> and 0.3-0.5gdm™>
respectively. A 30% COD and 90% total phenols
reduction was recorded after 6h of uncatalysed
WAO at 180°C and P =5 MPa; these values
increased to 37% and 94% respectively in the
presence of about 0.4gdm™3 Cu?t (without H,O,)
and to 35% and 92% respectively in the presence of
0.34gdm™> H,0, (without Cu?*). Effluents treated
by uncatalysed or H,O,-promoted WAO were more
readily biodegradable aerobically that the original
effluent. Conversely, effluents treated by catalytic
WAO were less biodegradable presumably due to
the presence of toxic copper; this highlights the
need to recover homogeneous catalysts from the
treated effluent prior to discharge or subsequent
biodegradation.

4.1.3 Effluents from wine distilleries

Ethanol production from wines and pressed grapes
generates acidic effluents (eg pH = 3.5-5) with COD
values in the range 10-40gdm™> and the organic
matter mainly consisting of phenols, polyphenols,
carbohydrates and acids.”?® Although such effluents
(commonly referred to as vinasses) are partly
biodegradable, increased treatment efficiencies can
be achieved combining biological treatment with
chemical pre-oxidation. This has been demonstrated
by Benitez ez al’ and Beltran ez al*® who found that
an integrated ozonation—activated sludge process was
more effective than each individual process alone.

4.2 Effluents from textile industries

Textile manufacturing involves several processes (eg
sizing of fibres, scouring, de-sizing, bleaching, rinsing,
mercerizing, dyeing and finishing) which generate
large quantities of wastewaters. These effluents are
highly variable in composition with relatively low
BOD and high COD contents and are typically
characterized by: (i) strong colour due to residual dyes,
(i1) recalcitrance due to the presence of compounds
such as dyes, surfactants and sizing agents, (iii) high
salinity (up to 100gdm™3 NaCl) and (iv) high
temperature and highly variable pH.32°8 Increasing
environmental concerns regarding the treatment and
safe disposal of textile effluents have led to the
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introduction of strict discharge limits all over the
world. For instance, the discharge levels (averaged
over 30 consecutive days) set by the US EPA for
effluents from the yarn dyeing and finishing processes
should not exceed 42.3g COD per kg of product,
while similar limitations apply for effluents from other
textile activities.

Given the complex and bioresistant character of
textile effluents, their effective treatment usually
requires a combination of various physical, chemical
and biological technologies. In view of this, several
AOPs have been employed as a pre-treatment
method aiming at reducing effluent colour and
biorecalcitrance.

Ledakowicz et al*?> and Ledakowicz and Gonera*?
compared various AOPs, namely ozonation, UV irra-
diation, H,O, oxidation as well as all possible com-
binations of the above to treat a synthetic dyehouse
effluent with COD = 2.2gdm™>. They reported that
nearly complete colour removal could be achieved after
90 min of oxidation with ozone, while UV irradiation
was less effective, resulting in 90% removal. All AOPs
were capable of detoxifying the effluent which could
then be treated by activated sludge. TiO, photocatal-
ysis was employed to treat a dilute wool textile effluent
with COD = 0.12 gdm 3.8 Treatment for 30 min was
sufficient to achieve complete colour removal, 45%
COD removal and improve the aerobic biodegradabil-
ity of the effluent (eg the BOD5/COD ratio increased
from 0.26 to 0.39). Ahn ez al®® proposed a three-stage
process comprising Fenton pre-oxidation followed by
activated sludge biofilm and Fenton post-oxidation
for the complete treatment of a disperse dyestuff efflu-
ent with COD = 9.2 gdm 2. Fenton pre-treatment for
60 min was capable of achieving 60—80% COD reduc-
tion depending on the concentrations of H,O, and
iron used. The residual COD was nearly completely
removed by activated sludge treatment at residence
times up to 23 h; the final effluent with a COD con-
tent of about 0.6 gdm™> could be polished by Fenton
oxidation to bring COD down to 0.1 gdm™> (eg this
corresponds to 99% overall COD reduction). In fur-
ther studies, Germirli-Babuna et a/>° employed Fen-
ton oxidation to improve the biological properties of a
yarn and fibre dyeing effluent with COD = 1.9 gdm>.
Depending on the dosage of H,O, used, the extent of
COD reduction varied between 48% and 67% after
1 day of treatment. Rodriguez et al*? proposed a photo-
Fenton process to treat a textile effluent with COD =
4 gdm™>. They studied the effect of operating condi-
tions such as H,O, and iron concentration and reac-
tion temperature on the extent of mineralization and
determined optimal treatment regimes. Nonetheless,
chemical pre-treatment did not manage to improve
the poor biodegradability of the original effluent.

Lin and Peng’® developed a continuous process
comprising coagulation, electrochemical oxidation
and activated sludge to treat dyeing and finishing efflu-
ents. Polyaluminium chloride (PAC) was used as the
coagulant and the effluent, following sedimentation for
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60 min, was subject to electrochemical oxidation. The
partially treated effluent was then sent to a second
sedimentation tank for 30 min and the supernatant
was finally subject to activated sludge treatment. The
effect of changing operating conditions such as PAC
concentration, solution pH, current density, number
of electrodes, residence times in electrochemical and
biological reactors on treatment efficiency was thor-
oughly investigated and optimal conditions were estab-
lished. Coagulation with 40 mgdm—> PAC decreased
the COD content of the effluent from 0.7 gdm™2 to
0.4 gdm—3, while electrochemical oxidation for 18 min
at 30 A current resulted in an effluent with about
0.24gdm~2 COD. The effluent was finally subject to
aerobic degradation for 60 min at the end of which
the remaining COD was 0.1 gdm™2, well below the
discharge limit of 0.2 gdm™2 set by the Taiwan EPA.
Moreover, the transparency of the effluent was about
30cm, twice as much as the minimum acceptable
value. The cost of the proposed treatment was esti-
mated at USD 0.34 per ton of effluent, which was
24% cheaper than that of the conventional treatment.

In addition to the work with actual or synthetic
textile effluents, several recent studies deal with the
treatment of model solutions containing commercial
dyes. Particular emphasis has been given to azo dyes
since they are extensively used in dyeing processes.
Azo dyes contain one to four azo groups usually
attached to two radicals of which at least one, but
usually both, are aromatic groups. These molecules
are chemically stable and hardly biodegradable
aerobically. Although they are easily reduced under
anaerobic conditions, they produce potentially more
hazardous aromatic amines. It is notable that the
European Commission has banned the use of azo
dyes which, by reductive cleavage, may release certain
amines at concentrations greater than 30mgdm™>
(Council Directive 2002/61/EC).

In this respect, chemical oxidation appears to
be a suitable treatment method for azo dyes.
Special attention has been paid on the oxidative
degradation of model aqueous solutions of Orange
II (CieH1N,NaO4S), a biorecalcitrant mono-azo
dye typically found in dyehouse effluents. Several
recent studies concerning the kinetics and mecha-
nisms of Orange II degradation by means of TiO,
photocatalysis,!'>113  ozonation,”>!!'* photo-Fenton
oxidation,!!® electrochemical oxidation,!1%117 sonol-
ysis and y-radiolysis'!® and uncatalysed and catalytic
WAQ*%:119 are available in the literature. Some
of these studies also report improvements in the
BODs5/COD ratio of Orange II solutions subject to
ozonation and WAQ.72:94.93

4.3 Effluents from pulp and paper mills

Pulp and paper bleaching effluents typically contain,
amongst several others, refractory chlorinated organics
that need to be destroyed prior to biological
treatment. Photocatalysis over TiO, or ZnO was found
capable of increasing the aerobic biodegradability
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as well as decreasing the acute toxicity of a pulp
bleaching effluent with initial COD =~ 1.6gdm3
and BODs/COD = 0.3.%% Photocatalytic treatment for
1 min resulted in 44% and 51% COD reduction with
ZnO and TiO, respectively; this was accompanied
by an increase of the BODs/COD ratio to values
greater than 0.5 as well as a 50% reduction of acute
toxicity for both catalysts. Coupling photocatalysis
for 1 min with activated sludge treatment for 3 days
resulted in 62% and 70% overall COD reduction with
ZnO and TiO, respectively; the corresponding value
for direct biological treatment was 58%. The use of
high frequency (500 kHz) ultrasound to improve the
biological properties of an acidic paper mill effluent
with initial COD = 2 gdm~2 and BODs/COD = 0.11
has been demonstrated in recent studies.!* Sonication
at 42GJm™3 of specific energy resulted in 41%
COD reduction and 38% BODs increase, thus
showing a clear improvement of effluent’s aerobic
biodegradability. At a specific energy of 142 GJm~3,
both COD and BODs decreased by about 85%
and 55% respectively resulting in a BODs/COD
ratio of 0.29. At the same time, effluent’s inhibition
to bioluminescence (Vibrio fischert) decreased from
60% to about 20%. Nonetheless, ultrasound proved
inadequate to treat a concentrated pulp effluent with
COD = 15gdm™3; sonication at 40GJm™> led to
neither COD nor toxicity reduction.

On the other hand, concentrated paper mill
effluents with inlet COD up to about 20gdm™>
and BOD/COD = 0.4 were treated successfully by
uncatalysed and catalytic WAO operating at temper-
atures between 130 and 200°C and Po, = 1 MPa.’!
Treatment for 2h at 150°C with and without Cu?*
homogeneous catalyst led to about 60% and 40%
COD reduction respectively. In both cases, the final
BOD/COD ratio was 0.7. The authors also estimated
operating costs for a WAO unit treating 50m>h~! of
pulp effluent with COD = 20gdm™—> at 150°C. To
achieve 50% COD reduction would cost USD 0.44
per m> of effluent treated (or USD 0.04 perkg COD
removed) using air at 5.5 MPa as the oxidant; the
cost would increase to USD 1.1perm> of effluent
treated (or USD 0.11 perkg COD removed) if pure
oxygen at 1.5 MPa were used. Interestingly, activated
sludge treatment costs were estimated at about USD
0.11 perkg COD removed. In a recent study’® WAO
over TiO, and Ru/TiO, heterogeneous catalysts was
employed to treat two pulp bleaching effluents with
inlet COD of 2.9gdm™> and 3.6gdm~3. RwTiO,
was substantially more active than TiO, leading to
over 95% COD and TOC reduction for both streams
at 190°C and P, = 5.5 MPa. Despite the deep min-
eralization, the treated effluents were more toxic to
Daphnia magna than the original streams. Increased
toxicity was attributed to the cumulative effects of
acetic acid (a stable by-product of WAQO) and inor-
ganic salts originally present in the effluents.
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4.4 Effluents containing heavy metals and
inorganic salts

Industrial effluents often contain toxic metals that need
to be removed or recovered prior to biological treat-
ment or discharge. The most commonly employed
method for heavy metals removal is chemical pre-
cipitation. Although this approach is relatively simple
and inexpensive, it has the disadvantage of generating
large volumes of sludge for disposal. In addition to this,
the treated effluent may contain residual coagulants
whose removal requires further treatment. Alterna-
tive methods include solvent extraction, ion exchange,
reverse osmosis, ultrafiltration and electrolysis. How-
ever, the use of an extra process for heavy metals
removal increases inevitably treatment costs. In light
of this, the application of AOPs for the simultaneous
treatment of heavy metals and refractory organics has
been investigated.

An innovative technology, namely electrochemical
peroxidation, was developed to treat effluents contain-
ing heavy metals and organic contaminants.'?® The
process utilizes steel electrodes and H,O, as follows:
applying direct current, steel leaches in the aque-
ous phase as Fe?" which reacts with H,O, to form
Fe37; the latter readily precipitates as hydrous fer-
ric oxide which acts as adsorbent for various metals.
The process has been employed to remove com-
pletely metals such as arsenic, chromium and lead
from water. In addition to this, it has been employed
for the electro-Fenton oxidation of organic pollutants
such as polychlorinated biphenyls, petroleum hydro-
carbons, chlorinated solvents and MTBE. Chaudhary
er al'®' proposed a combined electrochemical and
photochemical process for the treatment of model
aqueous solutions containing 0.5 gdm > Cu(Il) and
0.05gdm~2 EDTA. Electrochemical treatment alone
was capable of achieving 80% copper recovery and
38.9% EDTA degradation after 8 h, while the respec-
tive values for photochemical treatment alone were
zero and 87.7%. Coupling the two processes resulted
in 90% copper recovery and 96.5% EDTA degrada-
tion with these values increasing to 94.3% and 99.2%
respectively with the addition of 5 cm® dm—2 H,0,.

Simultaneous treatment of a solution containing
Cr(VI) and phenol at various concentrations by TiO,
photocatalysis has been demonstrated by Lee ez al.!??
Phenol undergoes oxidative degradation, while Cr(VI)
is reduced to Cr(III); the latter is non-carcinogenic as
well as considerably less toxic and mobile than Cr(VI)
and can easily be removed from the aqueous phase
by precipitation. Other than Cr(VI), metals such as
HgdI), Cu(l), Ag), Au(Ill) and Pt(IV) have also
been treated by TiO, photocatalysis in the presence
of organic compounds such as phenol, aniline and
salicylic acid.!?3

Effluents such as those from textile industries and
table olive processing typically contain considerable
concentrations of inorganic salts and acids. Increased
salinity may have several effects on treatment, the most
common of which are:
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(i) several salts act as radical scavengers; conse-
quently, the oxidant is consumed through waste-
ful reactions;

(i) in the case of electrochemical treatment, NaCl
is likely to advance degradation through the
generation of chlorine and other oxidants.
However, this may be offset by the potential
formation of hazardous chlorinated by-products;

(iii) salts decrease the solubility of organics in
the aqueous phase (salting-out effect), thus
altering the kinetics and mechanisms of chemical
oxidation;

(iv) excessive salinity may impede biological treat-
ment.

5 MEASURING THE CHEMICAL
PRE-TREATMENT EFFECT

As has already been discussed, the primary role of
chemical pre-treatment is the partial oxidation of
bioresistant fractions to biodegradable intermediates.
Total oxidation should be kept to a minimum during
pre-treatment in order to avoid unnecessary waste
of the chemical oxidant and energy, thus reducing
treatment costs. The parameter used most commonly
to describe the performance of pre-treatment is
reduction of lumped concentrations such as TOC and
COD. TOC is proportional to the concentration of
organics in the liquid and is limited to describing total
oxidation as it remains unchanged at mild treatment
conditions where little or no total oxidation occurs.
On the other hand, COD data on its own cannot
differentiate between partial and total oxidation since
both reactions contribute to a decrease of its value.
Therefore, TOC and COD, if used in an isolated
way, provide little useful insight with respect to partial
oxidation.

Jochimsen and Jekel’' proposed the use of a partial
oxidation parameter (CODp,rox) Which compares
COD/TOC ratios at different treatment times to the
initial ratio as follows:
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CODyartox = (CODxitiat/ TOCinigial)
— (COD/TOC)TOC (1)

where CODygyox refers to COD reduction via partial
oxidation alone. The efficiency of COD removal via
partial oxidation (u) is then defined as follows:

n = (CODpartox)/(CODinitial - COD) (2)

u reaches the value of 1 for the ideal case where no
total oxidation occurs and 0 when only total oxidation
occurs.

In further studies!?* COD,i0x Was used to evaluate
the number average MW of a polyethylene glycol-
containing effluent subject to mild WAO. A correlation
between CODy,ri0x and the number of bond scissions
occurring during partial oxidative degradation of the
polymer was proposed and provided a rapid and
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relatively reliable assessment of the degree of polymer
fragmentation.

Another way to combine TOC and COD data has
been proposed by Scott and Ollis? as follows:

AOSC = 4(TOC-COD)/TOC 3)

where AOSC is the average oxidation state of carbon
in the aqueous phase and COD, TOC are expressed
in molar concentrations. AOSC takes values between
—4 (eg methane) and +4 (eg CO,) with high values
indicating a high oxidation state of the organics in the
liquid. The main drawback associated with the use
of AOSC is that it cannot indicate how much partial
and total oxidation has taken place since the start of
the reaction. Clearly this parameter only reflects the
oxidation state at one given time and it cannot be
used for assessing the progress of partial oxidation
reactions.

Regarding the biological step, the effect of chemical
pre-treatment on the properties of the effluent is
usually assessed by means of:

(i) biodegradability tests,
(i) toxicity tests,
(iii) integrated studies where the partially treated
effluent is fed to biological post-treatment,
(iv) a combination of the above.

The standard BOD test has been commonly
employed as a measure of aerobic biodegradability.
Changes in biodegradability are assessed by measuring
the BOD,/COD and/or BOD,/TOC ratios and
comparing the values of the treated samples with
those of the original effluents. These ratios give a
gross index of the proportion of the organic materials
present which are aerobically degradable within a
certain period of time (eg 5days for BODs). The
drawbacks of using BOD for assessing the aerobic
biodegradability of organics have been recognized
since the early 1950s. The limitations of the BOD
test arise mainly from the fact that the microorganisms
may not be adapted to utilize the organics present,
while the rate of biodegradation also appears to vary
with concentration. Bearing these in mind, BOD
results should be interpreted with caution and may
not be directly comparable to data coming from other
sources. Another point of concern is that quoting
values of the BOD,/COD (or BOD,/TOC) ratio
alone may be misleading unless individual BOD, and
COD (or TOC) values are also given. This is so
since, in several cases, a substantial COD reduction
occurring during chemical pre-treatment rather than
an increase in BOD,, is responsible for increased ratios
of biodegradability. Other than the BOD test, aerobic
biodegradability is also assessed by means of shake
flask tests, respirometry and the Zahn—Wellens test.
Anaerobic biodegradability tests are less popular and
usually measure the rate of biogas production (eg
biochemical methane potential test).
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Acute toxicity to freshwater microorganisms such
as Daphnia magna and Selenastrum capricornutum
and marine microorganisms such as Vibrio fischeri,
Photobacterium phosphoreum and Artemia salina has
been measured in several studies and the results are
usually quoted in the form of ECsy values. Levels
of toxicity during chemical pre-treatment appear to
be a strong function of the treatment conditions. In
several cases, toxicity of the original effluent was found
to increase steeply and reach a maximum during the
early stages of the pre-treatment presumably due to the
formation of toxic intermediates,!#22:23:29,31,34,35.73
At longer treatment times, toxicity decreases to
acceptable levels as toxic intermediates are degraded
further. It should be pointed out that an increase
in the toxicity following oxidation is not necessarily
accompanied by a decrease in biodegradability. Wang
et al?®> who studied the ozonation of azo dye Remazol
Black reported that samples subject to ozonation for
up to 150 min were more biodegradable (in terms of
increased BODs and BOD,g values) but also more
toxic to Vibrio fischeri and rat hepatoma cells than the
original effluent.

Although biodegradability and toxicity assays pro-
vide some useful information with respect to the
effect of chemical pre-treatment, trials integrating
chemical and biological degradation experiments are
often needed to obtain an additional, more realistic
assessment of the combined process. Several recent
studies have comprehensively addressed this issue,
employing various biological degradation schemes. In
most cases, post-treatment comprises aerobic degra-
dation in stirred tank or fixed bed reactors with
sludge taken from domestic wastewater treatment
plants. An interesting point associated with biodegra-
dation experiments is whether acclimated or non-
acclimated microorganisms should be used to maxi-
mize degradation efficiency. Contreras ez al'® reported
that biodegradation of 2,4-dichlorophenol subject to
ozonation with non-acclimated activated sludge was
more efficient than that with sludge adapted to phe-
nol (a primary ozonation intermediate). This implies
that a non-acclimated culture may have a larger num-
ber of species which are more adaptable in degrading
oxidation intermediates. Moreover, if acclimation is
used, what should microorganisms be adapted to?
For example, the original effluent, chemical oxida-
tion intermediates or both? Rivas er a/®® found that
biodegradation of a wet oxidized table olive-processing
effluent with biomass adapted to oxidation interme-
diates was faster than that with biomass adapted to
the original effluent. In most studies though, effective
biodegradation with cultures adapted to the origi-
nal effluent has been reported; however, comparison
with non-acclimated cultures or cultures adapted to
different substrates is not made and, therefore, safe
conclusions cannot be drawn.

In contrast to the volume of work regarding aerobic
degradation, few studies report the use of anaerobic
degradation as the biological treatment stage.**%7

F Chem Technol Biotechnol 79:431-454 (online: 2004)

Chemical pre-treatment of industrial wastewaters

6 RESEARCH METHODOLOGY

About two-thirds of the studies reviewed show
that chemical pre-treatment has a clear beneficial
effect on subsequent biodegradability and/or toxicity.
There are, however, cases where chemical pre-
treatment, although conceptually advantageous, has
an insignificant or even detrimental effect on the
properties of the original effluent. This may be due
to several reasons, the most common of which are:

(1) Formation of stable intermediates that are less
biodegradable than the starting molecules.

(i) Lack of selectivity during chemical pre-treatment
to attack bioresistant rather than biodegradable
fractions.

(iii)) Poor selection of treatment conditions. For
instance, very mild pre-oxidation does not suffice
to inflict serious changes on the properties of
the effluent; on the other hand, excessive pre-
oxidation may lead to effluents that possess little
metabolic value for the microorganisms.

(iv) No action is taken to remove the excess
of oxidant and/or catalyst used in certain
oxidation schemes. Compounds such as ozone
and hydrogen peroxide (both of which are well-
known disinfectants), metals, metal oxides and
metal salts (catalysts in several processes) are
usually toxic to microorganisms.

The aforementioned limitations highlight the need
to establish a step-by-step research methodology
which is schematically shown in Fig 4. To design
an integrated treatment on a rational basis, the
routes through which chemical oxidation enhances
biodegradability should be thoroughly examined and
understood. This is so since chemical pre-treatment
will greatly affect the performance of the subsequent
biological step and eventually determine overall
efficiencies. Therefore, detailed studies with respect
to the effect of operating conditions (eg contact
time, type, dosage and toxicity of oxidant and/or
catalysts, temperature) on the primary properties of
the pre-treated stream are needed; such investigations
necessitate the use of state-of-the-art analytical
tools, elucidation of reaction mechanisms, pathways
and kinetics, and an assessment of chemical pre-
treatment on the biodegradability employing various
degradability and toxicity tests.

The extent to which chemical pre-treatment
is studied is usually determined (and restricted)
by the type of effluent in question. Depending
on its complexity as well as the availability of
analytical resources, characterization could range
between measuring gross parameters such as TOC
and COD (eg in the case of actual wastes) and
individual compounds concentration profiles (eg in
the case of single-component synthetic solutions).
It is evident that working with real-world wastes
unavoidably compromises the quantity and quality
of information that can be obtained; the exact
composition of the original effluent is hardly known,
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Figure 4. A step-by-step approach to evaluate chemical pre-treatment performance.

identification of reaction intermediates is practically
unfeasible, kinetics have to be based on TOC or
COD measurements. On the other hand, studies
with model, representative effluents provide useful
information regarding the crucial early stages of
chemical pre-treatment. However, this information
cannot be directly applied to actual wastes given the
vast differences between model and real effluents. We
believe that bridging the gap between the two extremes
requires a string of experimental studies starting from
model solutions prior to moving to more complex and
eventually to real effluents. This step-by-step and often
laborious approach has not been extensively used in
previous studies.

7 MODELLING STUDIES

The literature suggests that, unlike the sizeable amount
of experimental data available, there is little infor-
mation on mathematical models to describe each
individual step and, more importantly, the over-
all process. Few studies have attempted to model
the kinetics of the main processes involved during
treatment.3®:50:56.57.77.83 Tp) these studies, chemical oxi-
dation (eg WAO, ozonation or Fenton oxidation) is
typically described by a first-order rate expression with
respect to the organic substrate, which is expressed in
terms of COD, BOD or other gross parameters such as
the aromatic content of the effluent. Aerobic biodegra-
dation is used as post-treatment and models based on
Monod,”” Contois?®>° or Grau®” kinetic expressions
are assumed. In a recent study, Rivas et al'?®> devel-
oped a comprehensive semi-empirical mechanistic and
kinetic model to describe the treatment of table olive
fermentation brines by means of sequential Fenton
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oxidation and aerobic degradation. A set of 21 first-
order differential equations was used to describe the
kinetics of all plausible pathways occurring during
the chemical oxidation step, while the Monod equa-
tion was used to model aerobic degradation. Their
approach was validated experimentally and was found
capable of predicting COD and H,O, concentration
profiles during chemical oxidation as well as biomass
growth during aerobic degradation. Moreover, the
model adequately predicted the effect of changing dis-
solved oxygen concentration on COD removal but
it failed to describe the respective effect of changing
Fe>* concentration.

A common feature of the aforementioned studies is
that they do not attempt to bring together the charac-
teristic kinetic forms found in the individual processes;
this would be necessary to develop overall, engineer-
ing models which are required for process design and
economics and the determination of optimal operat-
ing conditions. Towards this direction is the work by
Scott and Ollis'?® who developed a model capable
of predicting the performance of a combined pro-
cess comprising chemical oxidation in a continuous
stirred tank reactor and aerobic biodegradation at dif-
ferent biological reactor configurations (eg chemostat,
reactor with biomass recycle, plug flow reactor with
immobilized cultures) and inhibitory biological kinetic
regimes. Model simulations showed that a two-step
process could achieve high treatment efficiencies at
chemical reactor residence times substantially smaller
(eg up to 14 times) than those required for a single-
step chemical treatment, thus resulting in reduced
treatment costs (eg up to five times in terms of chemi-
cal reactor capital cost). Moreover, optimal operating
conditions were established with the total treatment
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time (eg the sum of treatment times in chemical and
biological reactors) set as a design constraint.

In further studies, Liakou eral’>!?” developed
a kinetic model to describe the combined ozona-
tion—aerobic degradation of azo dye Orange II. Con-
centration profiles of Orange II, ozone, three primary
ozonation intermediates and COD during ozonation
were successfully predicted by the model, while the
Monod equation was used to model cell growth and
substrate utilization during aerobic degradation. The
overall model comprising 16 differential equations was
coupled with several cost equations and used to esti-
mate capital and operating costs for an integrated
ozonation and activated sludge treatment plant treat-
ing 20m>day~! of an effluent with an initial dye
concentration of 0.5gdm™3. To achieve 99.4% dye
and 85% COD reduction would cost about USD
316 000 for a 30-year period of operation with 95%
of the total cost accounting for the ozonation stage
(eg capital cost of ozone generator and reactor and
ozonation operating cost).

8 CONCLUDING REMARKS

The environmental, health and safety implications
of biologically resistant, toxic or inhibitory organic
contaminants in industrial wastewater discharges are
causes for serious concern. A sequence of unit
processes to treat such wastes may be advantageous
or even necessary for efficient treatment. Chemical
oxidation offers a promising treatment option for
‘difficult’ wastes. Processes such as photocatalysis,
ozonation, Fenton oxidation and wet air oxidation
have been widely employed for the complete or partial
treatment of various classes of industrial effluents; in
the latter case, chemical oxidation usually leads to the
formation of more biodegradable intermediates, which
can be post-treated biologically to yield efficient overall
contaminant destruction. This process synergy has
gained considerable attention over the past few years as
indicated by the increasing number of peer-reviewed
publications. These studies, mainly experimental in
nature, comprehensively cover a wide spectrum of
issues related to the treatment, eg evaluation of the
impact of chemical oxidant and operating conditions
in question on effluent properties, selectivity towards
partial oxidation, determination of reaction kinetics
and pathways, various configurations of biological
post-treatment.

Photocatalytic oxidation and ozonation appear
to be the most popular pre-treatment technologies
compared with other AOPs as shown by the large
amount of information available in the literature.
The prevailing (but not exclusive) mechanism through
which most AOPs function is the generation of highly
reactive free radicals. Consequently, combination of
two or more AOPs expectedly enhances free radical
generation which eventually leads to higher oxidation
rates. This synergy has been demonstrated in several
studies reporting the use of Fenton’s reagent with UV
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light (eg photo-Fenton process) or ozone with UV
light and/or H,O,.

Wet air oxidation constitutes a relatively recent
development in the field of chemical oxidation pre-
treatment. The process can cope easily with highly
concentrated effluents and usually operates under
harsh treatment conditions to achieve nearly complete
mineralization. Nonetheless, over the past decade
WAO has also been employed under mild conditions
where partial oxidation reactions of the organic
substrate to potentially more biodegradable fractions
dominate over total oxidation to carbon dioxide and
water.

Beside the experimental work, it is also important
to develop realistic and generalized kinetic and yet
mechanistic models for predicting degradation rates
and pathways for each individual step as well as
for the integrated process; research in this area lags
behind experimental work. More importantly, what
the academic and industrial communities are really
lacking is hard evidence that integrated chemical and
biological treatment can be economically competitive
in relation to other treatments. Few studies have,
indeed, attempted basic cost estimates showing that
chemical oxidation is, as expected, more expensive
than conventional biological treatment. However,
provided that direct biological treatment cannot
be used for refractory effluents, it is necessary to
compare integrated multi-stage schemes comprising
different chemical pre-oxidation technologies with the
respective single-stage chemical oxidation on the basis
of total treatment costs.
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