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ARTICLE INFO ABSTRACT

Editor: Despo Kassinos A treatment train for the remediation of a raw olive mill wastewater (OMW) was investigated, aiming to comply
with the emission limit values (ELVs) for direct discharge into water bodies. The following stages were proposed:
(i) pre-treatment (filtration and sedimentation), (ii) coagulation, (iii) biological oxidation, and (iv) advanced
oxidation process (AOP). Under the best-operating conditions for coagulation (0.8 g L !of Al5(SO4)s, pH = 4.5),
high removal of total suspended solids (TSS) (97%), turbidity (98%), and phenols (57%) was achieved, along
with a decrease in the inhibition of the biological activity. A subsequent biological oxidation stage provided a
high removal of organic matter (chemical oxygen demand (COD) removal of 73%). For the third stage, three
AOPs were applied and compared — photo-Fenton with UVA radiation (PF-UVA), anodic oxidation (AO), and
ozonation (O3). After 3 h of treatment, the PF-UVA process (pH = 2.8, [H203] = 400-500 mg L’l, [Total dis-
solved iron]o = 100 mg L) allowed to meet the ELV for COD, but the other parameters exceeded the threshold,
while O3 process (inlet concentration = 100 mg O3 Ndm 3, gas flow = 0.2 Ndm® min ) allowed to comply with
phenols, TSS, and sulfate limits. The AO process (current density up to 200 mA cm~2) was the least efficient AOP
for all studied parameters. The operational costs for the coagulation and biological oxidation stages were esti-
mated at 1.20 € m~°. Regarding the most effective AOPs, ozonation presented an estimated cost 2.3-fold higher
than PF-UVA (11.9 € m > vs. 5.2 € m ™).
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production was 3.2 x 10° m® OMW, with the same estimation for
2020/21 [4].

1. Introduction

The olive oil industry is highly relevant for the European Union
economy, contributing to around two-thirds of the World’s production
over the last decade. Portugal is the fourth biggest producer of olive oil
in Europe, providing about 4% and 3%, respectively, of the European
and World production [1]. Even though the olive oil industry is one of
the most important sectors in the agro-food industries, benefiting
socio-economically the producing countries, it generates one of the most
polluting wastewaters: the olive mill wastewater (OMW) [2,3]. Ac-
cording to the International Olive Council (I0C), 2019/20 crop year

Olive oil is extracted from the fresh fruit of the olive tree by tradi-
tional pressing or two/three-phase centrifugal processes. OMW
composition and quantity vary with the technology used, being the two-
phase system the most eco-friendly one since it dramatically reduces the
volume of effluent generated [5,6]. However, OMW is highly toxic to the
environment because of its (i) high acidity (pH range between 3 and 6),
and (ii) high organic load (4-18% w/w). This organic fraction comprises
some growth-inhibitor compounds that are difficult to biodegrade, such
as phenolic compounds (total phenolic compounds, TPh, 2-15% w/w),
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Table 1
Survey of research on multistage treatments applied to OMWs.
Multistage treatment strategy Operational conditions Efficiency Reference
. . ; i _ -1
Acid crackl.ng + Acid crac'kmg. [HySO4] =5mLL B COD removal — 98%
Coagulation + Coagulation: pH = 8; [FeCl3.6 H,O0] =3 gL Phenols removal — 99%
03/UV 03/UV: pH = pH = 7; [03] = 0.3 g h™'; t = 440 min =0 13l
. . . . = 9
Acid cracklrlg + Acid crac.kmg. [HySO4] =5mLL . COD removal — 99%
Coagulation + Coagulation: pH = 8; [FeCl3.6 H;0] =3 gL Phenols removal — 99%
UV/H,0, UV/H,05: pH = 2; [H50,] = 0.75 g L™%; t = 720 min =0
Acid cracking + Acid cracking: HySO4; pH = 2.5 COD removal = 83%
Coagulation + Coagulation: pH = 9; [FeCl3] =6 gL ™! Phenols removal [19]
Fenton Fenton: pH = 3; [Fe2+] ~1lg L’l; [Ho02]l =~ 12 ¢ L’l; t = 240 min = 98.6%
Coagulation/flocculation + Coagulation: pH = 5; [P19]% = 1 g L™%; [2045-SH]° = 0.1 g L ! COD removal = 90% 1
Fenton Fenton: [FeS04.7 H,0] =3.5g LY [Hp0,] = 7.14 g Lt Phenols removal = 92%
Coagulation + Coagulation: pH = 9; [PDADMAC]® = 40 mg L.~} e }
Fenton Fenton: [Fe2™] =2 g L’l; [Ho05] =4 g L’l; t = 60 min COD removal = 45% [20]
Coagulation + Coagulation: pH = natural (4.3); [Chitosan] = 0.4 g L!
D 1 = 93% 21
PF PF: pH = 3; Hy0,:FeS0, = 8.1 (w/w) (15,000:1852); t = 30 min COD removal = 93% (24
Coagulation/flocculation + Coagulation/flocculation: pH = 5; [FeSO4.7 H,0] = 6.67 g L~%; [FLOCAN 23] = 0.287 g Lt COD removal = 94%
Dilution + Dilution: 30-fold Phenols removal [22]
Solar PF Solar PF: pH = 2.8-2.9; [Fe?'] = 0.08 g L }; [Hy0,] = 1.0 g L™}; t = 240 min =99.8%
Sedimentation + Sedimentation: 12 h R
Fenton + Fenton: pH = 3.0; Fe>*:H,0, = 0.04 ([Fe>*] = 1.0 g LY [H,0,] = 25 g L 1); t = 180 min COD removal = 77% [5]
. . . Phenols removal = 96%
Coagulation/flocculation Coagulation: FeClz used as both catalyst and coagulant
o Dilution: 2-fold
Dilution + Sedimentation: 1-2 h
i i s — 779
lsszit?;riatwn + Fenton: pH = 2; Fe”:HZOz molar ratio = 1:50 g}?i;f:rlsr‘;;ﬁval?; o [23]
L. . Anaerobic biological treatment: 2 stage upflow treatment; sludge residence time = 100 d (1st stage) + 133.3 d (2nd stage); hydraulic retention time = 24 h - ?
Anaerobic biological treatment
each; T = 16-30 °C;
Dilution + -
Dilution: 10-fold
— 369
Os + 0s: pH = 4.85; ODy = 765 mg O3 L™Y; £ = 60 min COD removal = 36% [24]

aerobic process w/ encapsulated

biomass

Aerobic process: 0.8 x 2.5 cm capsules of celulose acetate microfiltration membrane; t = 48 h

Phenol removal = 61%

9p19 — cationic organic coagulant; ®2045-SH — anionic flocculant; “PDADMAC - polydiallyldimethylammonium chloride.
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sugars, organic acids, proteins, and lipids. The most recalcitrant portion
of the OMW is the polymeric phenol, also responsible for the dark-brown
color of the effluent [3, 5-11]. Environmental problems of OMW
disposal are related to ground and surface water pollution, odor
nuisance, among others. These problems are increasing as a result of a
lack of common international laws, but also as a result of the seasonal
and geographical nature of the production [3,5,6,10]. As a result, suit-
able treatment strategies are needed for OMW remediation.

Different treatment processes have been investigated over the years,
from (i) biological processes (aerobic and/or anaerobic operation) [7],
to (ii) physicochemical methods (coagulation, coagulation/flocculation,
acid cracking) [12], and (iii) advanced oxidation processes (AOPs), like
photocatalysis [8], ultraviolet radiation coupled to hydrogen peroxide
oxidant (UV/H205) [13], Fenton/photo-Fenton (PF) reactions [9,14,
15], ozonation (O3) [13,16,17], and electrochemical methods, such as
anodic oxidation (AO) [18] and electro-Fenton (EF) [10]. Although
OMW treatment has been the focus of many research studies, only a few
of them attempt to combine different treatment processes (Table 1). Of
these, most use coagulation followed by an AOP (usually single Fenton
or PF), and few apply a biological treatment, commonly on the last
treatment stage. Also, as a result of the high organic load and high
biological inhibition of OMW, most of the studies reported in the liter-
ature use a diluted effluent.

The present work aims to develop a treatment train for the remedi-
ation of a raw-undiluted OMW, with underlying concerns regarding
compliance with the emission limit values (ELVs) for direct discharge
into environmental compartments and the economic feasibility of the
proposed treatment processes (key aspects for decision-makers when
dealing with these effluents). Coagulation/flocculation processes, bio-
logical oxidation, and three AOPs — PF with UVA radiation (PF-UVA),
AO and Os3 - were tested under different operational conditions.

2. Material and methods
2.1. Chemicals

Aluminum sulfate (Al3(SO4)3) 48% (w/w) from Rivaz Quimica and
ferric chloride (FeCl3) 40% (w/v) from Quimitécnica were used as
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coagulants. Chitosan solution was also used as coagulant, being pre-
pared by dissolving chitosan 99.9% (w/w) from Sigma Aldrich in a
mixture of 2 M hydrochloric acid (HCI) 37% (w/w) and deionized water,
following the procedure in Vuppala, et al. [25]. Cationic Ambifloc 5351
UUJ and Superfloc C-492, and anionic polyacrylamide Magnafloc 155
(all from Tratamento de Aguas, Lda.) were used as flocculant agents. PF
experiments were performed using iron(Il) sulfate heptahydrate (FeS-
04.7 H30) 98% (w/w) from Panreac as iron source and Hy04 30% (w/v)
from Fisher Chemical as oxidant. Sodium sulfite (Na;SO3) from Merk
was used to quench the remaining H,05 from the sample solution before
analysis. Sodium chloride (NaCl) > 97% (w/w) supplied by Merck was
used in an AO trial to increase the supporting electrolyte conductivity.
Potassium iodide (KI) 100% (w/w) from VWR was used to vent the re-
sidual O3 gas in ozonation trials. Sulfuric acid (H2SO4) 98% (w/w) and
sodium hydroxide (NaOH) > 99% (w/w) from Sigma-Aldrich were
applied for pH adjustments. Standards for ion chromatography were
purchased from Sigma-Aldrich and Fluka. Potassium hydroxide (KOH)
1 M from Thermo Fisher Scientific and methanesulfonic acid (CH403S)
>99% (w/w) from Merck were applied as eluents in ion chromatog-
raphy. All chemicals were of analytical grade. Ultrapure and deminer-
alized water used in analytical determinations were obtained from a
Millipore® Direct-Q system (18.2 MQ cm resistivity at 25 °C) and a
reverse osmosis system (Panice), respectively.

2.2. Olive mill wastewater

The raw OMW (r-OMW) was collected from an olive oil production
plant in Northern Portugal, which adopted a two-phase centrifugation
process for oil extraction. The r-OMW was collected 1 m deep from the
storage tank and filtered through a 2 mm pore sieve to remove the
largest solids in suspension. Then, it was settled for ca. one week,
allowing the separation of (from top to bottom) (i) oil and grease, (ii)
OMW effluent, and (iii) sludge and solids. Accordingly, oil and grease
were top removed, and the effluent supernatant was carefully with-
drawn, obtaining a pre-treated OMW (p-OMW), which was used in the
subsequent treatments. The main physicochemical characteristics of p-
OMW used in this work are presented in Table 2. Note that the proper
characterization of the -OMW was unfeasible due to the large amount of

Table 2
Main physicochemical characteristics of the OMW after each treatment stage.
AOPs
Parameter Units p-OMW* c-OMW? bio-OMW* ELV#
PF-UVA?  AO* o4

pH Sorénsen scale 4.5 4.5 8.3 2.8 9.3 8.3 6.0-9.0
Color mg Pt-Co L1 n.m. n.m. 1340 110 420 <12h -
Color (1:20 dilution) - d. d. d. n.d. n.d. n.d. n.d.
Chemical oxygen demand - COD mg O, L7} 10,070 8071 718 68 440 167 150
Dissolved organic carbon - DOC mg CL™! 2940 2430 319 50 223 113 -
COD/DOC - 3.4 3.3 2.3 1.4 2.0 1.5 -
Biodegradability (28-day of Zhan-Wellens test) (1:2 / 1:10 dilution) % 49 /77 91 /88 n.m. n.m. n.m. n.m. n.m.
Aromatic compounds - UV,s4 (1:20) A.U. n.m. n.m. 0.331 0.072 0.158 0.012 -
SUVAys4 Lmg 'm! n.m. - 2.1 2.9 1.5 0.2 -
Total suspended solids — TSS mgL~! 3990 120 105 260 99 47 60
Volatile suspended solids — VSS mg L! 550 23 43 135 48 7 -
Turbidity NTU 4600 80 120 150 170 15 -
Phenols mg CeHgO L! 164 70 5.3 2.2 1.6 0.5 0.5
Chloride - CI mg Lt 457 464 589 548 n.m. 572 -
Sulfate - SO,% mg Lt 82 518 1933 3144 1800 1883 2000
Sodium - Na™* mgL~! 867 313 1373 1333 n.m. 1412 -

¢ OMW after pre-treatment (p-OMW) (it was unfeasible to properly characterize the raw OMW due to the large amount of sludge and solids, and oil and grease).
Conditions: filtration through a 2 mm pore sieve followed by ca. two days settling; > OMW after coagulation process (c-OMW). Conditions: coagulant = Aly(SO4)3;
coagulant dosage = 0.8 g L™ 1; pHy, = 4.5; effluent after 1 h sedimentation and removal of coagulation sludge; * OMW after biological oxidation (bio-OMW). Conditions:
pH=7.3-8.3;T=25+5°C; V=80L; DO~ 2 mg L 4 OMW after PF-UVA process. Conditions: t = 3 h; pHp = pHgina = 2.8 (controlled during reaction); T = 25 + 1
°C; [H202] = 400-500 mg L~%; [TDI]o = 100 mg L % Q=50Lh}; V=1.1L 6W UVA light source; neutralized OMW to pH = 7.0 not characterized; FluHelik
photoreactor; © OMW after AO process. Conditions: t = 3 h; pHo = 8.3 (natural); T=25+ 1 °C; j =200 mA cm % Q =50 Lh™!; V = 1.1 L; MicroFlowCell and
FluHelik photoreactor; f OMW after O3 process. Conditions: t = 3 h; pHp = 8.3 (natural); T = 25 + 5 °C; Qo3 = 0.2 Ndm® min~!; OD; = 20 mg O3 min~ % V=1.0L;
Bubble column reactor; ¢ Emission limit values (ELV) for wastewater disposal into aquatic environment, imposed by the Portuguese legislation [26]; " Limit of
quantification (LOQ) value; d — detected; n.a. — not applicable; n.d. — not detected; n.m. — not measured.
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sludge and solids, and oil and grease.

2.3. Analytical determinations

All analytical methods employed in the present work are described in
the Supplementary Material file (Table SM-1).

2.4. Experimental system and procedure

2.4.1. Coagulation/flocculation

The coagulation/flocculation process was conducted in batch and
continuous mode (described below), assessing the effect of the pH, and
the type and dosage of coagulant and flocculant. The reproducibility of
the trials was verified by conducting it in duplicate. The efficiency of the
treatment was evaluated as a function of chemical oxygen demand
(COD), dissolved organic carbon (DOC), turbidity, and phenols removal
after 30 min settling. Subsequently, the best-operating conditions were
applied to 80 L of the p-OMW so that a sufficient volume of the coagu-
lated OMW (c-OMW) could be obtained for the subsequent procedures
(Table 2).

2.4.1.1. Batch mode. Batch tests were carried out in a jar-test apparatus
(Velp Scientifica, Model JLT6) using 300 mL of p-OMW inside 500 mL
beakers. The pH was adjusted (when applicable) in the range of 3.0-4.5.
A coagulant dosage (Alx(SO4)3: 200-3000 mg L’l; Chitosan:
100-500 mg L’l; FeCls: 100-500 mg L) was added, and mechanical
stirring was provided for 3 min at 150 rpm, followed by 15 min at
20 rpm. The choice of the coagulants (Alx(SO4)3, chitosan, and FeCls)
was based on its conventional use for OMW coagulation [27]. Under the
best conditions, flocculation was tested using Ambifloc, Superfloc or
Magnafloc flocculants in the range of 1.2-4.0 mg L ™! under slow stirring
(20 rpm for 15 min).

2.4.1.2. Continuous mode. The best conditions established for batch
were replicated in a continuous mode setup composed of (i) a feed tank
with the p-OMW, (ii) a stirred tank reactor (109 mL) for coagulation,
(iii) a tubular reactor (130 mL) for flocculation (if applicable), and (iv) a
settling tank for clarification (Fig. SM-1a). More details can be found
elsewhere [28]. The p-OMW was pumped continuously into the system,
at a flow rate of 12 mL min~!. After reaching steady-state conditions,
the c-OMW was collected for the subsequent stages.

2.4.2. Biological oxidation

The biological system was conducted in batch mode using a 100 L
cylindrical flat-bottom tank with mechanical stirring (Ingenieurbiiro
CAT Scientific, model R50D) and air supply, provided by an air pump
(Aqua Medic, model Mistral 4000) connected to a diffuser at the bottom
of the tank, under ambient temperature (25 + 5 °C) (Figure SM-1b).
Initially, 5 L of activated sludge from a municipal wastewater treatment
plant and 5L of c-OMW (previously neutralized up to pH 7.0) were
added to the tank. For 14 days, small amounts of c-OMW were pro-
gressively incorporated into the biological reactor (and DOC decrease
monitored), allowing the biomass to adapt to such a complex matrix
until reaching a total volume of 85 L. Following this adaptation period,
the biological oxidation continued for more 20 days (0.5 g L™} < volatile
suspended solids (VSS) < 1.0 gL™}; 7.3 < pH < 8.3; and dissolved ox-
ygen (DO) ~0.5 mg L~1) until DOC stabilization. H,S04 was continu-
ously added to keep pH in the intended range. After 24 h sedimentation,
the supernatant (bio-OMW) was carefully withdrawn and used for the
subsequent AOPs trials.

2.4.3. Advanced oxidation processes

After the second stage, the resulting effluent (bio-OMW) underwent
three different AOPs: PF-UVA, AO, and Os. For every trial, a total
treatment time of 3 h (180 min) was applied. DOC was monitored along
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the various AOPs. A zero-order kinetic constant (kpoc/opt, mg C g 05 H
and pseudo-first-order kinetic constants for DOC removal (kpoc, min™})
were calculated from Egs. (1) and (2), respectively:

[DOC], = [DOC], — kpoc/oprODr, (€D)]

[DOC], = [DOC]e *roc! (2)

where [DOC];is the DOC content (mg C L_l) after time t and [DOC]g
is the DOC content (mg C L™ just before the start of the reaction, and
ODr, (g O3 L~1) is estimated transferred dose of ozone (see Eq. (4)) after
time t. The goodness of the fitting was assessed by calculating the
relative standard deviations, the coefficient of determination (Rz), and
the residual variance.

2.4.3.1. Photo-Fenton. PF-UVA treatment tests (Fig. SM-1c.1) were
carried out in a lab-scale flow system composed by: (i) a FluHelik pho-
toreactor (680 mL), (ii) a recirculation cylindrical glass vessel (1.5 L),
thermostatically controlled and magnetically stirred, (iii) a gear pump
(Ismatec, model BVP-Z), and (iv) an UVA lamp (Philips TL 6 W/08
fluorescent black light blue lamp). All system units were connected by
polytetrafluoroethylene (PTFE) tubing. The FluHelik photoreactor has
already been extensively described elsewhere [29]. Briefly, it is mainly
composed of (i) a cylindrical stainless-steel shell, (ii) inlet/outlet pipes
located perpendicularly to the fluid flow and tangentially to the shell in
a horizontal plane and at the top in opposite sides, and (iii) a concentric
inner quartz tube housing the lamp. The radiant power reaching the
FluHelik/UVA system was 0.62 + 0.02 W [30].

For the PF-UVA trials, a volume of 1.1 L of the bio-OMW was added
to the glass vessel, the thermostatic bath was switched on, and ho-
mogenization by recirculation at 50 L h™! in the dark occurred until the
OMW achieved a temperature of 25 + 1 °C (~10 min). Then, an initial
control sample was taken. A flow rate of 50 L h™! was applied during all
tests since good hydrodynamic conditions take place inside the FluHelik
photoreactor for flow rates >50L h~! [29]. Then, the pH of the
bio-OMW was adjusted to the intended value (2.8, 3.5 or 4.0) and a
second control sample was collected. Afterward, the catalyst was added
(40, 60, 80 or 100 mg Fe?* LY and, after 5 min of recirculation, a third
control sample was obtained (¢t = 0 min). Finally, the lamp was turned
on simultaneously with the addition of the oxidant (100-250 or
400-500 mg Hy0, L71), giving the reaction start. The Fenton trial
(absence of light) was similarly conducted (pH = 2.8, T=25+1 °C;
[Ho02] = 400-500 mg L™Y; [TDIlo = 100 mg L ™! and 50 L h™!). The
H,0, was continuously added during the trials to maintain the
pre-determined concentration constant during the entire reaction time.
The temperature supplied by the thermostatic bath was continuously
adjusted to keep the OMW at 25 + 1 °C. The pH was also adjusted to its
initial value during reactions. Samples were collected at different time
intervals. After samples collection, sodium sulfite (Na;SO3) was added in
a NapS03-to-H02 molar ratio of 1:1 [31] to quench Hy03 and stop the
oxidation process.

2.4.3.2. Anodic oxidation. AO system setup (Fig. SM-1c.2) was similar
to the previously described for PF-UVA, but (i) coupling the FluHelik
photoreactor to a conventional electrochemical filter-press flow cell
(ElectroCell, model MicroFlowCell), and (ii) using an UVC lamp (Philips
G11T5, 11 W, low-pressure mercury lamp) inside the photoreactor (for
AO/UVCQ). The radiant power reaching the FluHelik/UVC system was
1.71 4+ 0.03 W [29]. The electrochemical cell was equipped with (i) a
boron-doped diamond (BDD) anode (active area of 10 cmz) composed of
a conductive niobium (Nb) sheet with 2 mm thickness coated with a
BDD film of ~2 ym thickness, and (ii) a platinum (Pt) cathode (active
area of 10 cm?) composed of a conductive titanium (Ti) plate of 2.0 mm
thickness two-side coated with a thin pure Pt film of ~2.5 um thickness.
Both electrodes were supplied by ElectroCell. A power supply (MLINK,
model DPS3005, 0-5 A, 0-30 V) provided constant current density (j,
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mA cm™2) to the cell and directly displayed the cell potential. The
characteristics of the electrochemical cell are detailed elsewhere [32].

A volume of 1.1 L of the bio-OMW (in the absence or presence of
3.0 g NaCl L) was added to the glass vessel, the thermostatic bath was
switched on, and homogenization by recirculation at 50 Lh™! in the
dark occurred until the OMW achieved a temperature of 25 +1 °C
(~10 min). An initial control sample was taken. The beginning of the AO
process was marked by the switch of the power supply at a constant j
(25, 100, 150 or 200 mA cm2) and, for the AO/UVC process, by the
simultaneous switch of the UVC light. The temperature supplied by the
thermostatic bath was continuously adjusted to keep the OMW at 25 + 1
°C. The pH was measured but not adjusted during reactions. Samples
were collected at different time intervals. The energy consumption for
the operation of the electrochemical cell was calculated in terms of
specific energy consumption per unit volume (EC, kWh m™3) according
to Eq. (3) [33]:

Ecelll t
Vs

EC 3

where E. is the average cell voltage (V), I is the current intensity (A), t
is the time of reaction (h), and Vj is the volume of solution (L).

2.4.3.3. Ogzonation. The lab-scale setup for Os trials (Fig. SM-1c.3)
mainly encompassed: (i) an ozone generator (BMT, model 802 N, gas
flow range 0.1-1.0 Ndm® min™') fed by pure/dry oxygen at a constant
flow rate regulated by a digital mass flow controller (Alicat Scientific,
MC-Series model with standard accuracy of + 0.6%), (ii) a bubble col-
umn (BC) (BMT, model 4.1) (73 mm of internal diameter, 370 mm of
maximum column height, and ~1.5 L volume capacity) without bio-
OMW recirculation, (iii) a porous ceramic diffuser, placed at the
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bottom of the BC, through which a constant flow of an ozone/oxygen-
gas mixture was being delivered, and (iv) an UV-based ozone analyzer
(BMT, model 964) coupled to a dehumidifier (BMT, model DH3b) to
monitor inlet and outlet gaseous ozone concentrations. The residual
ozone gas was vented through a catalytic destruction unit (BMT, Heated
Catalyst) and bubbled into Woulff bottles containing 2% potassium io-
dide solution. All system units were connected by PTFE tubing. The
system was placed inside a fume cupboard to avoid exposure to ozone.
More information on this system can be accessed in Gomes, et al. [34].

For Oj trials, a volume of 1 L of the bio-OMW was added to the BC,
and different inlet ozone doses (OD; = 12, 20 or 40 mg O3 min~!) were
tested by increasing the inlet concentration of ozone (Co3;; = 60, 100 or
200 mg Ndm~2) under a constant gas flow rate (Qg = 0.2 Ndm?® min™1).
During 3h of treatment time, periodic samples were collected for
analytical characterization. Before the analysis, dissolved ozone was
removed by transferring the sample vials into a water bath at 50 °C for
15 min. Temperature and pH were not controlled during reactions. The
ozone consumption was evaluated through the mass balance of ozone in
the gas phase as a function of the estimated transferred dose of ozone
(ODr, g O3 L’l), following Eq. (4) [34]:

13
%/ (Cos1 — Cos0)dt
0

Vi
where Qg is the applied gas flow rate (Ndm® min™1), Vi, is the OMW
volume in the column (L), and Cop3; and Cpz o are the inlet and the
outlet/off-gas ozone concentration in the gas phase (g O3 Ndm™>),
respectively, during the applied time interval (¢, min).
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Fig. 1. Performance of coagulation process for (a) batch mode tests aiming pH selection using different coagulants at fixed dosages — (a.1) Al(SO4); = 0.4 g L™},
(a.2) chitosan = 0.1 g L%, and (a.3) FeCl; = 0.1 g L1, (b) batch mode tests aiming coagulant selection using the best pH for each coagulant (pH = 4.5 for Al5(SO4)3,
pH = 4.5 for chitosan, and pH = 3.0 for FeCls) and dosage = 0.5 g L™}, and (c) continuous mode aiming coagulant dosage selection using Al;(SO4)s and pH = 4.5.
Absence of flocculant addition in all trials. Error bars represent the range of results from duplicate trials.
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3. Results and discussion
3.1. Olive mill wastewater characteristics

The r-OMW (not physicochemically characterized due to constraints
provided by the high amount of sludge and solids, and oil and grease)
had a strong olive smell and a dark brown color. After the filtration/
sedimentation pre-treatment for removal of larger particles and oil and
grease (p-OMW), it showed (i) a high concentration of organic com-
pounds (COD of ~10 g O L™ and DOC of ~2.9 g CL™Y), (ii) a high
content of particulate matter (TSS of ~4 g L™! and turbidity of 4600
NTU), (iii) the presence of phenol compounds (161 mg LY, and (iv) an
acidic pH (~4.5) (Table 2).

Even though biological methods are commonly used to pre-treat/
treat OMWs [7, 35-37], it is a common practice to dilute the OMW
prior to the biological treatment to decrease the negative effect of high
organic loads, including phenolic compounds, on microbial activity [7,
23,35,38]. This occurs because it is well known that microorganisms can
be highly inhibited by the presence of phenolic compounds [5,23,37].
The 28-day Zahn-Wellens biodegradability test (Fig. SM-2, Table 2)
confirmed the need for a 10-time dilution for the p-OMW to attain a
biodegradation > 70%, so that the application of a biological oxidation
stage can be considered viable. In this sense, the application of an AOP to
increase p-OMW biodegradability could be an option, but the expected
operating costs at this point would be extremely high. Furthermore,
photocatalytic processes would be undermined by the high turbidity and
color of the p-OMW. Considering that the aim is to provide a treatment
strategy with no need for wastewater dilution and economically feasible,
a coagulation/flocculation process was chosen to be tested as the first
treatment stage.

3.2. First-stage - coagulation/flocculation

3.2.1. Batch mode

Coagulation of OMWs is recognized to enable substantial solids
removal, organic matter, phenols content, and color, which can poten-
tially benefit subsequent treatment stages [21,39]. The present study
focused on working with minimal/null pH adjustment. Taking this into
consideration, pH optimization tests were performed at the natural pH
of the p-OMW or pH values close to it (pH 3.0-4.5), using the minimum
coagulant dosage that provided a visible agglomeration of particles
(0.4g L~ for Aly(SO4)3,and 0.1 g L~ for chitosan and FeCls) (Fig. 1a).
For Aly(SO4)3, COD and turbidity removal decreased for lower pH
values, achieving the best results at natural pH (Fig. 1a.1-2). At pH 4.5,
Al3(SO4)3 could be causing a dual effect: (i) the soluble complexes
coming from humic substances were more easily generated in the
presence of Al3+, and (ii) the aluminum hydroxide species formed (Al
(OH)3) increased the adsorption of humic acids on its surface [40]. For
chitosan, changing the p-OMW pH did not influence the coagulation
efficiency (Fig. 1a.2). Chitosan is a positively charged linear poly-
electrolyte under acidic conditions (pH ~4), and its amine functional
groups attract anionic ions (such as those present in the OMW humic
acids), which improves its adsorption and coagulation effects [41].
Conversely, decreasing the p-OMW pH improved COD and turbidity
removal when FeCl3 was used as a coagulant (Fig. 1.a.3). At lower pH
values (~3), the predominant ferric ions are in the hydrated aquo state,
so the destabilization mechanism is mainly due to the ionic strength. At
pH > 4.5, the hydrolyzation of the ferric ions leads to the precipitation
of the ferric hydroxide, which is insoluble [42].

For each coagulant, under the respective best pH (pH 4.5 for
Al5(SO4)s and chitosan, and pH 3.0 for FeCls), the same dosage
(05g L™1) was then applied (Fig. 1b). The results for Al3(SO4)3 and
FeCl3 were quite similar and showed the superiority of these coagulants
over chitosan in decreasing both COD (~30% vs. 10%) and turbidity
(~98% vs. 53%). Despite this, chitosan provided a slightly higher phe-
nols (~44% vs. 55%) and DOC (~20% vs. 27%) removal. Further jar-
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tests with the addition of different types and dosages of flocculants
showed null improvement (data not shown). These results indicate
Aly(SO4)3 as the best coagulant choice since (i) higher efficiencies were
obtained (vs. chitosan), and (ii) no pH adjustment was required (vs.
FeClsg). It should be noted that if a subsequent Fenton’s reaction-based
treatment stage is expected, then it makes sense to choose the FeCl;
coagulant. Not only does this coagulant work best at pH 3.0 (usually the
optimum pH value for Fenton’s reaction-based processes), but the
remaining iron can reduce the amount of catalyst to be added if this AOP
treatment follows.

3.2.2. Continuous mode

Coagulation of the p-OMW in continuous mode using different dos-
ages of Alp(SO4)3 and at natural pH provided lower efficiencies (Fig. 1c)
compared to the batch operation, as jar-test operates under optimum
mixture conditions. For Aly(SO4)3 dosages of 0.8 gL ™! and 1.2 gL},
similar removal efficiencies were obtained for the studied parameters
and overall better results compared with those achieved for 0.4 g L.
Once again, the addition of flocculant showed null process improvement
compared with coagulation alone (data not shown). These results
established the dosage of 0.8 g L™} of Aly(SO4)s at pH = 4.5 (null pH
adjustment) as the best coagulation conditions for the p-OMW.

Coagulation, as the first treatment stage, was able to decrease TSS by
97%, turbidity by 98%, phenol compounds by 57%, and the organic
matter content by 20% for COD and 17% for DOC (Table 2). This led to a
decrease in the inhibition on the biological activity and the resulting c-
OMW reached a mineralization of 88 + 2% with 1:2 and 1:10 dilution at
the end of the 28-day Zahn-Wellens test (Fig. SM-2, Table 2), thus
indicating the increase in the biodegradability of the c-OMW and that
biological oxidation could be applied in the subsequent treatment stage.

For an OMW also coagulated with Al3(SO4)3, Achak, et al. [27] re-
ported higher DOC removal (38 + 5%) when applying coagulant dos-
ages of 1.5-1.9gL™l. In turn, under quite similar experimental
conditions (pH = 4.6 and Al3(SO4)3 = 0.8 g L_l), Vuppala, et al. [43]
found comparable reductions of 17% for DOC, 57% for COD, 62% for
phenols and 93% for turbidity (OMW initial conditions: DOC =
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Fig. 3. Evolution of the (a) normalized DOC removal (inset: respective pseudo-first-order kinetic constants), (b) HoO, consumption, and (c) total dissolved iron (TDI)

concentrations as a function of reaction time during the PF-UVA reactions for different (.1) pH values (( A, A,A}) —-pH =2.8; (<,<],<H~) -pH=35;(C , -,

)-
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V = 1.1 L; 6 W UVA light source; FluHelik photoreactor.

2.6 g CL™!, COD = 16.4 g 05 L}, phenols = 159 mg L™1).
3.3. Second stage — biological oxidation

Biological oxidation lasted 20 days, during which low levels of DO
(~0.5 mg L) were indicative of a high degree of oxidation (data not
shown). Towards the end of the biological treatment, along with DOC
stabilization (Fig. 2), DO contents started to increase up to 2.0 mg L™}
and over, suggesting that the biodegradable compounds were already
oxidized. The biological process provided a continuous DOC, COD and
phenols decay (Fig. 2), with average rates of 63.6 + 0.9 mg L' d~! (R2
=0.997),197 + 4mg L™} d~! (R? = 0.996), and 3.0 + 0.3 mg L' d!
(R? = 0.947), respectively. As a result, the biological stage provided
almost complete phenols removal (92%), along with the oxidation of
almost all biodegradable organic compounds (removal of 89 + 2% of
organic matter), as can be seen in Table 2. These reductions are related
to the microorganisms’ strong activity to use organic matter and phenol-
like compounds as carbon and energy sources [44,45]. This is only
possible due to an acclimatization period [46], which lasted for 14-days
in this study. Part of the removal of phenols verified at this stage may
also be related to the volatilization of some phenolic compounds due to
the air injection supplied during treatment. Even though biological
treatments based on activated sludge do not provide high removal on the
organic load of OMWs [11,39], the combination of biological oxidation
with other treatment processes can significantly improve pollutants
removal [2,35,37], as proven in this work.

3.4. Third stage — advanced oxidation processes

3.4.1. Photo-Fenton
The most well studied AOPs in the treatment of OMWSs are Fenton
and PF [11,13,14,21,23]. PF is based on the Fenton’s reaction (Eq. (5))

[47]1) coupled with radiation (Eq. (6)) [48], which results in higher
production of HO® [15,21] and, ultimately, higher efficiencies.

Fe** + H,0, »Fe’™ + HO® + HO™ )

Fe’* + H,0 + hv—Fe”™ + HO® + H* (6)

A Fenton process was firstly applied during 3 h, which promoted a
very poor organics degradation (data not shown).

PF-UVA tests were carried out using the bio-OMW acidified at pH
values of 2.8, 3.5, and 4.0 (Fig. 3a-c.1, Table SM-2). It must be
mentioned that the preliminary acidification step led to a decrease of the
organic matter content (average DOC reduction of 26 + 4%), which was
probably related to the precipitation of humic acids/phenolic com-
pounds [49]. For the PF-UVA treatment acidified up to pH 2.8, contin-
uous removal of DOC was observed throughout the reaction, achieving a
reduction of 72% at the end (Fig. 3a.1). Photo-treatments at pH 3.5 and
4.0 presented sharp mineralization (~30%) between 0 < t < 15 min,
followed by a very slight DOC abatement period (~30%) towards the
end. This trend can be mainly related to high Fe3* precipitation at the
beginning of the reaction, 0 < t < 15 min, as indicated by the total
dissolved iron (TDI) concentration profiles (Fig. 3 c.1). For pH > 2.8 the
generated Fe>* may have precipitated along with the organic com-
pounds with which it formed complexes.

The optimization of HyO5 concentration can minimize HyO5 con-
sumption and improve the reaction rate-HpO3 can be rate-limiting if
applied in too low concentrations, leading to a reduction of the Fenton’s
reaction (Eq. (5)) [19,22], and it also participates in parasitic reaction
(Eq. (7) [50]), or it can self-decompose (Eq. (8)) [51] if applied at too
high concentrations. For the same catalyst concentration (100 mg Fe?*
LY, two oxidant dosages were evaluated by initially adding (i)
250 mg L™} of Hy0, and maintaining the dosage between 100 and
250 mg L! (HzOZ/Fe2+ molar ratio = 4), or (ii) 500 mg L' of H>0o,
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keeping a range dosage of 400-500 mg L™! (Hy05/Fe?™ molar ratio =
9). This stepwise addition of HoO, has been shown to improve the ef-
ficiency of the Fenton process on the treatment of an OMW compared to
the single-dose method [5]. The obtained results (Fig. 3a-c.2,
Table SM-2) indicate that increasing the oxidant concentration benefited
the process by increasing DOC removal (kpoc increase of 1.9-fold),
although with a slightly higher Hy05 consumption (Fig. 3b.2). A
further increase in oxidant concentration is expected to lead to the
occurrence of scavenging/parasitic reactions (Eqgs. (7) and (8)) [50,51].

H,0, + HO®—=HO," + H,0O @

2H202—>02 + HzO (8)

The increase of the catalyst concentration (Fig. 3a-c.3) led to higher
and faster organic matter removal due to greater production of HO® via
Eq. (5). Moreover, a low Hy0, consumption rate associated with an
induction period (0 < t < 30 min) occurred for the tests using the lowest
iron concentrations. This suggests that after the initial HyOy addition
and subsequent Fe?" oxidation, the rate-limiting step of the reaction is
described by Eq. (6) as a result of photonic competition between the iron
complexes and other light-absorbing species. The competition decreases
as Fe2* concentration increases, being almost null for the highest con-
centration tested (100 mg Fe?* L1 with Hy05/Fe?" molar ratio = 9). It
should be noted that the reaction rate of mineralization (see Table SM-2)
doubles when the catalyst dosage increases from 40 to 60 mg Fe?* L™
and again from 60 to 80 mg L™}, while it has only a small increase
(~14%) from 80 to 100 mg Fe?* L™!. Taking this, and considering that
further increase in Fe>™ concentration can also have scavenging effects
(Eq. (9)) [52], higher catalyst dosages were not pursuit.

Fe’* 4+ HO® - Fe*t 4+ HO" 9

Considering that the best performance of the PF-UVA process was
attained with a pH 2.8, keeping the oxidant in the range of
400-500 mg Hy0, L1, and a catalyst dosage of 100 mg Fe?* L1, these
were defined as the best operational conditions for the treatment of the
bio-OMW.

3.4.2. Anodic oxidation

AO is a clean alternative since it resorts to electrons (e") as reagents.
In AO with non-active anodes as BDD, organics can be oxidized by three
main mechanisms: (i) the direct transfer of e~ from the organics R to the
anode surface via Eq. (10) [53], (ii) the attack of heterogeneous reactive
species produced as intermediates of water oxidation, including (1)
powerful physisorbed HO® at the anode surface, denoted M(HO®),
generated via Eq. (11) [53], (2) H2O5 produced from M(HO®) dimer-
ization according to Eq. (12) [53], and (3) O3 generated from water
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discharge at the anode surface via Eq. (13) [53], and/or (iii) oxidants
that are electrochemically produced from species existing in the bulk
solution, such as active chlorine species (chlorine — Cly, hypochlorous
acid — HCIO, and hypochlorite ion — ClO ") generated from chloride ions
(Cl7) via Egs. (14)-(16) [53,54], persulfate (52082_) formed from sulfate
ions (SO42’) via Eq. (17) [53], and sulfate radicals (SO4°") able to be
produced by various pathways, such as SO4%~ oxidation at the anode
surface via Eq. (18) [55], 82082’ reaction with HO® or an organic R via
Egs. (19) or (20) [56], and 52082’ cathodic reaction via Eq. (21) [57].

R— R + e (10)
M + H,0 -M(HO") + H™ + e 11
2M(HO")— 2MO + H,0, 12)
3H,0 - 0; + 6H" + 6e (13)
2CI" > Cl, + 2 a4
CL + H,OH = Cl0 + CI° + H' 15)
HCIO =CIO” + H* (16)
28507 - $,05” + 2¢” a7)
SO;” - SO} + e 18)
$;0” + HO® - HSO; + SO~ + %oz 19)
S0 + R-—2S0; + (R (20)
$:0;” + e —>SO;” + SO;” (21

Fig. 4a shows that the increase of the j (from 25 to 200 mA cm™?)
provided sharper DOC removals as a function of reaction time. This can
be attributed to the occurrence in a greater extent of the direct e~
transfer from the organics to the anode via Eq. (10) and/or the pro-
duction of higher amounts of oxidative species, such as M(HO*®), HyOo,
O3, active chlorine species, 52082’ and/or SO4°~ via Egs. (11)-(21) that
may attack the bio-OMW organics and/or the organic by-products
generated during the AO process. The generation of active chlorine
species was confirmed during reactions (Table SM-3). After 3h of
electrolysis at 200 mA cm ™2, active chlorine species reached a content
of 114 mg L. DOC removals of 15%, 21%, 26%, and 30% were ob-
tained at the end of AO trials using 25, 100, 150, and 200 mA cm 2
(Table SM-3), respectively. Panizza and Cerisola [18] also achieved
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increasing removal of organics (COD removal from ~10% to ~48%) for
raising j from 37 to 62 mA cm™2 in a 3 h AO treatment with a TiRuOy
anode applied to a filtered OMW with a much higher COD (26,
750 mg Oz L7 vs 718 mg Oy L™H.

Fig. 4b shows the DOC decay profiles in terms of consumed charge
for the electrolysis. The behavior was distinct from that in terms of
electrolysis time. For the same specific charge, the DOC was removed to
a greater extent for 25 mA cm 2 and poorly and similarly removed for
100-200 mA cm 2, suggesting a beneficial effect of a low j of
25mAcm 2, and the absence of adverse effects of applying
j>100 mA cm™2. After a consumed charge of 5.8 Ah L7! using
200 mA cm 2, 30% of DOC removal was achieved. Chatzisymeon, et al.
[58] achieved 10% COD removal after a consumed charge of ~6 Ah Lt
using 86 mA cm ™2 in the AO treatment with a BDD anode of a filtered
and highly biodegradable OMW with a much larger content of organics
(COD of 40 g 05 L™1). Regarding the energy consumption for the elec-
trolysis, the application of larger j was always highly detrimental
(Fig. 4c).

To further improve the efficiency of the AO, the process was assisted
by UVC light. This UV radiation may decompose some electrogenerated
by-products (such as HyO3, Os, 82082’7 and HCIO) into powerful oxi-
dants (HO®, SO4°~ and chlorine radical (Cl1*)), according to Eq. (22)
[59], (23) [60], (24) [61] and (25) [62]. Furthermore, despite the
inability of the original organics of the bio-OMW to UVC photolysis
(data not shown), some AO by-products can be susceptible to the attack
of UVC radiation. Ultimately, this can lead to better oxidation of
organics.

H,0, + hv—2HO"® (22)
0; + H,0 + hv—2HO® + 0, (23)
$,0;” + hv—2S0;” (24)
HCIO + hv—HO® + CI° (25)

Fig. 4 shows that there was no change in the AO efficiency with the
addition of UVC light. Four plausible hypotheses for these results are
that (i) the photolysis of H2O5, O3, 82082’7 and HCIO was incapable of
occurring because UVC light did not penetrate the effluent in virtue of its
dark color, (ii) H,O,, O3, and 52032’7 species were not produced at all
or very poorly produced, being then unable to generate powerful oxi-
dants, (iii) C1° produced from HCIO was not able to degrade the organics
of the bio-OMW, and/or (iv) organic by-products were not susceptible to
the action of UVC light.

In another attempt to enhance the efficiency of AO, CI~  ion was
added to the reaction medium through NaCl salt to improve the pro-
duction of active chlorine species via Egs. (14)-(16) and also the ions
conduction. The content of Cl™ of the effluent was increased from
~0.6 gL' to ~2.4 g L™L. This is a common approach in the treatment
of effluents [63]. In Fig. 4, one can perceive a null improvement on the
DOC removal in the presence of a higher CI™ content, which points to a
low susceptibility of the organics present in the bio-OMW to be oxidized
by active chlorine species, despite the confirmation of the presence of
these species in higher amount - after 3 h of electrolysis, the amount of
active chlorine species was 114 mg L™! in the absence of NaCl addition
and 376 mg Lt upon the salt addition (Table SM-3). This points to a
crucial role of organics oxidation by AO played by electrogenerated M
(HO®). The increase in the OMW conductivity highly reduced the cell
potential, ultimately providing an energy consumption ~50% lower
than that in the absence of NaCl addition (Fig. 4b).

3.4.3. Ozonation

Apart from Hy0 (E° = 1.78 V vs. standard hydrogen reduction po-
tential (SHE)) and HO® (E0 = 2.73V vs. SHE), ozone has one of the
highest reducing potentials (E° = 2.07 V vs. SHE), being highly effective
for phenolic and organic compounds removal and decolorization
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[64-66]. In the O3 process, two oxidation pathways can occur: (i) or-
ganics direct reaction with ozone, which is selective and relatively slow,
and (ii) organics indirect reaction through secondary oxidizers, in
particular HO®, generated by ozone decomposition (reactions described
from Egs. (26)-(36) [34,67]), presenting a non-selective attack and
having faster oxidation rates. While under acidic pH conditions, the
direct oxidation reactions prevail, under alkaline conditions ozone
easily decomposes into HO®, and the indirect oxidation pathway pre-
dominates, boosting the degradation of contaminants [17,34,39,67,68].

O; + HO - HO, + 0O, (26)
HO, + 0;-0} + HO; 27)
HO; = Oy + H' (28)
0y + 0;-0y + 0 (29)
0y + H,0 -HO" + 0, + HO (30)
Oy + HO*—HO; + O (31)
0y + HO"-0; + HO (32)
HO* + 0;—>HO; + O, (33)
H,0, = HO, + H' (34)
H,0, + HO®—HO; + H0 (35)
HO, + HO®—HO; + HO" (36)

Taking the above, and considering the bio-OMW pH value of ~8-8.3,
no pH adjustment was used on the O3 treatment and the process was
evaluated for increasing OD; (in this case, by increasing Co3 ) which is
an important parameter because it rules not only ozonation efficiency
but also its associated costs [69]. Results showed (Fig. 5a-b) a significant
increase in the effluent mineralization when ODy increased from 12 to
20 mg O3 min~! (or Cos,;1 from 60 to 100 mg O3 L1, but the DOC
removal was maintained (62% vs. 60%) when OD; increased to 40 mg O3
min~! (Cos,1 of 200 mg O3 Ndm ™). A similar trend was also verified for
COD abatement (77% vs. 79%, Table SM-4). Although some authors
reported lower organic matter removal using O3 process [24,68], the
OMW on those studies presented a higher initial organic load (at least 10
times in terms of COD), which may lead to the formation of intermediary
compounds (mainly carboxylic acids, such as formic and oxalic acids)
that are not oxidized and accumulate in the system [17]. Comparatively,
when Karageorgos, et al. [70] also treated in a bubble column reactor a
diluted OMW (initial COD of 1100 mg O, L™! and pH 6.7), they had a
final COD reduction of ~20% and 60% after 4 h of O3 with Coz of
22 mg O3 Ndm ™~ and 60 mg O3 Ndm ™3, respectively. Another critical
parameter to consider is the ODt (Fig. 5a: inset), which presented a
maximum ozone utilization rate of 68% (on average). This indicates that
only a fraction of the fed ozone is being consumed to degrade the OMW.
Similar findings were obtained by Canizares, etal [17], with a minimum
of 40% O3 being lost. According to the results, it is also noteworthy that
DOC was less efficiently removed for ODt values greater than 1.5 g O3
Lt (Fig. 5¢), which occurred for the highest OD; tested in this work.

Considering that the bio-OMW basic pH value promotes O3 decom-
position to produce HO® (reaction chain started by Eq. (26)), one must
still consider the occurrence of direct oxidation by molecular Os, that
has high selectivity towards compounds containing aromatic rings and
double bonds (such as phenolic compounds). In this case, after 3 h of O3
process with 20 mg O3 min~?, the removal of phenols was 91%, which is
in agreement with high phenols degradation reported by other re-
searchers [16,24,69,70]. For the treatment of undiluted OMW previ-
ously coagulated and bio-treated, the optimized OD; for the ozonation
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Fig. 6. Summary of the multistage treatment strategy composed of pre-treatment-coagulation-biological oxidation-AOP for (a) the overall removal of DOC, COD,
TSS, and phenol, and (b) the imposed emission limit values (ELVs). The red lines in (b) represent the ELVs in Table 2. Legend: white bars — coagulation stage; light-

colored bars - biological oxidation stage; dark-colored bars — AOP stage; '///A - PF-UVA; - -AO; - O3; n.m. — not measured. Similar conditions as in Table 2.

stage (without requiring initial or final pH correction) was 20 mg O3
min~! (Co3,1 = 100 mg Ndm 2 and Q;=0.2 Ndm? min_l).

3.5. Multistage treatment strategy assessment

3.5.1. Removal efficiencies and legal compliance

A summary of the results for the treatment of undiluted OMW by
applying a multistage strategy comprising pre-treatment (filtration and
sedimentation)-coagulation-biological oxidation-AOP is presented in
Fig. 6 and Table 2, considering the best operating conditions established
for each tested AOP. The imposed ELVs were considered for direct
discharge into environmental compartments according to the Portu-
guese legislation [26].

Coagulation in the first treatment stage, under the best conditions
established (Al2(SO4)3 =0.8 g L' at pH 4.5, meaning null pH adjust-
ment), was highly efficient in decreasing turbidity (by 98%), TSS (by
97%), and, to a lesser extent, phenols (by 57%) (Fig. 6a and Table 2).
Despite the low DOC and COD removal (17% and 20%, respectively), the
decrease in the inhibition on the biological activity after coagulation
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allowed a following biological oxidation treatment stage that further
degraded the organic matter, adding 72.4 &+ 0.6% decrease for organic
parameters. At the same time, the biological oxidation was also capable
of providing high phenols removal, contributing to ~40% of the total
phenols abatement. These two treatment stages attained a global
removal efficiency of 93% for COD, 97% for TSS, and 97% for phenols,
still requiring further treatment to comply with the respective ELVs.
For the third treatment stage, the PF-UVA process presented the
highest organic matter removal (further 8 + 1% - Fig. 6a and Table 2)
and was the only AOP applied to the OMW that met the ELV for COD
after 3 h of treatment (<150 mg O, L™, Table 2 and Fig. 6b). Regardless
of the high process efficiency towards the organic parameters, along
with additional removal of ~78% of aromatic compounds (UVjs4,
Table 2), it was still ineffective at fulfilling the remaining ELVs imposed
(Fig. 6b and Table 2). Furthermore, the multistage treatment applying
the PF-UVA process required pH acidification to 2.8, which resulted in a
level of SO42~ exceeding the respective legal threshold since the pH
correction was carried out with H»SO4. Another approach could be
acidification with HCl. In addition, the PF-UVA process presents further
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disadvantages related to the need of neutralizing the treated effluent,
and the generation of sludge with high iron content.

In turn, AO was the least efficient AOP towards the organic matter,
TSS, and color removal, although it obtained greater phenols removal
than the PF-UVA process (Fig. 6a). The multistage treatment with AO
presented a global removal > 92% for organic matter, phenols and TSS
(Fig. 6a), but did not fulfill any of the respective ELVs.

Finally, the O3 process contributed to the multistage treatment
removing further 6.2 + 0.8% of organic matter (Fig. 6a), which resulted
in a treated effluent with COD values shortly above the ELV (167 mg O,
L~! — Fig. 6b). On that note, this AOP was also very efficient at
decreasing the content of aromatic compounds (96% reduction for
UV3s4), which resulted in the distribution of organic matter mostly as
non-humic compounds — SUVAgs4 < 2 L mg~! m™! [71]. The combined
strategy pre-treatment-coagulation-biological oxidation-O3 for the
treatment of undiluted OMW led to high removal of the remaining pa-
rameters (phenols = 99.7% and TSS = 99%), for which the ELVs were
met (phenols <0.5 mg L' and TSS <60 mg L’l) (Fig. 6b and Table 2).

3.5.2. Operational cost estimation

Cost evaluation for the treatment train (Table 3) was calculated
considering i) the experimental conditions applied for the different
treatment stages, and ii) the costs in reagents and energy (further details
in Tables SM-5 and —6). For the two initial treatment stages, coagulation
and biological oxidation, a treatment cost of 1.20 € m ™ was estimated.
The main costs associated with these well-known conventional treat-
ment processes were: (i) the consumption of reagents (coagulation), (ii)
sludge treatment and disposal (coagulation), and (iii) energy for aera-
tion/agitation (biological oxidation). In literature, the operational cost
for the coagulation of OMW, either using aluminum or ferric coagulants,
has been reported in the range of 0.52-1.97 € m~3 [13,25,72], and the
cost of a hybrid treatment aerobic biological treatment followed by
coagulation/flocculation between 0.36 and 2.03 € m ™3 [73].

For the most promising AOP options to be applied in the third stage
of the treatment, i.e., PF-UVA (reaching legal compliance for COD) and
O3 (which reached the ELV for phenols, TSS, and does not compromise
the sulfate limit), an operational cost of 5.2 € m 3 and 11.9 € m~> was
estimated, respectively (Table 3). For PF-UVA, the costs of (i) OMW
neutralization, (ii) sludge treatment, and (iii) sludge disposal in a
landfill were considered. This is in line with the economic analysis

Table 3
Operational cost analysis for the different stages applied for the treatment of the
OMW.

Treatment process Reagent/ Energy cost (€ m~3)

Aly(SO4)3 0.32
. Sludge treatment and disposal® 0.39
(1) Coagulation Neutralization 0.25
(1) Total cost 0.96
Aeration energyb 0.14
(2) Biological oxidation Agitation energy 0.10
(2) Total cost 0.24
PF-UVA (029
H,S0, (pH = 2.8) 0.15 -
H,0, 2.4 -
Energy 2.1 6.9
FeS04.7 H20 0.18 -
(3) AOPs Neutralization 0.30 -
Sludge treatment and disposal® 0.08 -
0, - 5.0
(3) Total cost 5.2 119
Multistage (1)+ (2)+ (3) Total cost 6.4 13.1

“Sludge treatment and disposal costs were based on Gomes, et al. [74];
bConsidering 4.5 kg O, kWh ™! for aeration carried out by fine bubble diffusers
[75].
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carried out by Canizares, et al. [76], with the operational costs of Og
being significantly higher than those of Fenton process. A cost of 3.15 $
m 3 (2.72 € m~>) has been reported by Ahmed, et al. [15] for the PF-UVC
treatment, considering only the oxidant and catalyst expenses (H202 =
3 gL and Fe?* = 30 mg L™}), and are close to those obtained in this
work (2.58 € m’3). Likewise, Domingues, et al. [20] also pointed to
reagents costs for the Fenton process of 2.8 € m~ (1.44 € m 3 for H,0,
and 1.35 € m~> for FeSO,) for a OMW previously coagulated. Amar-
al-Silva, et al. [11], [77], for the combination of coagulation/-
flocculation followed by Fenton, estimated an average treatment cost of
79¢€ m’3, that was later reduced to 2.7 € m~2 at the industrial level.

According to the estimation, O3 presented a treatment price 2.3-fold
higher than PF-UVA. Operating cost savings (~33%) could be possible
with system setup optimization (Gomes, et al. [34]), but values as low as
for PF-UVA would not have been achieved. Implementing a subsequent
and final biological treatment could be an option to lower the overall
operating costs as a lower treatment time for the O3 stage could be ex-
pected (further studies required). Also, even though the energy and
chemicals costs in this study were accounted for industrial applications,
the dosages optimized at the laboratory may be diminished for larger
applications, as pointed by Amaral-Silva, et al. [77], further decreasing
the treatment train costs (especially for the AOP stage) and making it
more commercially attractive.

4. Conclusions

A treatment train for the remediation of raw-undiluted OMW was
investigated, intending to reach the limits for direct discharge into water
bodies (namely for COD, phenols, and TSS) at a feasible cost. After a
filtration/sedimentation pre-treatment for major oil/grease and solids/
sludge removal, the OMW (pH = 4.5, turbidity = 4600 NTU, TSS =
4.0gL™1, COD = 10 g 05 L™}, and phenols = 164 mg L) was reme-
diated by a three-stage treatment comprising:

(i) For the first stage, a coagulation process using 0.8 gL~! of
Aly(SO4)3 and keeping OMW natural pH (4.5), that mainly pro-
moted removal of turbidity (98%), TSS (97%), and phenols
(57%), decreasing the effluent toxicity (allowing a subsequent
biological stage);

For the second stage, a biological oxidation, that mainly provided
organic matter degradation (removal of 72% COD and 39%
phenols);

For the third stage, after 3-h treatment the (a) PF-UVA treatment
(pH = 2.8, [Hy0,] = 400-500 mg L%, [TDI]y = 100 mgL™})
allowed to meet the discharge limits for COD but imposed con-
straints for legal compliance of other parameters, namely phe-
nols, TSS, and sulfates; (b) O3 process (OD; = 20 mg O3 min~ 1)
allowed meeting the discharge limits for phenols, TSS, and sul-
fates, and nearly complied with COD. The AO process proved to
be the least efficient AOP towards the treatment of an OMW
previously coagulated and biologically oxidated.

(i)

(iii)

Although the strategy with O3 in the AOP stage was the closest to
meet the discharge limits for all studied parameters, it presents an
operational cost 2.3-fold higher than PF-UVA (11.9 € m 35 5.2€m ).
Further research is required to assess the possibility of coupling a final
biological treatment after the AOPs stage that could achieve full legal
compliance and, simultaneously, decrease the overall treatment train
costs.
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