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Regarding agro-wastewaters, the strong loads in bio-
refractory substances and seasonality reduce the efficiency
of biological treatments and ozonation can play an impor-
tant role, so that this article reviews its application for such
streams. Indeed, biodegradability and toxicity removal was
assessed for a wide range of agro-effluents such as olive mill,
wineries and distilleries, pulp and paper, cork and cheese
production. Solid catalysts reveal promising potential, even
though literature is still scarce reporting their use to actual
streams. Thus, forthcoming research must embrace catalytic
ozonation and continuous pilot-scale reactors behavior on
the depuration of real agro-wastewaters to ensure future
industrial application.

Keywords Ozone, Ozonation, Agro-industrial Wastewaters,
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INTRODUCTION

The decrease in fresh water quantity and quality is one
of the major social, technological, economical, and political
problems of our days. Indeed, the access to secure water pro-
visions, hygienic sanitation and suitable waste management
are crucial to health, allowing preventing almost one tenth
of global diseases such as diarrhea and malaria, according to
the world health organization (WHO). If the diminishing of
utilizable water in developing countries is mainly due to eco-
nomical or climatic issues, in developed countries the increase
in industrial and domestic activities generate a wide diversity
of polluted effluents which, when discharged in natural water
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courses, cause a disastrous effect in surroundings (Pera-Titus
et al. 2004).

Therefore, legislation around the world has become more
restrictive concerning environmental regulations and health
quality standards. The European Parliament, reflecting a new
ecological conscience, established a Community framework
(European directive 2000/60/CE) for water protection and
management, ascertaining different uses and highlighting the
necessity to implement solutions against its contamination
aiming to lessen pollutants progressively.

Within this context, environment protection by reducing
and treating the effluents is a major defy to stakeholders
since industrial activities can be seriously threatened if the
environmental laws are not accomplished. Researchers have,
thus, the duty of providing them with the most suitable tech-
nological solutions for each specific case. The traditional
biological treatment systems present unsatisfactory results
when applied to the degradation of wastewaters encompassing
large fractions of bio-refractory compounds (such as the efflu-
ents coming from agro-food processing industries) and the
development of chemical oxidation strategies is then required.

In this ambit, ozonation has been widely studied in the
last decades for wastewater treatment due to its potential in
oxidizing organic matter and disinfection (Pera-Titus et al.
2004), (Gogate and Pandit 2004a; Gogate and Pandit 2004b).
Ozone is a powerful oxidant compound (E° = 2.07 V) able
to react with several chemical species at ambient conditions
of pressure and temperature. Ozone disinfectant properties
have been well known since the beginning of the century;
nevertheless, recently it has received much attention as a
water treatment technology being applied to improve taste and
color as well as to remove organic and inorganic compounds
(Kasprzyk-Hordern et al. 2003).

In single ozonation (without catalyst), ozone presents a
double action over the pollutants according to the medium
pH. At low pH values (pH < 4), ozone reacts selectively with
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compounds comprising high electronic density sites such as
chromophores groups and unsaturated bonds (direct pathway).
Contrarily, for alkaline conditions (pH > 9) hydroxide ions
promote the molecular ozone decomposition into hydroxyl
radicals capable to decompose a wider range of organic
pollutants (free radical pathway). For pH within 4-9, both
pathways are present (Staechelin and Hoigne 1982). Ozone
decomposition in water can be also endorsed by UV radiation
and hydrogen peroxide (Staehelin and Hoigne 1982); (Gogate
and Pandit 2004a; Gogate and Pandit 2004b).

Ozonation alone generally reaches low mineralization lev-
els since the low molecular weight carboxylic acids produced
during the depuration process are refractory to further ozone
oxidation. As a consequence, significant research efforts have
been made to improve ozone action over pollutants by the
addition of homogeneous or heterogeneous catalysts promot-
ing either hydroxyl radicals production or enhancing molecu-
lar ozone reactions (Kasprzyk-Hordern et al. 2003; Legube
and Karpel Vel Leitner 1999; Martins and Quinta-Ferreira
2009; Martins and Quinta-Ferreira 2011a; Nawrocki and
Kasprzyk-Hordern 2010). The use of heterogeneous catalysis
rather than homogeneous is advantageous since it is easier to
retrieve the solid catalyst from the reaction media. Therefore,
the seeking for an active and stable catalyst for environmental
purposes is an important task and intensive studies have been
recently made in this realm.

Heterogeneous catalytic ozonation can follow different
mechanisms, recently reviewed by (Nawrocki and Kasprzyk-
Hordern 2010), depending on the catalyst and pollutants
involved, which difficult generalizations regarding the path-
way of this process. If some authors refer hydroxyl radicals
formation from the catalytic decomposition of ozone over the
solid (Ma and Graham 2000; Sanchez-Polo et al. 2006), differ-
ent conclusions were taken, for example, in the work by (Ma
et al. 2005) where those radicals were not identified as the
main responsible of the nitrobenzene catalytic ozonation over
MnOx/GAC. In fact, our recent results pointed out diverse
mechanisms on simulated olive mill wastewater degradation
by catalytic ozonation at the same operating conditions while
applying different catalysts.

When the laboratory Mn-Ce-O 70/30 was used, treat-
ment was mainly due to surface reactions involving both
pollutants and ozone adsorption on the solid (Martins and
Quinta-Ferreira 2009). Contrarily, the commercial Fe,Os3-
MnOy (N-150) promoted O3 decomposition into hydroxyl
radicals (Martins and Quinta-Ferreira 2011b). Indeed, the
treatment efficiency for catalytic ozonation over Mn-Ce-O
70/30 showed to be independent of the presence of radical
scavengers in solution whereas for Fe,O3;-MnOy (N-150) a
decrease on effectiveness was observed when carbonates
or tert-butanol were added indicating the presence of the
hydroxyl radicals.

Bearing in mind the scientific challenge of proposing suit-
able treatment schemes for agro-industrial wastewaters and
the potential of ozone in this ambit, the aim of this review
paper is to overview and discuss the main results found
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in literature regarding the application of ozonation on the
depuration of real agro-effluents. The use of solid catalysts to
enhance ozone action and the integration of this chemical pro-
cess with traditional biological systems will be highlighted.
In this ambit, for each case, single processes are firstly
addressed, followed by the possible use of co-oxidant pro-
moters (light and H,O,), integration strategies and catalytic
operation results. Trying to shade light to the path to be fol-
lowed in this area, the main questions that still needed to be
answered so that this technology can be industrially spread
will be emphasized.

APPLICATION OF OZONATION TO
AGRO-INDUSTRIAL WASTEWATERS

Agro-industries, generally encompassing food processing,
pulp and paper and cork production, represent a vital econom-
ical branch in most countries. These plants usually consume
large amounts of processing water leading to huge volumes
of polluted wastewater involving complex chemical com-
positions that constitute a serious environmental danger if
directly disposed into the natural water streams. Moreover, in
some cases, the seasonal character of these activities impart
sharp variations in both effluents’ flow and composition which
reduce the applicability of biological depuration systems to
minimize the pollutant impact of such wastewaters. Besides,
these streams present some bio-refractory and toxic com-
pounds such as aromatic substances that disturb both aerobic
and anaerobic reactors.

In this context, the use of chemical oxidation strategies
seems to be required to fulfill the strict environmental leg-
islation for discharge throughout the local water courses.
Ozonation appears as a suitable option for these cumbersome
flows and its application has been widely studied in the last
years for the degradation of model compounds (e.g., Faria
et al. 2009; He et al. 2008; Larcher et al. 2012; Moussavi
et al. 2009) and synthetic mixtures (Carbajo et al. 2006;
Martins and Quinta-Ferreira 2011b). However some research
has been performed regarding the abatement of real effluents
and aiming to highlight the potential of this technology for
the treatment of actual agro-industrial wastewaters this article
reviews the investigation carried out in this ambit.

Olive Processing Wastewater

Olive oil extraction and table olive preparation constitutes
an important economic activity in most of Mediterranean
countries (Mantzavinos and Kalogerakis 2005). For exam-
ple, according to the Portuguese statistics institute (INE),
420 million ton of olives were produced in Portugal in 2010.

The commonly called olive mill wastewater (OMW) is
generated from olives milling and centrifugation to obtain
the oily juice, whereas the effluent generated by the table
olives preparation is due to the stream used for the fruits treat-
ment in order to remove its bitterness (usually it is applied a
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2% sodium hydroxide solution) (Bautista et al. 2008). These
liquid wastes are known by their high organic loading (up to
220 g/L in chemical oxygen demand) encompassing a large
amount of fats, polyphenols and volatile organic acids (Azbar
et al. 2004) with bio refractory and toxic levels. Moreover,
the characteristics of the streams are highly variable depend-
ing upon climatic conditions, olive cultivates, fruit maturation
and type of extraction (Gomec et al. 2007), making difficult
the acclimation of bio-reactors, reducing thus the efficiency
of such depuration systems.

Table 1 summarizes the published works regarding the
application of ozonation on the treatment of actual olive
industry effluents.

Single Ozonation

The most usual way to manage these wastewaters con-
sists in dumping them in evaporation pounds (Karageorgos
et al. 2006), which are an environmental danger for ground-
water besides the production of bad smells (Azbar et al. 2004).
Moreover, this process depends upon the weather conditions.
It means that the effluent may not evaporate by the end of
the summer and the pond may not be available in the next
year. Karageorgos et al. (2006) analyzed this possibility and
investigated the potential of ozonation on the management of
such weathered effluents (Table 1). Ozone was able to remove
up to 80% of phenolic content (TPh) and color in 120 min
of reaction. However, organic matter mineralization was very
low pointing out that ozone selectively attacks (ozonolysis)
compounds encompassing multiple bounds or specific func-
tional groups characterized by high electronic density. In fact,
COD removal was mainly due to TPh abatement. The high
TPh removal efficiency truly decreased the effluents toxicity
over vibrio fischery.

Molecular ozone by itself is usually very efficient when
the aim is the degradation of compounds prone to suffer
electrophilic attack (such as phenols). However, from the
degradation of those molecules, low molecular weight by-
products (such as carboxylic acids) no further reactive with
ozone are produced, leading, thus, to low mineralization effi-
ciencies. Besides, an important technological issue of this
technology is related with ozone mass transfer being required
a proper gas/liquid contactor design. Chedaville et al. (2009)
applied single ozonation (pH = 5) for the depuration of OMW
proposing an ejector as gas/liquid contactor which enhanced
ozone mass transfer ratio to 95%. However, even if up to 80%
of TPh removal was attained only 48% of COD degradation
was possible in 40 min leading to a final stream still with
about 3.4 gO,/L much above the legal limit of 150 mgO,/L
for direct discharge to the natural water courses being pro-
posed its disposal into a classical wastewater treatment plant
for further management.

pH is a key factor in ozonation, ozone is known by
its double action over the pollutants which can be through
direct molecular attack (direct pathway) that mainly occurs
at low pH values or by indirect reactions involving ozone

Review of Ozonation Treatment of Real Agro-Industrial Wastewaters

decomposition into hydroxyl radicals which unselectively
react with a wide range of compounds (radical pathway)
enhanced by alkaline conditions. Thus, Rivas et al. (2000a)
analyzed the possibility of enhancing ozonation action over
table olive wastewater (TOW) and olive oil mill wastewater
(OMW) by the application of different acidic and basic cycles
during the process. The aim of the investigation was to joint
the advantages of both mechanisms and it was concluded that
the application of sequential acid and alkaline stages increased
COD removal when compared to the values attained when
ozonation was carried out in a nonsequential way.

Moreover, the best results were observed when the treat-
ment started at pH 4 (for 20 min) followed by an alkaline stage
(pH 10) with COD abatement of about 99%. This enhance-
ment was attributed to the best use of the ozone. In fact, in
the first stage, the substances reactive with molecular ozone
were degraded and in a second phase pH is raised promot-
ing the production of hydroxyl radicals, which are reactive
with the remaining organic compounds refractory to ozone.
In addition, an increase on the effluents biodegradability in
more than 100% (measured by the ratio BODs/COD) was
observed when pH was sequentially changed along the reac-
tion contrarily to the case where pH was kept unchanged
actually leading to a slight BODs/COD decrease. The final
results pointed out that it would be possible to implement
an aerobic biological system afterwards to further refine the
wastewater. In order to minimize operating costs with the
addition of mineral acids or bases to change pH, the authors
propose the joint treatment of TOW (typically an alkaline
stream) and OMW (generally acidic) as an alternative way to
endorse pH variations during the process.

Ozonation Aided by Light and/or Hydrogen Peroxide
The results attained by Rivas et al. (2000b) reveal the
potential of promoting hydroxyl radicals production that may
be accomplished at alkaline conditions or by using ozonation
aided by H,O, or UV radiation. A synergetic effect was
detected between ozone and hydrogen peroxide leading to
a high improvement in what regards the COD abatement
of debbitering table olive wastewater (Beltran et al. 1999).
In fact, while O3 reached about 50% of COD removal, the
application of ozone aided by hydrogen peroxide (1073 M)
was able to degrade up to 80% of the initial COD.
Furthermore, the use of ozone with low concentrations
of hydrogen peroxide favored the effluents BODs/COD
enabling then a further aerobic digestion. Similar results
were attained when UV (5.26 x 107% Einstein/s) was cou-
pled with ozonation promoting up to 75% of COD depletion
besides an improvement on the wastewater biodegradability.
It seems then that those chemical methodologies should be
used prior to aerobic biological treatments to promote a
previous removal of bio-refractory and toxic compounds.
Benitez et al. (2001) verified an increase of up to 90% of
COD removal and an improvement of biodegradability with
BODs/COD raising from 0.55 to up to 0.96 when ozonation

January—February 2014 5



(000T T8 19 seAry)
(600T

T2 39 9[[1APaYD)

(9002
‘[e 12 S031093eIRY])

(%09-1C
woiy paroxduwir sem OD/SA0K)

%06 = "4IX
%66 = 909X
081-591

*6G1-0¢ :(urw) Surun duIfeyy
$91-SGT 00 -(uru) Surun dIpry
:(MINO) 20uanbas juaunean 1s9g

(%001 uey
azow ur paaordwr sem qOD/*A0q)

PE L6 = 1LY
%L L = 900X
081-691

*6G1—0¢ :(urw) Surn duIeyy
§91—GST *0T—0 “(urw) urwm dIpIoy
:(AAOL) @ouanbas juounjear; 1sog

%8y = 409K
%08 = :mhvm

[eAaowrar A191%0} YSIH

%09 — 0T = 999X
%08 = FE,JA = S_ouvn

(soroko a1seq) 01 = Hd
(soroko proe) 4 = Hd
u/10T=""0

W/3 €7 = ,09 /760 = """

fY/ g =SB (D,07 = LU O =
:opowt

mSOSEﬁﬁOU 1%4 EM mno ﬁoﬁ.ﬁwo Sem EOEMEONO

urw (g = ¥
sonfea sjuanyye mer = Hd
T 8W OL—0T = )00 furu/ g = 5

(001:1 pangip sem ddures oyy) 68y = Hd
$- 18w 086 = OydlL ¢ ;_1 3w 00068
=004 ‘|- 13w [16491 = 0D
MINO

(61:1 pam[ip sem dduwres o) [6°C1
=Hd _TSw¢gg = OydL ¢ ;_1 W 0066
=0qod :;-13w osy1 = °q0D
MOL

¢=Hd: _T13+9="0°q0D
IIBMIISeM [[TU DAI[O

9p=Hd:_T3wooIc
= 0ydL ;-1 3w 000v¥ = °A0D
1191BMI]SEM [[IUL QAI[O PAIdIBaM A[[e1lIRd

L9=mnHd

{- 18w 069 = yqy ¢, T 3w 0SS = °q0D
:1918MQ)SBA [[TW QAI[O palayieam A[[ng

AAUAIJY

S)[NSOI UTRJA!

suonipuo)) suneradp

SOTISLISJORIRYY) I9JBMA)SBAA

SNy Alisnpuj 8AIjQ JO JusWieal] 8y} J0j uoieuoZQ Jo uonedlddy sy jo Alewwns  *| 379VL

January—February 2014

R.C. Martins and R.M. Quinta-Ferreira



(ponutuo))

(LOOT Te 10 ofeqIe))

(010C 'T® 19 SUnIejA)

(800C
BIPAIOH-URN[Qg
pue eroen))

(800T
‘Te 19 1ZZ0dIpuy)

(6661 T8 19 upn[ag)

BSL—0L = 909K
UONBUOZO JNATRIRD)

POy = 909X
uoneuozo 9[3uIg
‘MINO

‘[eAowar qOD 1097e
jou pIp ISATeIeD Y} Jo 2duasaid oy,

‘MOL

%by8—€L = dO0X
:UONBUOZO
Kq pamor[oj ssooo1d s uojuo

%06 = "L
%EE = 09K
:UOIUD]

%9°05-9'6T = "dIx
%1°L1=6y = 909X
:uoneUOZ()

%Gl = snilvm

%€ OF = 400X

ruoneuozQ /(T2 Wim W31y/1y
%9°€9 = HdlY

PE 1€ = 00X
:uoneuoZO

%SL = 0¥
‘AN + uoneuozQ

%08 = 00X
:ZOH + uoneuozQ

%08§ = 409
:uoneuoZQ

uw (zg = ¥
Qw/3 06 = 90
=18 1="9)

(£0S80n)HST01T &) AISA0Id{ :ISATeIR)

W 09—°0 = [ ;o]
W Z6e-88 = [COH]
RIER |
T6—¢ = Hd {W/3 0Z1-0F = 1,90
”QOEQGONO
W .01 X € = [FOsed]
N S0 =[O H]
RIIER |
Uy = M ey 08°€-96'0
= £0d : 4/7 0¥ = 0 D.0v—01 =L
:UoNBUOZ()

urw ()] = ¥ ‘¢ = Hd ‘weans
€O ue Ul €0 JO % 14/ 9¢ = 7O

JaueiNiie]
9-01 X 97'G—(0 = uonerpel AN

W ¢_01-0 = [ZO%H]
W o 01 X €8-7 =290 /70§ =0

TS=Hd_T3wsT 9z
=004 :;-13w 009++ = °d0D
{(MINO) Iremalsem [[TW AT[O

TII=Hd:_T3wggg

=0ydL*-T3W o0l €1
°qod ‘13w 009°€€ = °A0D
((MOL) Ioremaisem 9AI[O A[qe],

= 13w 687 = Oyd.L ‘|1 Sw gL
=0q04d ¢ -1 3w $$8¢ = °q0D
I91BMIISeM [[TUW DA

¥8+ = Hd

-186TT=dL-1807CS
= 0004 ;- 13 0°S6 = °A0D
(I91eMAISeM [[TUT IATIO

18716
=0ydL - T3 I'vE€1 = °A0D
119)eMI)SeM [[TW SAI[O

(I197BMIISBM JAT[O
9[qe) pasn [eIdud3 pue Jurued[d
‘Jurysem ‘3uLIIqqap JO AIMIXIW
®© Jo aAnejuasaldar oq 03 19pIo
Ul SQWI} G PAINIP Sem JUIN[I aU))
cr=Hd _T13¢e—L1
=0qod ¢,-18 sz-61 = °A0D
:SIQJEM)SBM QAT[O 9[qR) SULIONIGA

January—February 2014

Review of Ozonation Treatment of Real Agro-Industrial Wastewaters



(S00€ ®ro1RD pue
BIPAISH 9p uenjog)

(8661
‘Te 19 1ZZOdIpuY)

(L661 T8 19 Zanuag)

(1102
BIRLIQ]-BIUIN()
pue sunejn)

%TS—91 = 40ox
%68-89 = "X

:uoneuozQ
9%G6 = 408y
P18 = 909K

:uonsasIp d1qoIdRUY

d[qISi[Sou = d0Oy
9CC = Py

%G = ;nELvA
:uoneuoz))

(quounean-axd

SB pasn Sem UOIIRUOZO USYM)
doD 3o 3 /PHD Jo Tw 997 = S/Hx

(uonsagip o1qoroeue A3uUls)
doD Jo 8 /YHD Jo T $61 = S/HX
:uU01SAZIP d1qOIABUY

%E Y6 = "dIX
%T9 = 0¥
:uoneuozQ)

€7'0 = d0d/dod
%LT = A9X
(O-UN-94) uoneuOZO JNARIE)

1$°0 = @od/*aod
BTy = 09X
(0-9D-UJA) uoneuoZo S1AEIR)

¥€°0 = d0D/*aod

%01 = 909K
UOT)BUOZO J[3UIS

e 67-0'1 = f0d
“U/T00 =0 0. 0r 01 = LUy =4
:uoneuozQ

SSAJO _T8CIDSE=1L
:UONSATIP 01qOIdBUY

"aod
Jensqns Jo 9()] = JUAQUOD WN[NIOU]
'P/AOD3 §°() peo] d1uesio /O3 §
“UoNeINUIdUOD Aensqns pagJ ), S¢ =1L
:UONSTIP O1qOIdBUY

08pues0S=Hd Yy /~T=1
:uoneuoz()

1:6:0SZ punore J:N:(QD urejurewt

0) Pappe 1M sjuaLNU ¢9)rjordes uo
pauoddns swistuesI00101W (SSA JO T3 H1
:uonSAZIp d1qoIABUY

e O€'] PUB S8}
=£0d y/Tor =20 Do 0z =1LUg=""
:uoneuozO

uw 08 = 4

urw/u 00§ = S50

c Wi oy =,,90

= I801="2D

Onﬁznom ¢ O:ounﬁz Um\mﬁwuﬂo

gy =Hd:_T137C="dL
$-1826=9q04d ‘,-18 $6 = °A0D
JIOJeMAISBM [[TUW JAI[O

=18 Ty =Oydr
HG-187€r=L%-T180€9 =°d0D
(pon[y) I9jemalsem I AI[O

(syuowirradxe

) 03 Joud 950G 01 dn pain[Ip sem JuANPFo

) ¥8y =HA | _ 13 191 = dydL
S-18¢s=0qod ‘18 ¢I1 = °q0oD
J3JeMalSem [rrou ®>:O

= 18w 687 = ydL ¢ 3w OgL
= 0qod {,-13w $$8¢ = °q0D
119JBMA)ISeM [[IW QAT

QOURIJY

SI[NSaI UTRIA

suonipuo) suneradp

SOT)SLIQ)OBIRYY) JOJEMAISBAY

(penupuod) L 379VL

January—February 2014

R.C. Martins and R.M. Quinta-Ferreira



(ponunuo)

(000C 'Te 12 seAry)

(000T
‘[e 19 BIPAIH-UueN[g)

(6661 T2 12 ZoNuag)

%08 = A9x
:(uoneu0Z0 19)58) $sa001d d91qoIay

BYS—%8E = MIX 08— ¢'L
01 ¢'11 woij pasearoap Hd 61|
01 9/°( wo1y paseandul °)q0D/*aod

:uoneuoz)
%9/ = znz.vm
%T8 = X

:(uonsagip d1q1oe £q
POMO[[0] UOTJBUOZO) [BAOWAI [BQO[D)

%05 = znﬁvm
%yL—0L = 909X
:(uo1RUOZO 13)8) $S9201d 91qOIdY

%L9-0€ = 41X
%EE—T = 09X
:uoneuoz

90G = YLy
%18—€L = 909K
:$s9001d 21010y

%88 = "dlx
%S8 = 909K
:(uonsagip d1q1oe £q
POMO[[0] UOT}BUOZO) [EAOWAI [BQO[D)

POS = 1dLx
%18~ = 09X
:(uoneu0Z0 19)58) $sad01d d91qoIay

9,9/, = Udly
%911 = 909K
:uoneuoZ()

%08-0S = "dIx
%98-9L = 400K
:$59001d 91010y

T/SSA3 00TT-S6L 0 :sseworg
:JUAUNEAT) JIQOIdY

) ¢'11=Hd
-1 8w €601 = 1,90 U/ T0T = 0
“GOENGONO
D.0€-01 = L
‘6 = HA *edy 8y +—9¢ v = £0d
EOE&QONO

Yo = _T3wIZ[-0Op] Ssewolg
:JUSWIEAI) JIQOIOY

¢'¢1 =Hd ed¥ 7T 1-¢8°0 = £0d
”ﬁoﬁchNO

Y9 = 3w (99¢—Hrg sseworg
‘JuauneaI) 0IqOIY

(1918MI)SEM

ueqin d1AYIUAS € SuIsn G7: |
PoINTIp SeM I9EMIISeA STYT,)

1671 =Hd ' 13w ey

= 0ydL ‘T 3W 0066
=0qo9 *;-13W Ly¥'vT = °A0D
Iorema)sem Furssaoord QAI[o 9[qel,

1= T8w 81 = %ydy |, _T3w O10S
= 0god *,-1 3w 0009 = °Aod
Jo1eM)ISeM JAIO 9[qe) orlq

= T8w g1 = %ydy 13w 00¢H
= 0qod {,_13w 50sL = °q0D
JO)RMAISBM JAT[O Yor[g

January—February 2014

Review of Ozonation Treatment of Real Agro-Industrial Wastewaters



(200T '8 19 Zanuag)

(100 'Te 12 zayuag)

(0002
‘Te 10 BIpaIOH-ueneyg)

%bL6—96 = 909X
:uonsasip
01qOoJoB AQ PAMO[[0J UOT)BUOZ()

%88 = dOOY
JUAUNELAT) J1qOIdY

%96-88 = 909K
ANl + uoneuozQ

%T6—T8 = 909X
:UoIRUOZ(Q)

%bE6-06 = 909X
:UOTJBUOZO
£q pamo[[oJ uonsaSIp d1qoIoy

%9.-8G = d0oK
JUAUNLAT) J1QOIdY

%b16-08 = 909K
Al + uoneuozQ

%T6-06 = 909X
:CO%H + uoneuoz()

%08-8¢ = 909

:uoneuoZO
P9'L6 = 1LY
%S 86 = 00X

:(uoneUOZO AQ PAMO][O]
uonsaSIp 91qOISR) [BAOWI [BqO[D)

PYL-9y = 1LY
P06-9L = 909K
:sse001d 01q0IOY

%§L-L9 = "4LX
%gS—Ty = 909
:uoneuoz

(wu 9¢p—¢81) dwep AN
ue JuIsn PejoNpuod AIdM SjudWLIddXa awog
€1 =Hd
Yz =" 0Ly = f0d U/T0r = 70
:uoneuozQ)
s/urdisurg

¢ 0T X 9/'] = UONEBIPEI AN ‘Y 9
=¥ gy 90'T-ST'¥ = £0d U/ 0p = 20
AN + uoneuozQ

N 621°0-52S0°0 = [CO*H] ‘U 9

=¥ gy 90’ 1-5T+ = f0d U/ T 0y = "0
:¢QH + uoneuozQ

yo9
=¥ gy 90'1-ST¥ = £0d U/ 0F = 20
:uoneuozO

11 8w 099¢—1Tg :sseworg
Juawean) 01Oy

qe="0D,06-01 =L9€I L

= Hd ‘ed 1095—-€60S = €0d 4/ ST = %0
UEOCNEONO

¢l =Hd! _TSwep=04dL*,_T308C
-02'1 =004 - 13 ¥+ = °A0D
JAJeMI)SEM JAI[O MOR[q A[qRL,

971 =Hd 13w ppg = dyd L
-189¢1=°q04d - 138 6'C-L'C=°d0D
I9JeMI)Sem SUIYSEM JAT[O J[qR],

9¢r=Hd: 18210 ="YdL
L1838 ¢ =00049 -13 L9 ="°d0D
Iojema)sem 3uIssaoo1d QAI[O Yor[q 9[qeL

AAUAIJY

S)[NSOI UTRIA

suonipuo)) suneradp

SOTISLISJORIRYY) I9JBMA)SBAA

(penupuod) I 37GVL

January—February 2014

R.C. Martins and R.M. Quinta-Ferreira

10



(6002 18 12 yBT)

%818 = 900K
:A1/uoneuozo
Kq pomo[[0J uonsaIIp d1qOIY

%L 06 = 909X
:uonsagip
J1qoIoe £q Pamo[[0} A)/UOnBUOZ()

%08 = 909K
:UOTBUOZO
Kq pPamo[[0} UonsaTIp J1qOIdY

%L8 = AO9¥
:uonsasip
01q0IoB AQ PAMO[[0J UOT)BUOZ()

%6L = AOOY
JUAUNELAT) J1qOIdY

%67 = 909K
AN + uoneuozQ

%TT = A9
:uoneuoZQ)

(wu €67 "M p1) dwep AN ue
3uIsn pajonpuod AIoMm SJUAWIIAXS QWO

y¢="Miy/76e=""0
:UonBUOZ()

“I9eM IIM pIIN[Ip pue
PIRINJLIIUAD ATISIY SeM JUIN[J YL,
9°¢=Hd
Y18 LT7=0UdL*_ 13 08¢
=0qod - 18 I'1LT = °T0D
IOJBMISEM [[TUX QAT[O

11

January—February 2014

Review of Ozonation Treatment of Real Agro-Industrial Wastewaters



was combined with hydrogen peroxide (0.0525-0.129 M)
or with UV radiation. Besides, a pH decrease from 12.6 to
8.29 was detected which, allied with the BODs/COD
increase, is favorable for the application of a subsequent acti-
vated sludge reactor. Moreover, whenever ozone was aided by
hydrogen peroxide or UV, the final COD was always below
the Spanish threshold so that the effluent can be conducted
to a municipal wastewater treatment plant, which according
to the biodegradability results, will be able to handle with
this stream. In fact, due to the high costs usually associ-
ated with ozone production it would be economically wiser
to run ozonation only until reaching a stream able to be fur-
ther treated in a biological reactor which generally comprises
much lower operating costs.

Contrarily, Andreozzi et al. (2008) verified a slight COD
removal when ozone was combined with Fe(IIl) and light.
Nevertheless, it should be noticed that while in the previ-
ous studies UV lamps were used, in this case solar light
was applied. Besides the raw effluent presented a higher
COD load, which may explain this apparent discrepancies
between the reported articles. It should still be pointed out
that Andreozzi et al. (2008) analyzed the impact of single and
solar/Fe(III) ozonation over OMW phytotoxicity since usu-
ally these wastewaters are used for soil irrigation; neverthe-
less, this parameter was only moderately reduced indicating
that the use of partially treated OMW to irrigate agricultural
lands should be carefully controlled.

Integration with Other Technologies

The application of integrated treatment methodologies
may enhance global efficiency. Indeed Fenton’s followed by
ozonation showed interesting conclusions on the treatment of
OMW (Garcia and Beltran-Heredia 2008; Martins et al. 2010)
enabling high COD removals. In fact, according to previous
industrial results of our research group (Martins et al. 2010),
this procedure leads to a stream within the legal limits for
its disposal throughout the local sewage guarantying suitable
biodegradability which allows an efficient final depuration in
the municipal wastewater treatment plant. This data was con-
firmed at the industrial scale in a plant built by our spin-off
company Adventech (www.adventech.pt).

Biological systems are still the most widely spread
wastewater treatment technology since are considered envi-
ronmental friendly and operate at an acceptable cost.
However, their efficacy is compromised when the efflu-
ent encompasses bio-refractory compounds. The integration
between chemical and biological systems is usually reported
has beneficial when compared with the individual processes
(Mantzavinos and Psilakis 2004).

Due to the high chemical oxygen demand of olive mill
wastewaters, their preferable treatment would be anaerobic
digestion (Alonso et al. 2000). Moreover, this technology is
recognized by its low cost, besides little energy and nutrients
demand (Benitez et al. 1997). However, the presence of toxic
compounds such as polyphenols and fat acids can compromise
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the stability of the reactor. In this ambit, ozonation can play an
important role to remove such bio-refractory substances and,
therefore, some studies are presented in literature involving
the integration between these two technologies (Table 1).

Benitez et al. (1997) analyzed the direct application
of anaerobic digestion to olive mill wastewater leading to
methane yield coefficient (Yp/s) of 194 mL of CHy/ g of
COD. The use of a prestage of ozonation reduced the phenolic
content of the effluent (up to 94.3% of TPh removal) even
if only a slight COD abatement occurred with this system
(6.2% of COD degraded). It should be referred that the process
occurred at pH 4.84 where direct ozonolysis is predomi-
nant which can explain the low COD depletion. The high
phenolic load of OMW is the main source of toxicity over
the methanogenic bacteria.

In fact, a high enhancement on the anaerobic decomposi-
tion of the effluent was attained when ozonation was applied
as a pretreatment. This was demonstrated by the increase on
Yp,s which reached the value of 266 mL of CH,/ g of COD in
this case. These results pointed out that the chemical process
can be used as a preliminary stage, which will remove most
of the effluents’ toxicity leading to a stream more amenable to
be successfully bio-remediated in order to meet the discharge
regulations.

Different results were though attained in the work by
Andreozzi et al. (1998). Even if a high TPh removal was
reached by ozonation (up to 75% in 7 h of reaction) accompa-
nied by a decrease on lipids concentration (55%) and negligi-
ble COD depletion, lower fermentation yields were detected
when ozonation was applied as pre-treatment. Moreover,
the increase of the pre-treatment time leads to a decrease
on the methane yield and an augment in the anaerobic
digestion lag phase. In fact, when the ozonation reaction
time was higher than 3h the biological process was com-
pletely inhibited. It was thus verified that ozonation, in this
case, produced by-products toxic for methanogenic bacte-
ria which were probably due to the decomposition of lipids
and phenols. In fact, the authors concluded that the by-
products attained by the ozone degradation of oleic acid and
p-hydroxybenzoic acid can be more inhibitory than the parent
compounds.

It is important to stress that no negative impact was
observed over acidogenic bacteria; thus ozonation interme-
diates are probably degradable under acidogenic conditions.
In this context, the authors proposed the application of an
acidogenisic step which could minimize the inhibitory effect
over methanogenisis. These differences between the results
attained by Benitez et al. (1997) and Andreozzi et al. (1998),
somehow highlight the possible impact over the treatment
efficiency of the effluent composition which is impossible
to be totally known. In fact, OMW coming from different
sources strongly varies with the kind of milling process,
olives type and maturation (Mert et al. 2010; Paraskeva and
Diamadopoulos 2006), which are not usually referred in the
publications, making difficult generalizations about the most
suitable depuration methodology. On the other hand, there are
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strong differences in the streams coming from different points
of the mill such as fresh OMW or those coming from a sta-
bilization pond where several wastewaters are joint together,
which strongly changes the effluents chemical composition
that will lead to different results when the same treatment is
applied. This information should be clear in the reports so that
a more general approach of the results present on scientific
literature may be possible.

A different integrated scheme was proposed by (Beltran
de Heredia and Garcia 2005) with anaerobic digestion pre-
ceding the ozonation stage. The biodigester operated under
stable conditions during 2 months reaching up to 81% and
95% of COD and BODs removal, respectively. The remaining
organic matter was attributed to biorefractory species such as
polyphenols. Therefore, the application of a posterior ozone
process to refine the effluent was discussed. In fact, a high
TPh abatement was attained by ozonation (up to 89% after 4h
of reaction).

Even though the advantages of anaerobic digestion, some
problems are associated with the operation of such sensi-
tive reactors on the depuration of OMW, even after this
wastewater suffering a previous chemical oxidation as veri-
fied by (Andreozzi et al. 1998). In fact, it is reported that the
presence of poliphenolic compounds and fat acids promote
instability on the digesters operation (Alonso et al. 2000).
In this ambit, the aerobic biological treatments can be prefer-
able due to their lower sensitivity to the referred inhibitory
pollutants, even if some disadvantages can be ascribed to these
processes. Among those drawbacks it can be pointed out the
production of activated sludge, the need for introducing nutri-
ents (such as nitrogen), besides the higher costs of operation,
maintenance and installation (Alonso et al. 2000). Moreover,
it is unlikely that by themselves, these biological depuration
systems are able to totally remediate OMW since bacteria
are not supposed to degrade bio-refractory species such as
phenolic compounds. In this context, the integration between
biological and chemical technologies seems the most advis-
able decision. Ozonation appears as a suitable option due to its
high reactivity towards those complicated nonbiodegradable
substances.

Benitez et al. (1999) studied the aerobic degradation of
black olive wastewater with and without an ozonation pre-
treatment. The single aerobic degradation process was able
to remove a high fraction of both COD (76-86%) and TPh
(50-80%). In a second stage, the effluent was subjected
to ozonation which promoted a slight COD removal that
increased with the inlet ozone partial pressure (14-16%);
besides, a significant TPh depletion was possible by this
chemical process (up to 76%). It was thus expectable that
this elimination of the inhibitory phenolic compounds could
reduce the effluents toxic character before being further
depurated in a biological step. When aerobic digestion was
implemented after ozonation, 74—81% of COD and 50% of
TPh degradation was achieved which corresponded to global
removal (ozonation + aerobic treatment) of 85% and 88% for
COD and TPh, respectively.

Review of Ozonation Treatment of Real Agro-Industrial Wastewaters

As it can be observed the efficiency attained by the pro-
cesses integration is higher than the average values of each
single system. Moreover, a kinetic study of the aerobic stage
(single and after ozonation pre-treatment) was performed
using the Contois model. It was concluded that the recourse
to a preliminary chemical stage led to slightly higher val-
ues for the kinetic parameters (K = 5.42 x 1072 h!,
Yx/s = 0.280 gVSS gCOD~! and kd = 9.1 x 1073 h™')
than those detected when the biological process is applied to
the raw effluent (K = 4.81 x 1072 h~!, Yx/s = 0.279 gVSS
gCOD™! and kd = 1.92 x 1072 h™"). Similar results were
attained by (Beltran-Heredia et al. 2000a, 2000b) and (Benitez
et al. 2002) using a similar effluent, which seems to point out
a positive effect of ozonation as a preliminary step to improve
aerobic degradation of the effluents by reducing their toxic-
ity. It should be referred that the impact of temperature over
ozonation was analyzed (Benitez et al. 1999; Beltran-Heredia
et al. 2000a, 2000b; Benitez et al. 2002) being detected a mild
positive effect which is due to the dual effect of this parameter
over the process efficiency; if, in one hand, the degradation
kinetic constants rose with temperature, the ozone solubility
in water decreases. It is one of ozonation advantages the fact
that the treatment may occur at room conditions not being
required the reactors heating up, which would increase the
operating costs.

The dilution of highly contaminated wastewaters with
municipal effluents is reported as a promising technique,
Rivas et al. (2000b) analyzed the effect of an ozonation
prestage to improve biological aerobic depuration of a
table olive processing effluent joint with urban wastewater.
Ozonation is a quite interesting process for the treatment
of such streams due to their alkaline character which will
promote hydroxyl radicals formation.

Several experiments were performed about the impact of
ozone inlet concentration over the process efficiency, being
concluded that loads above 30 mgO;/L had no further sig-
nificance over COD removal. For those conditions more than
70% of COD was degraded in 150 min. However, BODs
also decreased along the reaction which can compromise the
resulting effluent biodegradability. In other hand it the pos-
sible impact of the presence of radical scavengers in the
effluent that may reduce the efficiency of hydroxyl radicals
in the treatment was not analyzed. This is an important issue
since these moieties may be naturally present in the effluents
composition.

Ozonation prior to an aerobic stage has to fulfill two
goals: lower the effluent pH until neutrality and remove the
nonbiodegradable compounds, enhancing this way the efflu-
ents’ biodegradability. It was concluded that if the ozonation
time was shortened to 35 min (Rivas et al. 2000b), the pH
of the wastewater decreased from 11.5 to 7.5-8, which is
within the optimal range to implement a biological treat-
ment. Besides, a strong TPh reduction occurred leading to
the formation of smaller and more oxygenated compounds
more amenable to be bio-processed. In fact, for this reac-
tion time the biodegradability of the effluent rose since the
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BOD;/CODy increased from 0.76 (raw effluent) to 1.15
(ozonated stream). The further treatment of the pre-ozonated
wastewater with acclimated activated sludge led to a COD
removal of about 80%, highlighting the efficiency of the
ozonation and aerobic systems integration for the depuration
of such cumbersome streams.

The reverse scheme involving aerobic biological oxida-
tion followed by ozonation was analyzed for black olive
wastewaters (Beltran-Heredia et al. 2000a). Activated sludge
showed interesting COD removal results (76%—90%); how-
ever, slighter efficiency was attained regarding the abatement
of the stream phenolic content (46—-74%). Conversely, the
ozonation of the raw effluent led to moderate COD removal
values (42-55%) and satisfactory TPh degradation (67-75%).
The application of ozonation to the effluent previously biolog-
ically depurated yielded to a global COD conversion of 62%
(higher than when ozone was used to the raw stream). This
enhancement was attributed to the preliminary removal of
most of the biodegradable organic matter by the microorgan-
isms, while ozonation degraded the remaining bio-refractory
compounds (such as polyphenols).

An increase on ozonation Kinetic parameters was thus
observed when this treatment was preceded by the aerobic
system. Similar results were attained by (Benitez et al. 2001)
reaching between 90-93% of COD removal when ozonation
was applied to aerobically pretreated wastewater. It should
be noticed that generally table olive processing wastewater
presents lower COD and TPh loads than those found in OMW,
which may somehow explain the efficiency observed when
activated sludge is directly applied. In other hand, the stability
of the bio-reactor, whenever a sharp change on the effluents
composition/flowrate occurs, was not addressed.

This is the main drawback on the direct application of
biological treatment systems. In our opinion it seems more
advisable to use ozonation in a prior step so that some equal-
ization and toxicity removal may take place before feeding
the effluent to activated sludge; this way the chemical pro-
cess may help to keep the bio-reactor stabilized by controlling
the characteristics of the inlet wastewater. The integration
between aerobic treatment and ozonation was also studied for
the treatment of olive oil extraction wastewater (Lafi et al.
2009) which, generally, are characterized by higher organic
loads (COD = 117.1g L='). The effluent was previously cen-
trifuged and diluted leading to a COD of about 12 g L~!. The
application of single ozonation during 3h led to less than 22%
of COD abatement whereas aerobic biodegradation was able
to remove up to 70% of COD.

The integration between these two processes was ana-
lyzed using the two possible schemes (aerobic biodegradation
followed by ozonation and ozonation followed by aerobic
biodegradation). Both overall sequences promoted more effi-
cient treatment than the individual technologies. However,
the COD removed using aerobic biological treatment of
the wastewater previously treated by ozonation was slightly
higher (87% compared with the 80% achieved by the
sequence aerobic biodegradation followed by ozonation). This
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was attributed to the ozonation capability to convert initial
toxic and bio-refractory compounds into by-products more
amenable for bio-processing.

Gathering up all these results it seems a good option to
integrate ozonation as a pre-treatment before a less expen-
sive activated sludge reactor. However, it is still lacking
analyses involving the possible impact of the seasonal com-
position and production load inherent to these agro-effluents
over the behavior of the microorganisms. Besides, since the
wastewater is only produced during a short period of the year,
it would be probably more feasible to chemically pre-treat
the effluent in situ until the fulfilling of the legal thresholds,
reaching a non-toxic and biodegradable stream. Afterwards,
it would be conducted to the local sewage to be ultimately
depurated in the municipal wastewater treatment plant, rather
than try to run a totally devoted activated sludge reactor, which
would require stronger maintenance and control. In fact, even
if a high load of effluent is produced during a few months
(generally from October to February), in the rest of the year it
would be difficult to maintain the activated sludge (due to the
lack in feeding wastewater). The microorganisms would have
then to be acclimated once again in the next campaign which
is time and money consuming.

Catalytic Ozonation

Ozone action can be enhanced by the application of
suitable catalysts, either homogeneous or heterogeneous
(Nawrocki and Kasprzyk-Hordern 2010). The use of solid
materials allows the retrieval of the catalyst at the end of
the process facilitating their reuse. Even if several studies
are found regarding the application of catalytic ozonation for
the degradation of model compounds, literature is scarce in
what concerns real effluents. Carbajo et al. (2007) tested a
perovskite type catalyst for the ozonation of several phenolic
wastewaters and among them OMW. This effluent is hardly
oxidized by single ozonation (roughly 40% of COD was
abated in 320 min), but, meanwhile, the addition of 1 g L~!
of perosvkite enhanced COD removal to up to 70-75%. It was
not necessary to introduce the catalyst at the beginning of the
process, since some of the initial pollutants have some ability
to be directly oxidized by ozone such as phenolic compounds;
perosvkite will be thus required to enhance the oxidation
of intermediate refractory organic compounds that remain in
solution.

From the analysis of the role of the catalyst over the
depuration pathway, it was concluded that the addition of rad-
ical scavengers had no effect on the process efficiency mean-
ing that the organic compounds degradation occurs mainly
throughout surface reactions than by the generation of radicals
which would oxidize the pollutants in the liquid bulk. In fact,
it can be interesting to enhance molecular ozone reactions
rather than hydroxyl radicals’ pathways, since real wastewater
may encompass in their composition compounds able to scav-
enge hydroxyl radicals compromising, this way, the treatment
efficiency (Kasprzyk-Hordern et al. 2003).
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Martins and Quinta-Ferreira (2011b) compared single
ozonation with the cases where ozone was enhanced by the
laboratory Mn-Ce-O and the commercial Fe-Mn-O catalysts,
in the depuration of OMW. Catalytic ozonation improved
COD removal from 10% to 27% for Fe-Mn-O and to 42%
for Mn-Ce-O. Moreover, the effluents BOD5/COD reached
0.43 (Fe-Mn-O) and 0.51 (Mn-Ce-O), above the thresh-
old of 0.4 generally indicated for highly biodegradable
streams (Esplugas et al. 2004), strengthening that the treated
wastewater can be conducted to an aerobic biological system
to be further refined.

These studies highlight the relevance of pursuing investi-
gation regarding catalytic ozonation for the abatement of real
olive processing wastewater. Besides screening further cat-
alytic formulations, data about catalyst lifetime and regenera-
tion options should be tested and reported. In fact, especially
when dealing with transition metals, active species leaching
may be an important drawback for industrial application, sum-
ming up the possibility of catalyst poisoning by carbonaceous
deposits that will block the access to active sites. In this line, it
is absolutely required to perform catalytic tests in continuous
mode so that catalytic behavior during several days/weeks of
operation may be reported to give industry reliable data about
the real applicability of this process

Winery Wastewater

Wineries and other grape related industries generate large
volumes of wastewaters which can be classified as cellar
wastes (from the production of wine) and distillation effluents
(for the production of liquors and other distillate beverages)
(Strong and Burgess 2008).

Wine production is an important industry in Mediterranean
Sea area countries; for example, in Portugal in 2010 about
7,132,706 hL of wine were produced according to the
Statistics Portugal Institute (INE). Cellars produce annually
large amounts of liquid effluents coming from the many
processing and cleaning operations (Agustina et al. 2008).
Their composition is dependent on the wine styles and kind
of processing and cleaning operations used in each specific
winery.

This means that the effluents characteristics are very vari-
able; moreover, winery wastewater suffers from high seasonal
fluctuations in volume and composition which are related with
the working period (vintage, racking and bottling) (Braz et al.
2010). In this context, even if a high BOD is attributed to these
streams, the application of biological treatment systems can be
compromized by the constant flow and pollutant load changes;
in fact if during the vintage high flow and charged effluents are
produced, during the rest of the year bacteria are hardly main-
tained due to the low organic load of the wastewater. In other
hand, the presence of bio-refractory and toxic compounds
(such as polyphenols) can limit the applicability and efficiency
of such depuration methodologies (Lucas et al. 2009).

In this sense, the application of chemical oxidation
as a pretreatment besides improving biodegradability and

Review of Ozonation Treatment of Real Agro-Industrial Wastewaters

removing toxicity may somehow equalize the composition of
the effluent entering the activated sludge reactor safeguard-
ing its stability. Ozonation can thus play an important role on
the treatment of these effluents due to its activity on removing
phenolic and other unsaturated compounds.

Single Ozonation

Gimeno et al. (2007) tested single ozonation for the treat-
ment of winery wastewater at pH 7 (Table 2) achieving up
to 37% of COD removal in 120 min of reaction; however,
mineralization was very low (TOC depletion of around 15%).
This means that ozone is able to partially oxidize organic mat-
ter leading to the accumulation of oxygenated species but
total oxidation to carbon dioxide and water is not the pre-
ferred route. A slight improvement was observed for COD
removal when ozonation was carried out at pH = 11 due to the
catalytic ozone decomposition by hydroxide anions leading
to HO®.

Nevertheless, TOC values were not much different than
the ones attained for acidic conditions. Due to the break-
age of complex molecules (such as phenolic compounds) into
more oxygenated compounds, one could admit that the efflu-
ents biodegradability would be enhanced by ozonation; even
so, from the BOD analysis it was verified that the treated
stream contained more bio-recalcitrant compounds than the
original one. It should be noticed though that non-acclimated
microorganisms were used in the BOD determination which
means that probably higher degradation would be expected in
a bio-reactor properly acclimated to the pre-ozonated effluent.

Ozone ability to degrade phenolic compounds present in
winery wastewaters was clear in our previous results (Martins
et al. 2009) since total TPh removal was attained by single
ozonation (pH = 3) in 60 min. In addition, a high efficiency
was observed for color depletion (66%) once this parameter
is generally related with the presence of substances encom-
passing high electronic density groups which are reactive
with ozone. Ozonation showed to be an interesting alterna-
tive for suspended solids removal with up to 85% of TSS
degraded in 60 min of ozonation. Besides promoting solids
surface oxidation, ozone also presents charge neutralization
characteristics (Rueter and Johnson 1995), this is an important
issue since solid wastes disposal is an strong environmental
problem nowadays.

However, even if a significant COD abatement of 54%
was observed, less than 2% of mineralization was attained,
meaning that the organic compounds partial oxidation is
the preferred reaction route. Since alkaline conditions can
improve ozonation TOC removal, tests were carried out
at pH = 10; nevertheless, no significant improvement was
observed probably due to the presence of radical scavengers
in the stream (such as carbonates) which reduce hydroxyl
radicals performance.

Lucas et al. (2009), analyzed the behavior of a pilot-scale
bubble column for the depuration of winery wastewater by
ozonation. The effect of pH was analyzed within the range
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4-10 and these values were not controlled throughout the
reaction. It was observed that, whichever the initial value, pH
decreased along time and more sharply for higher initial pHs.
This was attributed to the formation of low molecular weight
carboxylic acids during the oxidation and some carbonic acid
due to the mineralization. COD removal increased from 10%
to 40% in 180 min when pH rose from 4 to 10. However, the
reverse was identified in what regards TPh abatement, with
lower values achieved for alkaline conditions.

This suggests that molecular ozone (main oxidant at acidic
pH) is more selective towards those compounds than hydroxyl
radicals (main oxidants at alkaline conditions) which will
react with other organics in solution. From the analyses of
pH, oxidation reduction potential and ozone consumption, the
kinetic regimes (fast, moderate and slow) were identified dur-
ing the reaction, and it was concluded that the regime changed
along time due to variations on water composition and oxidant
species. In this ambit, besides being recommendable to carry
out this type of reaction (gas-liquid) in bubble columns (large
bulk volume), the selection of the gas-liquid contactor should
consider high contact surface area to volume ratios if the reac-
tion occurs mainly in the gas-liquid interface (fast or moderate
kinetic regime).

Ozonation Aided by Light/ H,O, and Catalysts

To aid O3 action, Gimeno et al. (2007) observed that the
combination between ozone and light slightly improved COD
degradation (43%) when compared with the 37% attained by
single ozonation. A high enhancement on mineralization was
detected (up to 31% of TOC removed) against 15% reached
by O3, pointing out that the presence of light mainly pushes
the degradation pathway towards total mineralization rather
than partial oxidation.

Lucas et al. (2010) tested several ozone-based AOPs
(0O3/UV and O3/H,0,/UV) at a pilot-scale for the depuration
of winery wastewater. Photolytic ozonation was able to
remove COD between 8.4 (pH = 4 and 7) and 26%
(pH = 10) in 300 min. This higher degradation rate
at alkaline conditions was related with the highest avail-
ability of hydroxyl radicals which are also formed by
ozone self-decomposition promoted by the hydroxide ions.
03/H,0,/UV combined process was much more efficiency
on the abatement of the pollutant character of the effluent lead-
ing to 40% (pH = 4), 40% (pH = 7) and 57% (pH = 10) of
COD removal once more pointing out the highest efficiency of
alkaline conditions. In this system, additional hydroxyl radi-
cals are produced due to the presence of hydrogen peroxide.
However, above a certain concentration, there is an excess on
this reactant which can scavenge hydroxyl radicals reducing,
thus, the process efficiency.

In this context, it was identified that the best removal rate
is attained when a ratio COD:H,0, = 2 is used. Comparing
ozone consumption (difference between the values of ozone
flow at the reactors inlet and outlet) by single ozonation
(Lucas et al. 2009) with O3/UV and O3/H,0,/UV, a much
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higher ozone consumption rate was observed in the former
processes meaning that a more efficient use of the introduced
ozone is attained with this combined systems reducing this
way ozone demand and waste.

Photocatalytic ozonation (using TiO; as photocatalyst) was
very efficient both for COD and TOC removals within the
ranges of 80-95% and 60-95%, respectively (Gimeno et al.
2007). Catalyst concentration showed to be a crucial param-
eter, since the increase on its load promoted TOC initial
decrease rate; however, above a certain value, the particles
tend to shield emitted radiation decreasing thus the degrada-
tion kinetic rate. pH effect was also evaluated for this system
and, contrarily to single ozonation, the best degradation was
achieved for acidic conditions probably due to the better
pollutants adsorption on the catalyst surface which was con-
sidered as a key step on this process. Moreover, at alkaline pH
values, ozone is decomposed into hydroxyl radicals reducing,
then, the availability of molecular ozone to play its part in
electron trapping and electro-hole recombination.

Integration Strategies

To improve winery wastewater depuration, several inte-
grated strategies were tested by Martins et al. (2009) involving
flocculation, Fenton’s oxidation and ozonation. It was con-
cluded that a flocculation stage would not be necessary since
ozonation was able to satisfactorily remove TSS. This is
industrially interesting because it will not be required sedi-
mentation tanks and sludge management systems. Moreover,
environmentally speaking, solids destruction is also preferable
avoiding the need of sludge disposal. Among the tested treat-
ment sequences it was concluded that the most efficient would
involve ozonation followed by Fenton’s process leading to a
final TSS and COD removal of 94 and 73%. This enhance-
ment was attributed to the formation of low molecular weight
carboxylic acids (such as oxalic acid) during ozonation which
can improve iron catalytic activity towards the formation of
hydroxyl radicals in Fenton’s oxidation due to their action as
organic ligands (Parsons 2004).

Distilleries Wastewaters

Distilleries produce high polluted wastewaters with large
organic loads (Beltran de Heredia et al. 2005). The pres-
ence of phenolic compounds and the high variations on the
streams composition generally makes biological depuration
an unsuitable option. Unsaturated organic substances prone to
electrophilic attack seem to indicate that ozonation can be an
advisable technology for such effluents (Beltrdn et al. 2001).

Single and Integrated Ozonation

Single ozonation was applied on the treatment of mixed
domestic and wine-distillery wastewaters (10:1 v/v) using
several pH-sequential schemes treatments (Beltrdn et al.
2001). The use of acidic and alkaline cycles, especially when
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two acidic (pH = 4) —alkaline (pH = 10) steps of 10 and
50 min, respectively, were applied during the chemical treat-
ment, was able to maintain high oxidation rates during all the
process, while, when pH was fixed to a value (either alkaline
or acid), after an initial period of high-degradation, a station-
ary COD value is attained. During the acidic periods, phenolic
and other unsaturated compounds are removed; moreover,
inorganic carbon can be stripped favoring the application of
a subsequent radicalar pathway.

In fact, carbonates and bicarbonates naturally present in the
wastewater can act as radical scavengers reducing, this way,
the action of the HO® generated by ozone self-decomposition
for high pH values. Besides the high COD removal attained by
this procedure, an improvement on the effluents BOD/COD
ratio was detected which means that the by-products are
more amenable for bio-processing. In fact, the use of an
ozonation pre-treatment increased aerobic oxidation of a
distillery wastewater (Sangave et al. 2007) reducing in 3 times
the time required by the activated sludge reactor. It means
that lower volume reactors would be needed with this com-
bined system. Finally, the application of a polishing stage with
ozone (after ozonation + aerobic biological system) during
30 min truly improved decolorization and a COD removal of
about 79% was attained after the combined technology.

In a previous work of our research group (Martins et al.
2013), where integrated schemes involving Fenton’s pro-
cess and ozonation were compared for the depuration of
a high strength distillery wastewater (CODy = 19833 =+
160 mgO, /L) it was concluded that even if ozonation was
unable to satisfactorily remove COD (below 10%) when com-
pared with Fenton’s peroxidation; the application of an ozone
stage (either before or after Fenton’s) was very important to
improve biodegradability (BODs/COD = 0.81).

Beltrdn et al. (1997) analyzed the oxidation of distilleries
wastewaters by ozone combined with hydrogen peroxide or
UV. No improvement was observed when ozone was aided by
hydrogen peroxide, since COD removal was slightly the same
in both cases. However, a high enhancement compared with
single ozonation was detected by O3/UV leading to 21.5 and
19.5% of COD and TOC removal, respectively after 2 h of
oxidation at pH = 4. No difference was observed between sin-
gle ozonation and O3/UV for pH > 9. Besides, the amount of
ozone leaving the reactor was much lower when ozonation
was combined with UV which means that ozone is more
efficiently used in this case when compared with the single
process.

The application of ozonation and ozonation aided by UV
and hydrogen peroxide was tested in the degradation of wine
vinasses (Benitez et al. 2003). An improvement was observed
comparing single ozonation with the case where ozone was
aided by both hydrogen peroxide and UV radiation. Indeed,
the maximum COD depletion attained by single ozonation
was 25.5% (for the highest hydraulic retention time in the
reactor, 9 h), whereas up to 58.4% was achieved by the com-
bined system. Also more efficient ozone usage was verified for
the O3/H,0,/UV system. In fact, while for single ozonation
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a consumed ozone yield of 50% was detected, 78% was
attained for O3 /H,0,/UV. Due to the high ability of ozone
to remove bio-recalcitrant and toxic substances (high total
aromatic compounds depletion was observed even for single
ozonation), its suitability to be used as pre-treatment before
an activated sludge reactor was analyzed.

Thus, the degradation achieved by aerobic digestion was
compared when the raw and pre-ozonated effluent was fed
to the bio-reactor. Some enhancement was observed by using
the previous chemical oxidation since a global COD removal
(ozonation + aerobic digestion) of 39.3% was reached when
compared with roughly 27.7% when the activated sludge is
applied directly to the initial wastewater. This strengthens
that ozonation can be an interesting pre-treatment before bio-
logical systems by degrading toxic compounds leading to
by-products more amenable for bio-degradation.

Catalytic Ozonation

As referred before, the addition of a suitable solid catalyst
has proven to truly enhance ozonation of some recalcitrant
wastewaters (Nawrocki and Kasprzyk-Hordern 2010). In what
regards distillery wastewaters, Carbajo et al. (2007) tested
the ability of perovskite for the catalytic ozonation of such
streams. Ozone at pH = 7 was found to be quite efficient for
the degradation of the effluent (diluted 1:10 with tap water)
with up to 90% of the COD depleted in 360 min. In fact,
a decrease on COD degradation to 70% was detected when
perovskite was added to the reactor at the beginning of the
experiment which was attributed to the ozone decomposi-
tion at the catalyst surface impeding its direct attack to easily
reactive molecules (such as phenolic compounds).

Thus, the possibility of introducing the catalyst only after
some treatment time (2h) was tested along which by-products
refractory to ozone direct attack were produced; however, no
significant improvement was observed between the single and
catalytic run. Similar results were attained when single and
catalytic ozonation were carried out at pH = 3. It seems thus
that, in this case, no improvement is attained by using a solid
catalyst; however, only one material was tested. Besides, the
conclusions were drawn by taking into account the impact
over COD alone and no reference is made for other param-
eters such as biodegradability or toxic character of the treated
effluent which may be very different from those obtained by
single ozonation, since the presence of the catalyst may push
the reaction pathway for a different route leading to more
bio-amendable by-products.

Indeed, the selection of a catalyst should bear in mind not
only the abatement of organic load but also its impact over
parameters such as biodegradability and toxicity, along with
its stability throughout time. Alvarez et al. (2009, 2011) ana-
lyzed ozone catalyzed by granular activated carbon (GAC)
for the treatment of an effluent from a full-scale wastewater
treatment plant that treats streams coming from several food-
processing industries nearby, such as wineries, distilleries and
olive mills. The wastewater was collected at the exit of the
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activated sludge settler and still presented a COD value of
522 mg L~!, which is above the legal limit for the direct
disposal throughout the natural water courses.

Single ozonation, single adsorption and application of
GAC after the ozonation reactor, to remove the oxidation by-
products, were analyzed. At the end of each process COD
removals of 35%, 40% and 25% were attained, respectively.
It seems thus that the partially oxidized organic intermediates
coming from ozonation are not suitable to be adsorbed onto
GAC surface. Therefore, simultaneous O3/GAC was tested
and the impact of several operating conditions was assessed.
The presence of GAC improved the ozonation with COD
abatements within the range 50%-82% in 2 h of reaction.
Contrarily to what was expected, pH showed negligible effect
over the O3/GAC process.

This was attributed to the contradictory effect of this
parameter over the several processes involved in COD deple-
tion. Although alkaline solutions promote ozone decomposi-
tion into the high reactive hydroxyl radicals, these conditions
showed to inhibit pollutants adsorption on GAC surface.
Moreover, the influence of pH over ozone decomposition on
GAC surface is still not clear. Continuous experiments were
conducted to verify the suitability of the industrial applica-
tion of this technology. Although single ozonation reached a
steady-state COD abatement of 20%, the catalytic ozonation
over GAC led to 35% of COD removal and low deactivation
was detected over time, which was related with the in situ
regeneration of GAC due to ozone oxidation.

The high organic charge and probable presence of radical
scavenger substances in these high strengthen effluents some-
how difficult ozone action; nevertheless, ozonation integration
with traditional activated sludge reactors arises once more as
an interesting option.

Pulp and Paper Industry Wastewater

Pulp and paper is an important industry worldwide
(Ko et al. 2009). Pulp and paper production uses high
water loads generating, this way, significant effluent streams
usually characterized by soaring COD and BODs values.
Pollutants are generated during the various process stages
and the wastewater composition is variable with the type of
wood materials, process applied and management practices
regarding effluents recirculation for recovery (Pokhrel and
Viraraghavan 2004).

Wastewater is generated along all the pulp and paper pro-
duction steps with highly different characteristics (Pokhrel
and Viraraghavan 2004): wood preparation (high load in sus-
pended solids and BOD); digester house (resins, fatty acids,
color, BOD, COD, AOX and VOCs); pulp washing (high pH,
BOD, COD and suspended solids); pulp bleaching (lignin,
color, COD, AOX, inorganic chlorine, organic chlorine and
VOCs) and paper making (particulate waste, organic com-
pounds, inorganic dyes and COD). Thus, the effluents are very
complex variable and constitute an important environmental
danger. Several authors report toxic effects over ecosystems

Review of Ozonation Treatment of Real Agro-Industrial Wastewaters

when in contact with this type of streams (Ericson and Larsson
2000; Owens et al. 1994; Pokhrel and Viraraghavan 2004).
Pokhrel and Viraraghavan (2004) indicate, based on a lit-
erature review, that both aerobic and anaerobic treatments
can be applied for the degradation of pulp and paper mill
effluents; however, it is pointed out that chemical processes
should be used to promote chlorinated phenolic compounds,
AOX (adsorbable organic halides) and color depletion since
these substances tend to be refractory to microorganisms.
Ozonation can thus play an important role in this field proba-
bly integrated with biological approaches to minimize costs.

Single Ozonation

Zhou and Smith (1997) analyzed the treatment of pulp mill
wastewater by ozonation and concluded that the process was
only dependent upon the amount of ozone utilized regarding
color and AOX removal. In a subsequent work (Zhou and
Smith 2000), the same authors performed bench and pilot-
scale tests involving the ozonation of pulp mill wastewaters
over a large range of operating conditions; besides, the repro-
ducibility of the results attained at a larger scale was addressed
(Table 3).

Wastewater samples were taken from several points of the
existing two-stage aerated lagoon actually used for the efflu-
ent treatment (before, between the two lagoons and after the
settling basin after the biological treatment). The main goal
was to determine the best location to install an ozonation sys-
tem to refine the polluted stream before being discharged to
a nearby river. The results revealed that ozone was very effi-
cient removing color and AOX with high initial rates leading
up to 80% and 50% of degradation, respectively. However,
low COD abatement was attained (22%), probably due to satu-
rated refractory by-products formation. This chemical process
was more efficient for the depuration of biologically treated
streams than for the raw effluent, which was related with
the removal of biodegradable compounds more refractory to
ozone which could also compete by Os.

Regarding these results, it seems that ozonation should be
used as a polishing step after the biological system. To ana-
lyze ozone absorption, O3 off-gas was determined and it was
verified that it increased along the reaction time. This was
related with the high complexity of the wastewater; in a first
step, the compounds readily reactive with ozone are quickly
degraded enhancing thus ozone absorption. This enhancement
declines during time due to the accumulation of substances
more refractory to ozonation reducing thus the amount of
reactant adsorbed and augmenting ozone off-gas, which was
also related with the ratio of superficial gas to liquid veloc-
ity, mean hydraulic retention time, inlet ozone concentration,
flow characteristics and backmixing. Models to predict the
amount of ozone leaving the reactor were developed and it
was concluded that it was possible to run an ozonation system
without an off-gas ozone control system (off-gas ozone has to
be lower than 1 ppm as legally imposed) by controlling ozone
absorption.
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Thus, the ozone contactor should be high enough to guar-
antee gas-liquid contact since most of 0zone absorption occurs
in the bottom of the column; moreover, operating in counter-
current and increasing mean hydraulic retention time showed
to lead to lower off-gas ozone. Similar results were attained
by (El-Din and Smith 2001) when analyzed Kraft pulp mill
effluents ozonation in an impinging-jet bubble column. Higher
enhanced mass transfer coefficients were determined for the
initial reaction times and considerably lowering along the
treatment was further detected.

Besides the high ozone potential on removing color and
AQX, it was verified a significant increase on the effluents
biodegradability after ozonation, due to the decomposition of
bio-refractory long-chain-high-molecular-weight compounds.
This means that the integration between ozonation and aerobic
treatment systems can lead to satisfactory depuration lev-
els before the effluents discharge to the surroundings. The
authors also concluded that impinging-jet bubble column
is an efficient and compact gas/liquid contacting system
involving lower capital and operating costs. In fact, El-Din
and Smith (2002) compared three types of ozone contac-
tors on the ozonation of Kraft pulp mill effluents, namely,
extra-coarse bubble diffuser, impinging-jet contactor and fine-
bubble diffuser, and, even if similar depuration was attained,
the impinging-jet contactor would require lower reactor vol-
umes. Besides, an ozone off-gas destruction system would
not be needed due to the ozone absorption capacity, reducing,
thus, the capital and operating costs of ozonation.

According to Assalin et al. (2004a), ozonation was unable
to completely mineralize Kraft E; effluent (TOC removal
of 20%); however, this technology promoted high toxicity
abatement (measured by Selenastrum capricornutum algal
growth inhibition). The effect of ozone inlet concentration and
pH was analyzed on the depuration of a similar wastewater
(Assalin, et al. 2004b) and it was verified that the ozonation
degradation rate was slower for pH 12 when compared
with pH 10, which may be related with radical scavengers
present in the liquid. High total phenolic content removal
was observed and this parameter was not much affected by
pH. The ozone inlet concentration increase showed a positive
effect over color, TPh and TOC abatement. Nevertheless, min-
eralization was always limited which confirms the difficult of
single ozonation for TOC removal.

Medeiros et al. (2008) concluded that degradation of an
alkaline bleach plant effluent was slightly inhibited when
ozonation was carried out at pH 12 when compared with pH
7. This seems somehow contradictory with the fact that at
elevated pH values ozone decomposition is enhanced lead-
ing to hydroxyl radicals that are more reactive than molecular
ozone. Thus, these points out that recalcitrant and color caus-
ing compounds with higher affinity with ozone are present
in the effluent. Besides, the cumbersome composition of
these wastewaters may encompass radical scavenger com-
pounds which will reduce HO® action over organic matter.
Still, an improvement on the wastewater biodegradability
was attained, which was attributed to the cleavage of high
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molecular weight compounds. Similar results were reached
by Kreetachat et al. (2007) on the ozonation of biologically
treated pulp and paper mill wastewater with BODs;/COD
increasing with treatment time.

With these results it seems advisable to integrate ozonation
with biological treatment systems since chemical oxida-
tion promotes biodegradability. In this ambit, Bijan and
Mohseni (2005) analyzed the sequential ozonation/biological
treatment of an effluent coming from an alkaline bleach
plant. Ozonation promoted BODs/COD increase which was
endorsed due to the cleavage of high molecular weight
to low molecular weight compounds more amenable to
microorganisms. Biodegradability enhancement was higher
when alkaline conditions were used. The integration between
ozonation and aerobic digestion improved TOC removal in
30% when compared with the individual treatment systems.

Akmehmet Balcioglu et al. (2006) analyzed the effect of
pre-ozonation on the biodegradation of bleached Kraft mill
effluent by activated sludge and algal treatment. The pH
increase slightly improved ozonation performance regarding
COD and AOX abatement with 41% and 57% of removal for
pH 7 and 50% and 61% of degradation at pH 12. However,
this parameter had no noticeable impact over the efficiency of
the subsequent biological system.

The highest COD and AOX abatements were attained when
ozonation (pH 7) was used prior to the application of an
activated sludge reactor (90% and 87% depletion, respec-
tively). Moraes et al. (2006) submitted a Kraft E1 effluent
and black liquor to integrated strategies involving ozonation
and biological treatments. Single ozonation led to 30% and
10% of color removal of the Kraft effluent and black liquor.
Nevertheless, TOC abatement was negligible in both streams.
Biological oxidation by A. vinellandi led to 40% and 20% of
mineralization of Kraft E1 effluent and black liquor, respec-
tively. The use of an ozonation pre-treatment had almost
negligible impact over TOC even if higher color removal was
attained. Slightly better mineralization results were achieved
when the biological system was used before ozonation with
up to 50% and 30% of abatement (Kraft E1 and black liquor,
respectively).

Ozonation Aided by UV/H2>0

As already referred, besides alkaline conditions, ozone oxi-
dant power can be enhanced by the presence of hydrogen
peroxide and UV radiation that promotes O3 decomposition
into the highly reactive and unselective hydroxyl radicals.
With this aim, Freire et al. (2001) tested single ozonation (at
pH 3 and 11), O3 + H,0, and O3/UV on the degradation
and toxicity removal of Kraft E1 effluent coming from a paper
mill. Among the treatment systems tested, ozonation carried
out at acidic pH was the less efficient since at those conditions
only the direct ozone attack to the pollutants is possible.

All the other methodologies showed higher removal rates
probably due to the formation of hydroxyl radicals. In this
context, the best results regarding color abatement were
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attained by O3/pH11/UV (up to 48% in 90 min), whereas
TPh was more efficiently degraded by Oz /pH11 (nearly 90%
in 90 min). However, in any case significant TOC removal
was attained (the maximum value was 10% for O3/pH11 and
O3/pH11/UV). An important feature of these technologies
is that they were able to reduce the effluents toxicity (mea-
sured by inhibition of E. coli respiration) especially for the
two referred systems. Moreover, both processes showed low
oxidation index which is defined as the ratio of ozone con-
sumed to the percentage of color, TPh and TOC removal.
This means that these treatments involve lower ozone doses
for the effluents treatment (225 mgO3; /L when compared with
375 mgO3/L required by O3/H,0,), which is economically
preferable. In fact, ozone in situ generation is one of the most
important drawbacks in this technology.

To enhance TOC removal of a pulp and paper effluent by
the O3/UV process, Pérez et al. (2002) tested the impact of
the addition of iron ions (Fe*!), which will act as homoge-
neous catalyst. The maximum TOC removal was about 90%
in 300 min of reaction. In order to minimize costs (related
with ozone generation and UV lamp operation) several treat-
ment sequences were tested involving: ozonation under UV
irradiation throughout all the experiment; ozonation under UV
radiation in the presence of Fe?*: 1 h stirred with Fe2T without
irradiation followed by 4 h of ozonation under UV radiation
in the presence of Fe>*; 2 h stirred with Fe>* without irradi-
ation followed by 3 h of ozonation under UV radiation in the
presence of Fe?*; 2 h stirred with Fe?* under irradiation fol-
lowed by 3 h of ozonation under UV radiation in the presence
of Fe?* and 3 h stirred with Fe?* without irradiation followed
by 2 h of ozonation under UV radiation in the presence of
Fe?*. It was concluded that previous irradiation of the efflu-
ent in the presence of iron improved TOC removal. Moreover,
up to 50% of reduction in the operating costs was attained
when this irradiation period reached 2 h. Higher economical
safes were possible when 3 h of pretreatment were applied but
a decrease of 10% on TOC removal was detected.

Sevimli (2005) concluded that both single ozonation and
ozone combined with hydrogen peroxide enabled high color
and aromatic content removal of a postbiologically (anaerobic
+ aerobic biological treatment plant) treated wastewater from
pulp and paper industry. The presence of hydrogen peroxide
yield higher COD removal (64% against the 43% reached
by the single process) besides reducing the reaction time for
the same ozone dosages which will imply a lower energetic
consumption with the ozone generator.

pH 7 showed to be the best pH condition to carry out
ozonation of a pulp and paper industry effluent coming from
a biological treatment plant (Catalkaya and Kargi 2007).
Almost complete color removal was obtained whichever the
pH used (3, 7 and 11). However, the best TOC and AOX
degradation was observed for neutral conditions (29% and
62.4%, respectively). The increase on ozone feeding rate
showed negligible impact over TOC and color removal; but
higher AOX depuration was detected with up to 80.2% deple-
tion for 11.9 gOs /h.

Review of Ozonation Treatment of Real Agro-Industrial Wastewaters

Hydrogen peroxide was added aiming to improve
ozonation ability to mineralize the wastewater since, as
referred before, this reactant is able to promote the formation
of the highly reactive hydroxyl radicals. In this case it was
verified that the highest pH values were more suitable to pro-
mote TOC removal, thus pH 11 was selected to analyze the
effect of [H,O;]. Even at high hydrogen peroxide dosage, it
was concluded that no significant improvement was attained
by using this combined treatment system regarding color and
TOC removal. It should be though had into account the fact
that H,O; is unstable at alkaline conditions decomposing into
water and oxygen that will be useless in the oxidation pro-
cess, so other pH values should have been tested to analyze
the impact of the co-oxidant in ozonation.

Catalytic Ozonation

Ozone is able to react with a wide range of organic
compounds present in pulp and paper effluents, encompass-
ing high electronic density groups such as color causing
compounds, AOX, lignins, chloropehnolic, resin and fatty
acids (Fontanier et al. 2005). Nevertheless, the mineraliza-
tion is generally limited. In this context, ozone action can
be enhanced by the presence of a suitable solid catalyst.
Fontanier et al. (2005, 2006), analyzed catalytic ozonation
according to the TOCCATA® process which was developed
aiming to enhance ozone action over pollutants promoting
mineralization (Baig et al. 2005).

The heterogeneous catalysts are based on metal oxides and
can be shaped according to the reactors configuration (Baig
et al. 2005). Ozonation was capable of almost completely
mineralizing an effluent coming from a secondary biologi-
cal treatment of a Kraft pulp mill; however, very low ozone
consumption yield was observed (below 6%); besides, some
organic matter was detected to be removed by precipitation
during the process. Contrary, with catalytic ozonation it was
possible to reach similar depuration levels but involving bet-
ter ozone usages. Fontanier et al. (2006) analyzed single and
catalytic ozonation on the depuration of three different efflu-
ents (printing/writing paper, corrugated board and bleached
sulfate pulp for printing papers) coming from secondary
biological treatment plants at the mills.

It was concluded that contrarily to the single process, cat-
alytic ozonation did not depend much on the effluents quality
leading to continuous mineralization of organic matter with
efficiency being independent of the inlet effluent character-
istics. Thus, while ozonation allowed COD abatements of
36-76%, the application of the solid catalyst improved these
results to 53-72%. It seems thus that the TOCCATA® cat-
alytic system has interesting features to be applied on the
degradation of pulp and paper mill wastewaters.

Balcioglu et al. (2007) studied the impact of single and
catalytic ozonation (over granular activated carbon — GAC)
on the biodegradability enhancement of pulp mill effluents in
order to enable a proper algal post-treatment. The presence
of the catalyst improved COD (from 23% to 46%) and color
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removal (from 74% to 87%). Even if both single and catalytic
processes were able to diminish toxicity, catalytic ozonation
reduced the treatment time required to achieve a non-toxic
effluent. The biodegradability enrichment was attributed to
the decrease on the high molecular weight compounds con-
tent (which cannot penetrate through the cell membranes) and
AOX concentration.

With these results, ozonation seems to be a promising
technology on the pollution control of the complex effluents
coming from pulp and paper mills. In fact, Kaindl and Liechti
(2008) report interesting results of a full-scale ozonation reac-
tor operating at a paper mill in Austria. The authors reveal
that with this system COD removal can be automatically reg-
ulated to the desired value. The main disadvantage is related
with ozone production costs. However, ozone demand can
be minimized by integrating the chemical treatment with
biofiltration. Besides, the application of suitable heteroge-
neous catalytic materials may render ozonation into a more
competitive process.

Other Agro-Industrial Wastewaters

Here the application of ozonation on the depuration of
other real agro-industrial wastewaters such as cork process-
ing, tomato and cheese production will be reviewed (Table 4).
Mediterranean Sea countries, especially Portugal and Spain,
are the main world cork producers. Cork is used in a wide
range of sectors; however, its main and most profitable appli-
cation is the production of cork stoppers for wine bottles (Lan
et al. 2008a). Cork processing involves boiling in water in
order to improve its mechanical properties and remove some
undesirable compounds that can interfere with the organolep-
tic characteristics of the wine.

The water used in this procedure has to be renewed after
some batch due to the accumulation of substances such as
phenolic acids and tannins leading to an effluent with dark
color (Benitez et al. 2003). The presence of such toxic and
bio-refractory compounds compromises the application of
biological treatment systems (Lan et al. 2008a). In this ambit,
ozonation can play an important role due to the high reactivity
of ozone towards unsaturated pollutants.

Lan et al. (2008b) analyzed the impact of ozonation on
the degradation of cork processing wastewater after one and
20 cork boiling batches at their natural pH (6.45) aiming
to avoid costs to perform pH adjustments. High COD and
TOC removals were observed for these effluents leading to
up to 90% of degradation within 120 min demonstrating the
potential of ozonation for water recycling and reuse in cork
processing industry. pH was followed up during the process
and it was observed a decrease at the beginning of the reac-
tion due to the formation of carboxylic acids as by-products.
In a second step, pH raises due to the mineralization of
those intermediates. It was concluded that most part of the
degradation occurred for pH values below 5.5 which means
that direct ozone reactions were the main responsible for the
depuration.
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Acero et al. (2004) tested the treatment of cork pro-
cessing wastewater by single ozone and ozone aided by
hydrogen peroxide or/and UV radiation. In what regards
single ozonation the impact of ozone inlet partial pressure
(1.43-4.45 kPa) and temperature (20-60 °C) was studied
and both parameters had a positive impact in the removal
of TPh and COD. In fact, ozone by itself was able to pro-
mote COD abatements within the range 42.1-75.7% lead-
ing, this way, to streams able to be reused. The presence
of hydrogen peroxide improved the process efficiency with
slightly increased depuration for higher hydrogen peroxide
concentrations.

Almost complete COD depletion (97.8%) was attained
when ozone action was enhanced by UV radiation. The best
results (up to 98.2% of COD removal) were verified by
the conjugation O3/H,0,/UV. The higher abatement yields
reached with these combined systems were attributed to the
generation of hydroxyl radicals due to the presence of H,O,
and UV, which promote the decomposition of substances
refractory to the action of molecular ozone. Lan et al. (2008a)
suggest the industrial application of ozonation aided by hydro-
gen peroxide in the initial depuration times until the total
removal of color of the cork processing wastewater; after-
wards the stream should be subjected to O3 /UVC process for
final treatment.

Benitez et al. (2003) concluded that, to accomplish the
legal thresholds for wastewater discharge throughout the natu-
ral water courses, it would be required to use high ozone doses
or hydraulic retention times in the ozonation of cork pro-
cessing effluents. The introduction of H,O, or UV enhanced
ozone action over the pollutants due to the formation of
hydroxyl radicals. However, for the experimental conditions
applied (Table 4) the treated effluents COD was still above
the permitted limits for disposal. The stream BODs values
were determined along the reaction and it was concluded that
biodegradability increased along the ozonation time proba-
bly due to the high degradation of TPh. This means that
the remaining pollutants can be easily degraded by aerobic
biological means. Thus, the integration between ozonation
and activated sludge (O3 + aerobic treatment and aerobic
treatment 4+ Osz) was analyzed.

Overall degradations higher than the single processes were
achieved in both schemes used, but the best results were
attained for the case where ozonation was applied after the
aerobic treatment stage. In fact, from the kinetic studies per-
formed it was concluded that the biological pre-treatment
improved ozonation reaction rate leading to higher rate con-
stants in this case. It should be noted that the stream result-
ing from this treatment methodology was within the lim-
its for direct discharge towards the water-courses. Besides,
the required ozonation hydraulic retention time was shorter
(3 h when compared with the 6h needed in the case where
ozonation was followed by aerobic treatment) which is indus-
trially preferable.

With the aim of water reuse and/or discharge through-
out the natural water streams, Benitez et al. (2008) analyzed
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TABLE 4. Summary of the Applications of Ozonation for the Treatment of Cork, Tomato and Milk Processing Industries Wastewaters

Wastewater Characteristics Operating Conditions Main results Reference
Cork processing water after Qgas =1.0-54L min~!; pOs = Xcop = Xtoc = 90% (Lan et al.
filtration collected after: 0.84 — 1.31 kPa; pH = 6.45; tr = 2008)

1 cork boiling cycle:

COD, =350 mg L~!; TOCy =
130 mg L™!; pH = 6.45

20 cork boiling cycle:

CODy = 1330 mg L™!; TOC, =
410 mg L='; pH = 6.45

Cork processing wastewater:

CODy = 1.6 gL"!; BOD5y =
0.75gL~"; TPhy =
305mg L~!; TSSy =
0.12g L~ pH =4.

The effluent was centrifuged
and filtered

Cork processing wastewater:

CODy = 1.9 gL~!; BODsy =
1.15g L=!; TPhy =
029gL";pH=54

Cork processing wastewater:
CODy =4.40 g L~!'; BODsy =
175 ¢ L~!: Tannins
contenty = 0.897 g L™';
TSSy =028 ¢L~'; pH =4.7

120 min

T =20-60 °C
pO; = 1.43-4.45 kPa;
[H, O] =0-0.1 M

TQ 150 high pressure mercury
lamp (A = 185-436 nm) 150 W;
1.76 x 107> Einstein/s

ans =50 L/h; PO3 =
0.40-2.98 kPa; pH =5.35; T =
20 °C; [H20,]/[03]1 = 0.5
(mol/mol).

700 W medium pressure mercury
vapor lamp (A ~ 185 nm)

Qgas = 40 L/h; pO3 = 4.7 kPa;
tr = 6h; [Hy0,] =1 x 107* M

150 W medium pressure mercury
vapor lamp (A ~ 185-436 nm)

032
Xcop = 42.1-75.7%
Xrpn = 80.4-99.2%

O3/H202I
Xcop = 76.3-79.8%
Xrph = 95.2-97.7%

O3/UVZ
Xcop = 97.8-97.9%
Xrpn = 98.9-100%

O3/H202/UVZ
Xcop = 98.2%
Xtph = 99.5%

032
Xcop = 12-54%
Xrph = 65-81%

O3/H,0x:
Xeop = 51%
Xrpn = 80%

0;/UV:
Xcop = 50%
Xrp = 85%

Activated sludge:
Xcop = 13-37%
Xrpn = 20-32%

O3 + Activated sludge:

Xcop = 65%

Xrpn = 94%

Activated sludge + Os:
Xcop = 77%

Xtph = 92%

032

Xcop =39.3 %
XTannins =78.1%

UF:

Xcop = 6.6-29.4%
XTannins =15.9-41.3%

(Acero et al.
2004)

(Benitez et al.
2003)

(Benitez et al.
2008)
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TABLE 4. (Continued)

Wastewater Characteristics

Operating Conditions

Main results Reference

The effluent was filtrated to
remove suspended solids

Tomato wastewater

Einstein/(L.s)

Postbiologically treated milk
whey wastewater:

CODj =520 mg L~!; BOD; =
151 mg L=!; TOCy =
215mg L™!

CCat = 10 g Ll_1
Cpl=10gm™>
Qgas = 500 mL min !
pH=2-10

[H,0,] = 16.5-66.0 mM;

Gos =25.3 mg min~!;
[H,O,] = 1073-0.02 M;
UV radiation: 3.8 x 10~°

Catalyst: Mn-Ce-O ; Fe-Mn-O

03;+UF:
Xcop = 42.1-57.5%
XTannins = 82.0-86.2%

O3 after UF:
Xcop = 74.8-80.4%
XTannins = 908—965%

UF + O3 (globally):
Xcop = 82.4-89.8%
XTanning - 93.5—98.4%

03 /UV after UF:
Xcop = 97.2%
XTannins = 100%

UF+03/UV (globally):
Xcop = 99.6%
XTannins = 100%

03/H,0; after UF:
Xcop = 99.4%
XTannins = 100%

UF+0;/ H,0,
(globally):

Xcop = 98.2 %

XTannins = 100%

0O;: (Beltran et al. 1997)
Xcop = 30-50%

03/H,0,

Xcop = 26-86%

(0%} /UVZ
Xcop = 90%

(Martins and
Quinta-Ferreira
2010)

Single ozonation
Xcop = 23-63%

Catalytic ozonation
(Mn-Ce-0O)
Xcop = 70%

Catalytic ozonation
(Fe-Mn-O)
Xcop = 66%

Ozonation + H,O,
Xcop = 42-100%

ozonation and its integration with membrane processes for the
treatment of cork processing wastewater. With an initial efflu-
ent encompassing a COD of 4.40 g L™, single ozonation was
able to remove up to 39.3% of COD and almost the totally
of the effluents tannic content (78.1%) and color. The mod-
erate COD removal in comparison to the other parameters is

30 R.C. Martins and R.M. Quinta-Ferreira

related with the presence of substances refractory to the direct
attack of ozone. The application of a posterior ultra filtration
(UF) stage led to a global COD removal within the range of
42-57.5%. Ozonation effectiveness was truly improved when
the effluent was previously subjected to UF; in fact, in this
case O3 was able to remove between 74.8-80.4% of COD
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(when compared with the 42—-57.5% attained when ozonation
was followed by UF). Globally O3 + UF led to 82.9-89.8%
of COD abatement. Moreover, when O3 /H,O; or O3/UV was
applied to the effluent previously submitted to UF, almost
totally COD removal was observed with degradations up to
98.2% and 99.6%, respectively. With these results, it seems
that UF followed by O3 /H,O, or O3/UV is able to lead to a
treated cork processing wastewater with characteristics that
enable its discharge to the natural water courses or to be
reused in the same industrial plant. Besides the application
of separation technologies can somehow open the door for the
recovery of some valuable products from the wastewater.

Ozonation aided by hydrogen peroxide was very efficient
on the decrease of COD of a tomato processing industry
(Beltran et al. 1997) with up to 86% of COD elimination
when compared with the 50% achieved by single ozonation.
The increase on H>O, concentration improves COD degrada-
tion; however, for 2 x 1072 M, COD removal was inhibited
probably due to the radical scavenger effect of this reactant
when in excess. Also the combination between ozone and UV
radiation was able to deplete 90% of COD.

Assalin et al. (2004) concluded that ozonation was inad-
equate to directly remediate cheese whey. Cheese industry
produces large amounts of milk whey (up to 90 kg per 20 kg
of cheese (Madaeni and Mansourpanah 2004). These streams
encompass large amounts of COD; nevertheless, due to its
richness in nutrients such as lactose, proteins and mineral
salts, the biological treatments are, generally, very efficient on
their depuration. Nonetheless, in some situations, the activated
sludge reactors are not able to fulfil the legal thresholds for the
effluent direct discharge throughout the natural resources.

In this ambit, our research group addressed a milk whey
effluent coming from a bio-reactor which still was outside the
proper limits (Martins and Quinta-Ferreira 2010) with a COD
of 520 mg/L (above the 150 mg/L allowed by Portuguese
legislation). Thus, the goal was to indicate the most suitable
methodology to further refine the stream. Single ozonation
was tested at different pH values and, even if the pH increase
improved COD removal (with up to 63% of COD degraded
for pH 10), the resulting wastewater was yet outside the lim-
its for discharge. Trying to improve ozone action over the
pollutants, the solid catalyst Mn-Ce-O and Fe-Mn-O, pre-
viously selected as potentially actives for the depuration of
OMW (Martins and Quinta-Ferreira 2010) were tested for
this effluent. Although the high COD abatements attained, the

TABLE 5. Overview of the Agro-industrial Wastewaters Characteristics

recovered solids presented high amounts of carbon adsorbed
into their surface which may block the access of the reac-
tants to the active sites compromising the catalyst stability for
several reuses. In this context, it would be industrially unvi-
able to implement such treatment since constant substitution
of the catalyst would be required. This highlights the need of
performing laboratory studies for each type of effluent since
totally different results may be attained for the same cata-
lyst when applied on the depuration of different wastewaters.
In fact, it should be reminded the high efficiency of these
materials when applied to OMW (Martins and Quinta-Ferreira
2011a).

Within these results, the possibility of enhancing ozone
reaction by the introduction of hydrogen peroxide as co-
oxidant was investigated. A high COD removal was observed
when low concentrations of H,O, were applied with total
COD depletion achieved in 420 min for [H,O,] = 33.0 mM.
The further increase on the hydrogen peroxide load revealed
to have an inhibitory effect for pollutants oxidation by this
process which can be attributed to the radical scavenger ability
of this reactant when in excess. Moreover, eco-toxicological
analysis based on the luminescence inhibition of Vibrio fis-
chery showed that the treated water did not present negative
impact over the ecosystems. Thus, it seems advisable to refine
the post-biological milk whey effluent by ozonation aided by
hydrogen peroxide at low concentrations.

CONCLUSIONS AND FUTURE PERSPECTIVES

The structure of the present review, focusing ozonation as
an alternative chemical treatment for agro-effluents streams,
covers different processes reported in the specialized liter-
ature, starting, in each case, with single operation results,
followed by the recourse to co-oxidant aided systems with
light and H,O,. Finally, integration strategies and catalytic
technologies are highlighted.

Table 5 summarizes the main characteristics of the differ-
ent agro-industrial wastewaters revised in this article. As it
can be observed, these streams may present a wide range of
pollutant loads. Indeed, the ratios between the highest and
lowest COD values reported by the literature studies for the
same effluent group can diverge within a large spectrum of
values, namely, 13 for cork industry-(4400/350), 27 for pulp
and paper wastewaters (1859/70), 47 for olive processing

Effluents CODj (mgO, L™")  TPhy (mg L") BOD, (mg0, L") pH
Olive processing effluents 2900-134100 43-2100 650-52,000 4.6-13
Winery and distillery wastewaters 522-62000 28-134 150-1150 3.7-53
Pulp and paper wastewaters 70-1859 27-35.2 9.1-282 7.1-11
Cork Processing industry wastewaters 350—4400 290-305 750-1750 4.7-6.45
Post-biologically treated milk whey wastewater 520 — 151 7
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effluents (134,100/2900), up to 119 for winery and distillery
plants (62,000/522) reflecting the strong differences found for
the same kind of wastewater which usually are not highlighted
in literature, not allowing a proper comparison between the
results attained by different research groups.

The results collected in this review show that the sev-
eral ozone based depuration techniques (Figure 1a) including,
besides single O3 processes, the application of co-oxidants
and photo-aided systems aside catalytic ozonation, either
homogenous or heterogeneous, can be interesting alterna-
tives to the inefficient traditional biological methodologies.
Furthermore, different treatment schemes (Figure 1b) inte-
grating ozonation with chemical, biological and membrane
processes can be relevant candidate technologies in order to
reach cost/effective treatments.

The diversity of the published results due to the signifi-
cant variations on the effluents compositions do not permit to
propose a universal strategy based on ozone to manage such
a wide spectrum of cumbersome wastewaters. In this ambit,
research is compulsorily required for each specific case aim-
ing to provide stakeholders with reliable strategies to their
particular problem.

Generally speaking, it seems advisable to integrate this
chemical oxidation system with biological reactors, since,
while ozone is able to cleave bio-refractory compounds,
biodegradable substances are more efficiently removed by
microorganism at lower operating costs.

The introduction of hydrogen peroxide or/and UV radia-
tion enhances hydroxyl radicals production which are able to
react with a wider range of compounds. However, in some
cases, the presence of radical scavenger substances in the real
effluent composition may inhibit oxidation. The recourse to
sequential schemes promoting some stages of direct ozone
attack and others involving radicalar pathways may be impor-
tant to avoid such shortcoming.

In what regards mechanistic and engineering aspects of
ozonation, to the best of our knowledge, only two industrial
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in-situ applications of these technologies are reported in
specialized literature for the treatment of agro-industrial
wastewaters. Based on our research, our spin-off Adventech
built up an olive mill effluents treatment plant integrating
Fenton’s process with single ozonation. In this unit designed
to treat a 48 m® daily flow, the previously coagulated/
flocculated polluted stream is oxidized during 1 h in a
Fenton’s stirred reactor and conducted to an ozonation tank.
According to the industrial results (Martins et al. 2010), at
the end of this sequence, the treated effluent largely reaches
the imposed legal limits to be discharged to the local sewage
where it is successfully subjected to biological degradation
on the municipal wastewater treatment plant due to its high
biodegradability. Besides, according to the stakeholders the
treatment cost is low, not exceeding 0.02 €/kg of olive oil
produced. Also, an industrial ozonation reactor for pulp and
paper mills effluents treatment able to be regulated to com-
ply with the variations on the inlet wastewater composition in
order to assess the desired depuration efficiency is reported by
Kaindl and Liechti (2008).

This overview reveals that ozone based technologies have
interesting features to be further applied to treat agro-
industrial wastewater at a full scale. The application of het-
erogeneous catalysts to enhance ozone action over pollutants
has not being much explored to actual agro-effluents and may
be an important point since the presence of suitable solid
materials tends to improve ozone usage during the process,
minimizing, this way, the amount of oxidant wasted in the
reactors outlet gas stream. In fact, some heterogeneous cata-
lysts were indicated as suitable for batch depuration of various
agro-effluents such as olive mill; nevertheless, further stud-
ies are required concerning their lifetime and regeneration
options so that industrial application may be feasible.

TOCCATA process efficiency on actual pulp and paper
effluents pollutant character abatement is a strong encourage-
ment to direct investigation towards catalytic ozonation. It is
thus required to turn efforts on the application of catalytic
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ozonation for the depuration of actual effluents. In this view, it
seems advisable to look for catalysts able to promote molec-
ular ozone reactions that are less prone to the negative effect
of the presence of radical inhibiting substances is some real
wastewaters. Moreover, since, from an economical point of
view, it is preferable to use firstly the chemical process to
improve the effluents biodegradability recurring afterwards to
an inexpensive biological treatment, special attention must be
given to biodegradability and toxicity parameters.

Special care should be given to the catalytic materials sta-
bility involving leaching and carbon adsorption, since these
phenomena are the main drawback associated to heteroge-
neous catalysis.It should be referred the need of performing
pilot scale investigation to grasp the main features of this
challenging treatment methodology when operating in a con-
tinuous mode giving thus a strong contribution for their effec-
tive industrial implementation supported on environmental
catalysis. Also, it must be highlighted the lack of information
regarding the costs associated with the purposed treatments
that should be further discussed in forthcoming publications.
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