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Abstract

This study investigates the reuse potential ofeolmill wastewater (OMW) high in tannin
content and whose complete treatment requires saeoficomplex and expensive processes.
Tannins from OMW could serve as bioflocculant coomnpis according to the literature. The
defatted OMW is tested in a coagulation-flocculatpyocess on synthetic water, and the best
turbidity removal rate derived is: 92% + 1% at p# fbr 100 mg ['. Water-solubilized
material at pH 11 precipitates after acidificatiah pH 6. This precipitate fraction (PP),
solubilized at pH 11, is found to contain more\aettonstituents with a turbidity removal rate
of 82% * 2% for a 60 mgt dose yet reveals an increase in absorbance an®54his
increase in absorbance can be corrected by usimg fior a pH adjustment to 11 with an
absorbance removal at 254 nm of 50% * 1%. Thedmotllant material is characterized by
means of physicochemical methods. Acid-base tiinatnzymatic treatment and colorimetric
dosage all confirm that tannins and/or flavonoidd aellulose constitute the active groups

involved in the coagulation-flocculation process.

Keywords: bioflocculation; olive mill wastewater; tanninsa¥lonoids; cellulose; reuse.
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1. Introduction

Olive mill wastewater (OMW) is a byproduct of thbarde-phase process of olive oill
extraction, with a global annual production reagh®@ million n? (Doulaet al., 2017). This
black liquid is composed of the olive fruit vegetat water, the water used for washing and
treatment, plus a portion of the olive pulp anddeal oil (Scioliet al., 1997). Contamination
from this waste can be reduced by adsorbing polyplseonto activated carbon (Anneibal.,
2018). However, a complete treatment of OMW hady drden possible using expensive
advanced oxidation processes (Ochando-Pwid®., 2017) or electrocoagulation (Florets
al., 2018). Recovery methods have been proposed, asiche production of Hyield by
means of supercritical water gasification (Casadeneb al., 2018) or by reaching much
greater depths in agricultural practices (Pastloal., 2017) depending on the potential
processed wastes (Campanal., 2017).

OMW is a foul-smelling acidic liquid composed of t@a(83-92%), organic matter (4-16%)
and minerals (1-2%) (Pereat al., 1998). The organic load, as reflected in both high
biological oxygen demand (BOD) (up to 100 g)land chemical oxygen demand (COD) (up
to 200 g L), contains mostly sugars, polyphenols and fatsr(that al., 1993). The use of
OMW as organic compost without any treatment cazddse a degradation of the soil or
water, due in particular to its phenolic constitisefantimicrobial activity) as well as to the
low pH range (4-5) (Elhajjoujet al., 2007). OMW contains a wide variety of compounds,
such as polyphenol, polysaccharides, tannins amigips (Michaekt al., 2014) and therefore
is potentially involved in the coagulation-flocctita mechanism.

The coagulants and flocculants currently requidwater treatment, i.e. metal salts and/or
synthetic polymers, may exert several environmentglacts, namely: i) a possible increase
of the metal concentration in water (with implicats for human health); and ii) extensive

sludge production. This production of metal hyddes lies at the origin of many
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environmental investigations, due to the volumesived and the high treatment-related
costs if landfill burial is the chosen option. Rtiese reasons, alternative coagulants and
flocculants have been considered for environmerdpplications (Kudryavtsev and
Kudryavtsev, 2016). Biopolymers may be quite ativacsince they are vegetal products, and
their life cycle could incorporate agricultural seu or improved integration into the
environment with biological degradation.

Some of the reported biological materials, inclgdibiopolymers (starches, chitosan,
alginates), have shown their potential in the fldatton process. The biochemical families
extracted from plants can also be used; theseitamiiclude polysaccharides fro@ctimum
basilicum (Shamsjenatét al., 2015), starches from cereal (Cheiyal., 2016), proteins from
Cocos nucifera (Fatombiet al., 2013), Moringa oleifera (Dolto et al., 2018), polyphenols
from Opuntia ficus indica, acorn (Bouaouineet al., 2018a), Cassia obtusifolia
(Subranmonianet al., 2014) and grape seed (Jeginal., 2009). Some polyphenols form
complexes with macromolecules and, more specificallth proteins via hydrogen bonds or
hydrophobic interactions (Brunetah al., 2009). Polyphenols have already been introduced
into water treatment as flocculants. Jebal. (2009) demonstrated that catechin (flavonoid)
and tannic acid (tannin) were involved in the malac flocculation mechanism. A
commercial tannin-based flocculant product enhartbedperformance of clarification in a
biological treatment unit (Hameetal., 2018).

According to the literature, no information exigtsdate regarding the efficiency of OMW as
a bioflocculant for water treatment. Given this t&x, the objectives of the present study are
threefold: i) highlight the capabilities of OMW ascoagulant/flocculant; ii) enhance current
knowledge on the most active constituents potdptial/olved in water treatment; and iii)
propose an application in the field of water treartitn To achieve these objectives, water-

soluble chemical compounds have been isolated. eThesterials were first characterized
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using overall physicochemical methods (zeta paémntolloidal particle size distribution and
spectroscopy). The active molecular groups wera thetermined by means of acid-base

titration, selective enzymatic treatment and cohetric dosage.

2. Materials and methods

2.1Bioflocculant preparation

2.1.1 Preparation of olive mill wastewater materials
The olive mill wastewater (OMW) used herein wagasted from a modern semi-oil mill in
Fez (Morocco); moreover, no chemical additives wesed during production of this olive
oil. In an initial step, the lipid residual was edted from the concentrated suspension by
organic solvents. These solvents (60 mL (2/1, Weormoform/hexane)) were then introduced
into a suspension of OMW (100 mL) and shaken ftwo@rs at room temperature. This step
was repeated six times in order to ensure maximecovery of the lipid. The defatted
material (defatted OMW) was dehydrated at 80°C2#rhours and stored at 4°C following

freeze-drying (see Fig. 1). The volatile dry wei¢ftt VDW) equaled: 78% + 1%.

2.1.2 Extraction at various pH levels

To separate the active constituents, 1 g of defadte!\W material was solubilized in 100 mL
of distilled water at pH 6 and 11 adjusted with MaQ@. M) and HCI (1 M). The Water
Solubilized Material (WSM 6 and WSM 11) was theinretl at 200 rpm at room temperature
for 24 hours + 0.2 hours and filtrated at 0i4B, before being freeze-dried and stored at 4°C
(Bouaouineet al., 2018a). Next, WSM 11 was acidified to pH 6, whatlowed precipitating
the soluble alkaline extract under acidic cond#ionhe precipitate filtrated at 0.48n and
re-solubilized under an alkaline condition (pH 1i3s denoted "precipitate” (PP). This PP

was also freeze-dried and stored at 4°C (Fig. 1).
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2.2Physicochemical characterization of defatted OMWemals

WSM 6 and 11 and the defatted OMW solution wergeaated to 105°C for 24 hours in order
to determine the dry weight (DW) of the material,g L. The volatile dry weight (VDW)

was deduced after burning the previous sampleworhours at 550°C. VDW% is expressed
as a fraction of DW. The residual solid encompasdlemsoluble solids present in solution

after a 0.45:m filtration.

The UV-1800 Shimadzu spectrophotometer was usedtHer absorbance measurement
campaigns. Absorbances at 210 and 280 nm werdrreadlass cuvette after filtration (0.45-
pm cellulose acetate) of 10 g dry weight of a dethOMW fraction in 1 L. The majority of
organic molecules absorbed at both 210 nm (carbrabssl proteins, tannins, etc.) (Heal.,

2008) and 280 nm (absorption of aromatic groups) frannins, proteins) could be measured.

The Malvern Master Zetasizer 3000 device was usedltain the zeta potential, in
accordance with the same procedure as in Bouaasiae (2018a). The defatted OMW
materials were characterized by means of Fourastorm infrared (FTIR) spectroscopy,
while the ionizable groups of defatted OMW or WSMre determined using acid-base

titration (Bouaouinet al., 2018a).

2.3Colorimetry

The defatted OMW fraction contents, in terms of tgwes (Frolundet al.,, 1996),
carbohydrates, polysaccharides (Dulaial., 1956), uronic acid (Blumenkrané al., 1973)
and polyphenols (flavonoids, tannins) (Frolwetdil., 1996; Salenet al., 2010, respectively),
were determined using colorimetric methods, with plarameters as described by Bouaouine

et al. (2018b), and in supplementary data “table S1”.
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2.4Coagulation-flocculation experiments

2.4.1 Synthetic water

Like in many studies of flocculation mechanismsyathetic water is proposed with kaolin (1
g LY (Sigma Aldrich) in order to derive a turbiditysfng the Hanna HI 88713 turbidimeter)
of 325 £ 25 nephelometric turbidity units (NTU) (Mr et al., 2008). To complete this
synthetic water, humic acid (10 g*L(Sigma Aldrich) (Yancgt al., 2010) and mineral salts

were diluted (Table 1).

Cations (tM) Anions (UM) pH

Values K Na* Mg® c& Si** CI' HCO; SO NO; 6.5+04

29 283 81 108 140 171 283 51 134

Table 1: The ionic balance of synthetic water

2.4.2 Coagulation-flocculation protocol and effitieneasurements

The device used for the coagulation-flocculatioacess was composed of six stainless steel
paddles of multiple stirrers (VELP Scientifica J)L&ach containing 1 L of synthetic water.
In order to determine the optimal pH, a pH variatimm 3 to 12 was applied with NaOH and
HCI at a constant treatment rate of 100 mydf defatted OMW. Afterwards, a series of
different doses, ranging from 0 to 160 mg bf defatted OMW, was tested to obtain the
optimal treatment conditions. The sample was imatet) stirred at a constant speed of 250
rpm for 10 min, followed by a slow stirring at 50m for 30 min; once a 2-hour setting time

had elapsed, the turbidity measurement was condloct¢he supernatant.



149

150

151

152

153

154

155

Clive Ml Waste [ORW)

Removing fat
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L 4
Defatted Clive Ml Waste

Storage
B0 during 24k and freeze drving

Stable defatted Olive Mill Waste (powder)

Extraction at various pH
Water gt various pH, stirred 24k

] and filtrated at 0. 45um
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Warious pH ¥
100mg af powder il v i
11 of synthetic water
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pH adjusted with NaOH With WaOH arwith lime

pH 11
100mg af extract
] . — 11 of synthetic water

ki

Efficiency of coagulation flocculation tests
% removal turbidity, CO0 and abs 254mm

Fig. 1: Flocculent production from Olive Mill Wasamd corresponding evaluation methodology

2.4.3 Implementation for optimization purposes

The PP treatment efficiency was compared for tise céa pH 11 adjustment by either NaOH
or lime. The treatment efficiency for various PRse® was measured by both turbidity and
absorbance at 254-nm. These results were then cethpga a standard treatment by

aluminum sulfates (AS), with a variation of AS de$em 0 to 160 mg T at a fixed pH of 7
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being introduced in order to achieve optimal candg. The three conditions described were

compared for optimality.

2.5Enzymatic treatment

To identify the active (macro) molecules in theatefd OMW material, hydrolytic enzymes
were tested for the degradation of targeted comguaound in the defatted OMW. The

enzymes and specific conditions of their actiomssarmmarized in Table 2.

Hydrolyzed

. . Temperature
Enzyme biochemical pH C)
enzyme
a amylase (Sigma Aldrich) Starch 7.0£0.1 20
Cellulase (Alfa Aesar) Cellulose 5.0+x0.1 50
Tyrosinase (Sigma Aldrich) Tannin 6.5+ 0.1 25
Protease alcalase froBacillus Protein 90+0.1 55

Licheniformis (Sigma Aldrich)

Table 2 pH and temperature enzymatic conditions for hiyaing precipitate (PP)

The enzymatic digestion procedure applied to tlexipitate fraction was the same as that
detailed by Bouaouinet al. (2018b). Put briefly, 18 mg of enzyme were added solution

of 10 mL of distilled water containing an optima® lose of 62.5 mgt.in order to reach a
ratio > 10% W/W, i.e. enzyme/precipitate. The inatitn period under optimal pH and
temperature conditions, which depend on the speeifizyme type, lasted two hours in the
previous mixture (Table 2). This preparation isntteglded to 1 L of synthetic water tested

during the coagulation-flocculation experiment (Seetion 2.4).



174 3. Results and discussion
175
176 3.1Coagulation-flocculation effect

177  We initially sought to check the capacity of thdatied OMW material as a flocculent. The
178 removal of turbidity at a constant dose of 100 my &s a function of pH, is proposed in

179  Figure 2.

180
100 -
—— Synthetic water -~ < Synthetic water + DOMW o %
80 -
£
g
g
z
T
£
=
181
182 Fig. 2: pH effect on the coagulation-flocculation procasa fixed dose of 100 mg of defatted olive
183 mill wastewater (OMW) material for 1 L of syntheti@ter; n = 3 (independent assays)

184  The efficiency comparison with other biofloccula(ifable 3) showed a significant reduction
185 in turbidity with the defatted OMW at a low treatmerate. The range of pH values for
186  optimal conditions varies (from 6 to 11) most lkelepending on the extracted molecules.
187

188

189

190



Biomaterial  Defatted Cocos Gosspium Luffa Phaseolus Tannin

oMW Nucifera Sop cylindrica Mungo

Effluent Kaolin Silica Phosphorus  Surface Surface Municipal

suspensions suspensions wastewater water Water wastewater
Initial
turbidity 350 48 - 32 482 79
(NTU)
Optimal pH 11 8 6 9.4 7.6 8
Optimal dose 60 250 500 8,000 800 30
(mg L)
Turbidity 93+1 25 > 70 85 100 83

removal (%)

Ref Fatombiet Babayemet Soweymaret Mbogoet Hameedet
elerences al., 2013  al., 2015 al., 2011  al., 2008  al., 2018

191 Table 3: Comparison of biomaterial performance

192 In the presence of defatted OMW, three pH valuggeancan be observed. The optimal
193  coagulation-flocculation pH equals 11.0, while th&éimum is around 6. Under an acidic
194  condition (i.e. from pH 3 to 6), turbidity remoualtes do not differ significantly for synthetic
195 water alone or in combination with defatted OMWt eey do decrease with pH value from
196 64% to 15%; these results indicate the absenceytlafatted OMW effect. The increase in
197  zeta potential (i.e. reduction of negative chargé)h acidification of the solution favors a
198 coagulation mechanism of clay particles (Aljerf, 18D High-efficiency extraction of
199  bromocresol purple dye and heavy metals as chrorfriom industrial effluent by adsorption
200 onto a modified surface of zeolite: Kinetics andiiggrium study. Journal of environmental
201  management. 225. 120-132. 10.1016/j.jenvman.201®187 along with a coagulation of
202  colloids, in accordance with DLVO theory (see seppéntary data “fig S2” which describes

203 the zeta potential variation as pH function). Aftards, from pH 6 to 11, when defatted
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OMW is present in solution, turbidity removal reasha peak at pH 11 with a rate of: 92% +
2%. Lastly, from pH 11 to 12, the removal rate remagractically stable, from 92% to 90% +
1%. The zeta potential measurement indicated negatlues for both defatted OMW and
synthetic water regardless of pH (between 3 andd&tpn not shown). The molecules present
in defatted OMW start out reactive, while the negatharge of clay particles increases. This
negative charge is unfavorable to a coagulationhar@sm with a strong repellent effect
between colloids. As such, the destabilization lafy€ and defatted OMW colloids is not a
direct neutralization of particles by introductioh cationic charges (ions or colloids) in the
synthetic water as shown the zeta potential meamnt but instead a flocculation, and more
specifically an adsorption/bridging mechanism vattveak neutralization of clay particles but

a floc structuration.

To better grasp the influence of pH, defatted OMMUkilization was performed at two pH
values, i.e. pH = 11, the maximum flocculation @éncy, and pH = 6, at which flocculation
appears to be minimized (Fig. 2). Moreover, in otdesolate the specific active constituents
of defatted OMW materials soluble at pH 11, theh#d been subsequently adjusted to 6, so
as to form a precipitate (i.e. at pH 6, componel®MV11 is inactive). The flocculant activity
of the water-solubilized material at pH 6 (WSM @pagH 11 (WSM 11) was tested, as it was
for the precipitate (PP). It is observed that bB#h and WSM 11 display nearly the same
efficiency, with a strong turbidity reduction, yée effect of WSM 6 remains weak. The most
robust activity of defatted OMW at pH = 11 is cdated with: i) qualitative aspects with the
solubilization of specific molecules and an ionizat at alkaline pH; and i) a new

conformation of macromolecules.
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3.2 Identification of functional groups

The characteristics of the water-solubilized mateat both pH values 6 (WSM 6) and 11

(WSM 11) are presented in Table 4 below.

Solubilization Absy10 nmfor  Absgo nmfor
pH of WSM (RS/Defatted VDW (%) 1lgdry 1gdry
OMW) (%DW) weight weight
6.0 21+0.1 302 0.64+0.01 0.13+0.02
11.0 27+0.1 44 +1 0.94+£0.03 0.21+0.01

Table 4: Characteristics of WSM 6 and WSM 11; WSM: Watdubdized material;
DW: Dry weight; RS: Residual solid; n = 3 (indepentlassays)

The organic and inorganic matter contained in thfatted OMW is more readily solubilized
in water at pH 11 than at pH 6 since 2.1 and 2.72@0D g of matter are respectively recovered
in the supernatant (factor = 1.3), thus undersgoan enrichment in organic matter (VDW
increases from 30 = 2% to 44 £+ 1% for WSM 6 and W$M respectively). This tendency
also reflects the different nature of organic nrattethe WSM fraction: note the increase in
absorbance at 210 and 280 nm relative to pH, witictor > 1.47 for the two wavelengths. At
pH 11, WSM 11 exhibits higher absorbance at 210 where many organic molecules can
absorb (Heet al., 2008). At 280 nm, only those organic moleculethwain aromatic ring (or
conjugated bonds), such as phenol in tannin oeproare capable of absorption. At 280 nm,
the WSM 11/WSM 6 absorbance factor ratio equald.IT@is finding implies that WSM 11
contains more molecules enriched in aromatic groligs WSM 6.

Acid-base titrations of defatted OMW materials (lEab) have led to detecting four acidic
constants (pk pKa (2.5 = 0.2) corresponds to the carboxyl group frioee amino acids
(Vcélakova et al., 2004); pKa (6.5 + 0.3) is mainly correlated with -COOH from

polysaccharides and secondary alcohols (Droassi., 2009); pKa (9.0 £ 0.4) may be
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associated with the phenol groups (Rag#al., 2000) from either lignin (Beliygt al., 2010)
or tannin, e.g. catechin (Martinez al., 2005); and lastly pK@a(11-12) could correspond to
amino acids like tyrosine (Sjoholmet al., 1974) or else to free sugars, such as glucose,

arabinose and fructose (Bhattacharyya and Rohdée)2

pKas Defatted OMW WSM 11 WSM 6 PP
pKa 25+0.2

pKa 6.5+0.3 6.5+0.3

pKag 9.0+04 9.0+0.3 9.0+04
pKag 12.0+0.7 11.8+0.4 11.0+0.8 120+ 0.5

Table 5: pKa; values for all defatted olive mill wastewater (B¢¢d OMW) used as a raw material,

water-solubilized material (WSM) at pH values air@@l 11 and precipitate (PP); n=2

60 -

713
45 -

1584 3625

30 A+

Transmission %

1090 1433 1728 2923

15 A1

O T T T T T 1 1 1
500 900 1300 1700 2100 2500 2900 3300 3700

Wavelength (cm™)

Fig. 3: FTIR spectrum of defatted olive mill wastewatee{étted OMW) material

According to the literature, a comparison drawnnseen the results detected in FTIR bands
and acidic constants of ionizable groups has rededhat pKga which corresponds to
carboxyl groups (Vcélakovet al., 2004), as confirmed by the appearance of a peakia0

cm® (Bouatayet al., 2014), might possibly be associated with trypaphThe presence of -
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COOH groups has already been proven by both pKd the band at 710 énfDroussiet al.,
2009), which may be corroborated by the uronic gpolysaccharides) (Elhajjougt al.,
2007). pKa3 is correlated with phenol groups (Dsbas al., 2009), and this presence may
pertain to the tannins and/or lignin. Lastly, pKas represented by -C=0 groups (Elhajjetiji
al., 2007) and having appeared in FTIR by the peakrakisn at 1,728 ci (Moranet al.,

2008), could correspond to polysaccharides (Fig. 3)

The defatted olive mill wastewater (OMW) materigplays four acidic constants, whereas
WSM 6, WSM 11 and PP only display two pKpKa, which represents uronic acids (Wang
et al, 1991), is observed to be common betweeritddf @MW and WSM 6 materials (except
for the fact that the removal efficiency of WSM $anly 23% with 325 and 250 NTU for

turbidity in and out respectively).

pKas, which corresponds to phenol groups, and jpkay however align with sugars and

proteins, with common features across the defa@t®¥ material, WSM 11 and PP. From

these observations, polyphenols, proteins and sumar all suspected to be correlated with
turbidity removal efficiency as reported in thestdature (Bouaouinet al., 2018a, Fatomkst

al., 2013, and Shamsjenatial., 2015, respectively)

3.3 ldentification of reactive molecules

In order to identify the major constituents invalven the flocculation reaction, we have
determined by means of colorimetric assays the rbachemical families, i.e. proteins,
polysaccharides, uronic acid, phenol and tanniokided in phenol family, for the defatted
olive mill wastewater (OMW) materials plus the #anereparations (WSM 6, WSM 11 and
PP). Table 6 presents the contents of biochemicdécules on WSM 6, 11, PP and their

WSM 11/ WSM 6 and PP / WSM 11 ratios.



Protein Polysaccharide Uronic acid Phenol Tannin

Sample (SAB eq.) (glucose eq.) (gluc. acid eq.) (gallic acid eq.)  (catechin eq.)

WSM 6 (g.9Y) 0.145+0.001 0.028+0.001 0.29+0.01  0.165+0.001  0.026 + 0.001
WSM 11 (g.g)  0.152+0.001 0.023 + 0.001 0.24 + 0.01 0.17+0.01  0.028 +0.001

PP (9.9) 0.15+0.01 0.023 £0.001 0.24 £ 0.01 0.175 £ 0.001 0.05+0.01
WSM11/WSM 6 1.05+0.01 0.82 £ 0.02 0.83 £0.02 311.01 1.33+0.02
PP/WSM 11 1.00 £0.02 1.00 £0.01 1.00 £ 0.02 #0301 1.55+0.01
290
291 Table 6: Contents of biochemical molecules on WSM 6, 11aR@their ratios; n = 3
292 (independent assays)
293
294  Table 6 shows that the [WSM 11 / WSM 6] ratio feotein and phenol nearly exceed 1. For
295 tannin, the [WSM 11 / WSM 6] ratio is greater tHa(l.33), and this same trend was observed
296  with the ratios between PP and WSM 11 (1.55). Tienpl/polyphenol family includes tannins
297 and lignin, which indicates that tannins are paftédy well solubilized at pH 11 and
298 concentrated in PP, as compared to other biochérfaaalies. These results confirm that
299  phenol groups (see Table 5) and therefore tanmnklde among the most active molecules in
300 the flocculation process and soluble at pH 11.
301 In order to specify the biochemical group for tarsiwhich includes condensed tannins and
302 flavonoids, the condensed tannins and total flawdshador WSM 6, WSM 11 and PP were
303 determined (Table 7). The increase in total tamaincentrations between WSM 6 and WSM
304 11 (factor = 1.33) and between WSM 11 and PP (fastol.55) confirms the specific
305 solubilization in alkaline pH and the concentratitny precipitation, respectively. For
306 condensed tannins, an increase was also founchoeotrations between WSM 6 and WSM 11
307 (factor = 1.3) and between WSM 11 and PP (factdr.2). This same trend could also be
308 observed for total flavonoids, with a strong inaedrom WSM 6 to WSM 11 (factor > 1.3),
309 hence an increase between WSM 11 and PP (factdn)> 2

310
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. . ] Condensed tannins, Flavonoids, in
Tannins, in mg.g of

. ;1 ;1
Sample DW (catechin eq.) m(ézl?é?:hi?:c Ec;/\; r(?;g.tge]cr?ianch\}/.)
WSM 6 301 20+ 2 12+2
WSM 11 401 26 +1 16+3
Precipitate (PP) 62+1 31+1 34+2

Table 7: Contents of specific polyphenols: total tanning)ydensed tannins and flavonoids from
solubilized defatted olive mill wastewater (OMWS3, determined by colorimetric methods;
DW: dry weight; n=3

These results reveal that the molecules responfblie flocculation mechanism belong to
flavonoids and/or condensed tannins. Hametedl. (2018) found the reactivity of commercial
tannin for turbidity removal from a municipal waster at a rate of 83% for a of 30 mg L
treatment rate and a pH value around 8. Moreoveac@ret al. (2002) showed that at pH 11,
tannins extracted from Valonia were highly effidiewith an 80.5% decrease in turbidity for
a synthetic surface water at a dose of 100 ritg @ther authors have demonstrated that
polyphenols (Jeort al., 2009), proteins (Ndabigenegesetal., 1998) and polysaccharides
(Miller et al., 2008) represent the active molecules in grape, 8éaringa Oleifera and cactus
Opuntia ficus indica, respectively. For these reasons, other testesgential in confirming
the potential of proteins and polysaccharides (atng to the results in Table 6 and Fig. 3) to

be the constituents responsible for the floccutatiechanism by defatted OMW.

To complete the investigation of flocculent biocheahmolecules present in PP, this fraction
was processed with four hydrolytic enzymes (Tab)e & amylase, cellulase, protease
alcalase, and tyrosinase. If active molecules aiagbhydrolyzed, then the modified PP
shows a lower efficiency for the flocculation ohslyetic water. To validate these results, two
controls were performed, i.e.: Control 1 (preparativith enzyme alone), and Control 2

(preparation without any enzymes, i.e. PP alonég four Controls 1 and 2 indicated a
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turbidity removal efficiency of 15% + 1% (turbiglitn 325 NTU and turbidity out 275 NTU)

and 83% = 1% (turbidity in 325 NTU and turbiditytd@b NTU), respectively.

Flocculation efficiency after degradation by enzgneghibits hardly any effect fer amylase
and protease alcalase, with 79% * 2% and 80% = B#%idity removal rates, respectively.
With cellulose however, the turbidity removal byagolation-flocculation was decreased to
60% + 2% and to an even greater extent with tyasen24% + 4%. These results reveal that
enzymatic treatments are in agreement with coldrimdosages (Fig. 3 and Table 6), FTIR
and acid-base titrations, thus confirming that lasr{condensed tannins and/or flavonoids)
and cellulose, present in defatted OMW materialangdi et al., 1993), do constitute the
active groups responsible for the flocculation gireanon by defatted OMW. Data from the
literature confirm the efficiency of cellulose froootton pulp in coagulation-flocculation
(Songet al., 2010). These results thus suggest that tannivoarfidvonoid may act as a
coagulant by destabilizing colloids by adsorptionaationic sites (iron oxides, aluminum or
calcium) may be present on the clays surfacedbal., 1988) . Septiaet al. (2018) showed
that sulfadiazine adsorption was possible onto morntlonite and kaolinite at pH 8. A
mechanism of p-p interaction between clay surfand arganic functional groups was
observed for polycyclic aromatic hydrocarbons (et al., 2018). Binding is attributed to
p-p interaction between an oxygen plane on the alay aromatic ring on the molecule.
Following coagulation, the cellulose interacts wiitlyphenol (Aldrecet al., 2009) and may
form a large cross-linked polymeric network resploles for flocculation by means of

bridging.

3.4 The mechanism involved and highlights

The strong negative charge of colloids (insolublaterial of defatted OMW or bentonite)
under an alkaline condition is unfavorable to agubation mechanism with strong repellent

effects. In accordance with DLVO theory, the aggtemn of colloidal aqueous dispersions is
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improbable when the energy barrier is maximum.i€lag remain dispersed throughout the
medium. At larger distances the energy profile bezaninimum and chemical flocculation is

possible by polymer bridging. A model of chemicaleractions between active molecules
from PP and kaolinite is proposed in Figure 4. At pl, tannins are ionized and could
establish ionic bonds with the Al of kaolinite (Kumet al., 2003). Cellulose can be adsorbed
on kaolinite by hydrogen bonding and contributédo structuration and both flocculation by

bridging and sweeping coagulation (Sjoberg et &9)9Adsorption on the basal surface of
kaolinite occurs mainly on the aluminum hydroxideface and at the edge; polyphenol may
be linked by hydrogen bonds to aluminol or silagabups and principally to aluminol in

alkaline media (Bergaya and Lagaly, 2013). To erplae interaction taking place between
polyphenols (tannins) and cellulose, two means tnascussion: i) hydrogen bonds, and ii)

hydrophobic interactions (Mateesal., 2004).

4
Polyphenol -'\_O ‘:
(flavonoid, tannin) ki B

Kaolinite

lonic bond

H OH

Cellulose

Fig. 4: Chemical interactions involved in coagulation-tiatation between quercetin, cellulose and

kaolinite
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Coagulation-flocculation reactions with defatted @Mnaterial (Fig. 2) are indicative of the
potential in substituting chemical coagulants/fldents. Additional research has been
proposed to experiment on integrating the moswvaataterial of defatted OMW (PP) in a
water treatment process. The treatment with pretgadjusted to pH 11 with NaOH or lime

is compared to a standard reference for wastewaaiment, aluminum sulfate (AS) (Table

8).

Dof_el)(mg COD (mg LY Turbidity (NTU)

in out in out

Alz (SOy)3
(pH = 7) 80 14.8 0.7+0.3 325 7+3
Precipitate
(pH = 11 with 60 14.8 21.6+1 325 21+3
NaOH)
Precipitate
(PH =11 with 60 14.8 7.4+0.3 325 23+3
lime)

Table 8: Comparison of the efficiency treatment betweematum sulfate (AS) and precipitate (PP)
with a pH adjustment by NaOH or lime; n=3 (indepemiassays)
Absorbance of the synthetic water at 254 nm, wlticiresponds to aromatic groups from

humic substances, equals 1.2 £ 0.2.

Table 8 presents the optimal dose for the threatrtrents, the residual COD and turbidity
under these conditions. The best efficiency withwk& observed at 80 mg*Lwith 95 + 2%
and 98 + 1% of absorbance and turbidity drops,aetsgely. In parallel, the use of PP has
demonstrated competitive results, as adjusting tH MaOH led to turbidity removal rate of
83 £ 1%, albeit with an increase in absorbanceédtriin (-46 = 1%) for a treatment rate of 60

mg L. In contrast, pH adjustment by lime has resulted higher removal of turbidity (93 +
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1%) and an improved absorbance removal at 50 +d% €ose of 60 mgt Lime exerts an
effective action on the coagulation-flocculation amanism (Rharrabagt al., 2018). The
divalent cation Cd contributes to interparticle bridging between ahionic species:
kaolinite, polyphenols, but also the cellulose omiic acids of synthetic water (Choudhaty
al., 2019). This preparation from defatted OMW (préeate fraction (PP) obtained after
decreasing pH to 6 upon extracting the alkalineewatised in conjunction with a lime-based
pH regulation (pH = 11), yields adequate turbidiiyd abs 250-nm removal rates. This
preparation from vegetal waste appears to be alppesdternative to water treatment (natural
water or wastewater) by metal salts (iron or alwmii or synthetic polyelectrolytes, both of

which may be toxic.

4. Conclusion

Olive mill wastewater (OMW) was tested as a biatldent in the coagulation-flocculation
process for water treatment. After OMW removal stephigh removal rate (92 + 1%) of the
synthetic water turbidity was obtained at pH 11hwt treatment dose of 100 mg-.LThe
active part of this material can be isolated byukiization under alkaline conditions and
precipitation by means of neutralization (PP). Enatic treatment, colorimetric dosage,
FTIR and acid-base titration all confirm that tawsand/or flavonoids and cellulose constitute
the active groups responsible for the flocculatiphenomenon. PP exhibits a high
performance in turbidity removal, compared with estivegetal flocculants. Moreover, the
adjustment of pH using lime, associated with attneat rate of 60 mg'L of PP, has allowed
optimizing the process with removal rates of 93 % &nd 50 + 2% for turbidity and
absorbance at 254 nm, respectively. This studydeasonstrated that olive mill wastewater

may be reliably reused for water treatment in adidation process.



412

413

414
415
416

417
418
419
420

421
422
423

424
425
426
427

428

429
430

431
432
433
434

435
436
437

438
439
440

441

References

Akerholm, M., Hinterstoisser, B., Salmén, L., 2008haracterization of the crystalline
structure of cellulose using static and dynamiclRTspectroscopy. Carbohydr. Res. 339,
569-578. https://doi.org/10.1016/j.carres.2003.12.0

Aljerf L., 2018. High-efficiency extraction of brassresol purple dye and heavy metals as
chromium from industrial effluent by adsorption o modified surface of zeolite: Kinetics
and equilibrium study. J. Environ. Manag. 225, 132-
https://doi.org/10.1016/j.jenvman.2018.07.048.

Annab, H., Fiol, N., Villaescusa, |., Essamri, 2018. A proposal for the sustainable
treatment and valorisation of olive mill wastes. df Environ. Chem. Eng. 7(1).
https://doi.org/10.1016/j.jece.2018.11.047¢c

Belyi, V. A., Kocheva, L. S., Karmanov, A. P., Bdiggyn, K. G., 2010. Acid-base properties
of lignins from the medicinal plants roseroot stmo@ Rhodiola rosea and saw-wort
Serratula coronate. Russ. J. Bioorg. Chem,, 36, 829-934.
https://doi.org/10.1134/S106816201007006X

Bergaya, F., Lagaly, G., 2013. Handbook of clagmsce, Elsevier ed., 297-298.

Bhattacharyya L., Rohrer J.S., 2012. Applicatiohsoa chromatography in the analysis of
pharmaceutical and biological products, Ed. Wilayps://doi.org/10.1002/9781118147009.

Bouaouine, O., Bourven, I., Khalil, F., Bressolli&., Baudu, M., 2018a. Identification of
functional groups obpuntia ficus indica involved in coagulation process after its actiaet p
extraction. Environ. Sc. Pollut. Res. 25, 11111481 1https://doi.org/10.1007/s11356-018-
1394-7.

Bouaouine, O., Bourven, |., Khalil, F., Baudu, MQ18b. Identification and role ajpuntia
ficus indica constituents in the flocculation mechanism of ddiéd solution. Sep. Pur.
technol. 209, 892-899. https://doi.org/10.1016¢me.2018.09.036.

Bouatay, F., Mhenni, F., 2014. Use of the Cactuml@iles Mucilage (Opuntia Ficus Indica)
As an Eco-Friendly Flocculants: Process Developrmeerd Optimization using Stastical
Analysis. Intern. J. of Environ. Res., 8, 1295-1.308

Bruneton, J., 2009. Pharmacognosie, phytochimamtes meédicinales. Ed. Lavoisier, Paris.



442
443
444

445
446
447
448

449
450
451

452
453
454

455
456
457

458
459
460

461
462
463
464

465
466
467
468
469

470
471

472

Choudhary, M., Ray, M. B., Neogi, S., 2019. Evaluabf the potential application of cactus
(Opuntia ficus-indica) as a bio-coagulant for pemtment of oil sands process-affected
water.Sep. Pur. technol., 209, 714-724. https://doi.d¥g/Q16/j.seppur.2018.09.033.

Campani, T., Caliani, L., Pozzuolli, C., Romi Mgdsi M. C., Casini S., 2017. Assessment of
toxicological effects of raw and bioremediated elimill waste in the earthworm Eisenia
fetida: A biomarker approach for sustainable adtuca. Applied soil ecology. 119, 18-25.
https://doi.org/10.1016/j.aps0il.2017.05.016

Casademont, P. L., Filho, L. C., Meurer, E. C.,20&asification of Olive Oil Mill
Waste by Supercritical Water in a Continuous Reacth of Supercritical Fluids.
https://doi.org/10.1016/}.supflu.2018.06.001

Choy, S. Y., Prasada, K. N., Wu, T. Y., Raghunanddn E., Ramanan, R. N., 2016.
Performance of conventional starches as naturaguaats for turbidity removal. Ecological
Eng. 94, 352-364. https://doi.org/10.1016/j.ecgl@016.05.082.

Dolto, J., Fagundes-Klen, M. R., Veit, M. T., PatacS. M., 2018. Performance of different
coagulants in the coagulation/flocculation proceksextile wastewater. J. Cleaner Prod. In
press. https://doi.org/10.1016/j.jclepro.2018.102.11

Doula, M. K., Moreno-Ortega, J. L., Tinivella, Fnglezakis, J., Sarris, A., Komnitsas, K.,
2017. Olive mill waste: recent advances for thé¢aoable development of olive oil industry,
Ch2, Ed. Academic Press, ch2, 29-56. https://dpilér1016/B978-0-12-805314-0.00002-9

Droussi, Z., D’orazio, V., Provenzano, M.R., Hafit., Ouatmane, A., 2009. Study of the
biodegradation and transformation of olive-mill idees during composting using FTIR
spectroscopy and differential scanning calorimefryof Hazard. Mater. 164, 1281-1285.
https://doi.org/10.1016/j.jhazmat.2008.09.081.

Elhajjouji, H., Fakharedine, N., Aitbaddi, G., Wanton, P., Bailly, J., Revel, J., Hafidi, M.,
2007. Treatment of olive mill wastewater by aerobiodegradation: An analytical study
using gel permeation chromatography, ultraviolesible and Fourier transform infrared
spectroscopy. Bioresour. Technol. 98, 3513-3520.
https://doi.org/10.1016/j.biortech.2006.11.033.

Mota, F. L., Queimada, A. J., Pinho, S. P., andédac E. A., 2008. Aqueous Solubility of
Some Natural Phenolic Compounds. Ind. Eng. Chers. &#& 5182-5189.

Fatombi, J.K., Lartiges, B., Aminou, T., Barres, Qaillet, C., 2013. A natural coagulant



473
474
475

476
477
478
479

480
481

482
483
484

485
486
487

488
489
490

491
492
493

494
495
496

497
498
499

500
501
502
503

protein from copra (Cocos nucifera): Isolation, retltéerization, and potential for water
purification. Sep. and Purif. Technol. 116, 35-40.
https://doi.org/10.1016/j.seppur.2013.05.015

Flores, N., Brillas, E., Centellas, F., RodriguBM., Cabot, P.L., Garrido, J.A., Sires, I.,
2018. Treatment of olive oil mill wastewater by gl electrocoagulation with different
electrodes and sequential electrocoagulation/eldotmical Fenton-based processes. J.
Hazard. Mater. 347, 58-66. https://doi.org/10.1Dft&zmat.2017.12.059

Hamdi, M., 1993. Future prospects and constraihtdive mill wastewater use and treatment:
A review. Bioprocess Engin. 8, 209-214. https:/aig/10.1007/BF00369831.

Hameed, Y. T., Azni, |., Hussain, S. A., Abdull&h, Che Man, H., Suja, F., 2018. A tannin—
based agent for coagulation and flocculation of icipal wastewater as a pretreatment for
biofilm process. J. Cleaner Prod. 182, 198-20%shttdoi.org/10.1016/j.jclepro.2018.02.044.

Her, N., Amy, G., Sohn, J., Von Gunten, U. 2008. dbsorbance ratio index with size
exclusion chromatography (URI-SEC) as an NOM prgpedicator. J Water Supply Res. T.
57, 289-289.

Jeon, J.R., Kim, E.J., Kim, Y.M., Murugesan, K.nKiJ.H., Chang, Y.S., 2009. Use of grape
seed and its natural polyphenol extracts as aalatuganic coagulant for removal of cationic
dyes. Chemosphere. 77, 1090-1098. https://doi.@r016/j.chemosphere.2009.08.036

Kudryavtsev, P. G., Kudryavtsev, N. P., 2016. Neightiech composite flocculants-
coagulants as an alternative to the known reagentaater treatment. Alternative Energy
and Ecology (ISJAEE) 11-12, 93-103. https://doilb@yl5518/isjaece.2016.11-12.09.093-103

Martinez, S., Valek, L., Petrovic, Z., Metikos-Hwko, M., Piljac, J., Catechin antioxidant
action at various pH studied by cyclic voltammetand PM3 semi-empirical calculations, J.
Electroanal. Chem. 584, 92-99. https://doi.org/QQ6lj.jelechem.2005.07.015.

Mateus, N., Carvahlo, E., Luis, C., de Freitas, 2004. Influence of the tannin structure on
the disruption effect of carbohydrates on protaimain aggregates, Analyt. Chim. Acta. 513,
135-140. https://doi.org/10.1016/j.aca.2003.08.072.

Michael, I., Panagi, A., loannou, L.A., Frontists, Fatta-Kassinos, D., 2014. Utilizing solar
energy for the purification of olive mill wastewatasing a pilot-scale photocatalytic reactor
after coagulation-flocculation. Water Res. 60, B4
https://doi.org/10.1016/j.watres.2014.04.032.



504
505
506

507
508
509

510
511
512

513
514

515
516
517

518
519
520

521
522
523

524
525

526
527
528

529
530
531

532
533

Moran, J.l., Alvarez, V.A., Cyras, V.P., Vazquez, R008. Extraction of cellulose and
preparation of nanocellulose from sisal fibers. I[@ete 15, 149-159.
https://doi.org/10.1007/s10570-007-9145-9.

Ndabigengesere, A., Narasiah, K.S., 1998. Use ofinga oleifera seeds as a primary
coagulant in wastewater treatment. Env. Technol. , 19789-800.
https://doi.org/10.1080/09593331908616735

Ochando-Pulido, J.M., Martinez-Ferez, A., Pimeelral, S., Verardo V., 2017. A focus on
advanced physico-chemical processes for olive midktewater treatment. Sep. & Purif.
Technol. 179, 161-174.

Ozacar, M. and Sengil, I. A., 2002. The use of tasmifrom Turkish acorns (valonia) in water

treatment as a coagulant and coagulant Aid. Turkiging. Env. Sci. 26, 255 — 263.

Perez, J., De La Rubia, T., Ben Hamman, O., andiiar, J., 1998. Phanerochaete flavido-
alba Laccase Induction and Modification of Mangan®eroxidase Isoenzyme Pattern in
Decolorized Olive Oil Mill Wastewaters. Appl. aighviron. microbiol. 64, 2726-2729.

Pardo, T., Bernal, P., Clemente, R., 2017. The oSeolive mill waste to promote
phytoremediation. Olive mill waste. 183-199. httfoki.org/10.1016/B978-0-12-805314-
0.00009-1

Ragnar, M., Lindgren, C.T., Nilvebrant, N. O., 20Q&, -Values of Guaiacyl and Syringyl
Phenols Related to Lignin. J. of Wood Chem. and hiiet 20, 277-305.
https://doi.org/10.1080/02773810009349637

Rharrabati, Y. and El Yamani, M., 2018. Olive milastewater: Treatment and valorization

technologies. Handbook of Environ materials Mariag8.

Roig, A., Cayuela, M.L., Sanchez-Monedero, M.A.,020 An overview on olive mill
wastewaters and their valorisation methods. Wasteandd. 26, 960-9609.
https://doi.org/10.1016/j.wasman.2005.07.024.

Saikia, B.J., Parthasarathy, G., 2010. Fourier dfam Infrared Spectroscopic
Characterization of Kaolinite from Assam and Meglyal Northeastern India. J. of Modern
Physics. 01, 206-210. https://doi.org/10.4236/jrap®14031.

Scioli, C., Vollaro, L., 1997. The use of Yarrowipolytica to reduce pollution in olive mill
wastewaters. Water Res. 31, 2520-2524. httpsdidpl0.1016/S0043-1354 (97)00083-3



534
535
536

537
538
539

540
541
542

543
544
545

546
547
548

549
550
551
552

553
554
555

556
557
558

559
560
561

562
563
564

Septian, A., Oh, S., Shin, W. S. 2018. Sorptionanfibiotics onto montmorillonite and
kaolinite: Competition modeling. Environmental Taology. 40. 1-27.
https://doi.org/10.1080/09593330.2018.1459870.

Shamsnejati, S., Chaibakhsh, N., Pendashteh, A&eripour, S., 2015. Mucilaginous seed
of Ocimum basilicum as a natural coagulant forilextastewater treatment. Ind. Crops Prod.
69, 40—47. https://doi.org/10.1016/j.indcrop.2015045.

Sjoberg, M., Bergstrom, L., Larsson, A., Sjostrof, 1999. The effect of polymer and
surfactant adsorption on the colloidal stabilitylaheology of kaolin dispersions. Colloids &
Surfaces A: Physicoch. & Eng. Aspects. https:/aigi10.1016/S0927-7757(99)00174-0.

Sj6holm, I., Stigbrand, T., 1974. Circular dichrmistudies on the copper ligand structure of
umecyanin by spectropolarimetric titration. Biockam et Biophysica Acta (BBA). Protein
Struct. 371, 408-416. https://doi.org/10.1016/0@0S5 (74)90037-3.

Song, Y., Zhang, J., Gan, W., Zhou, J., Zhang, 2010. Flocculation Properties and
Antimicrobial Activities of Quaternized CelluloseSynthesized in NaOH/Urea Aqueous
Solution. Ind. Eng. Chem. Res. 49, 1242-1246. fitt{us.org/10.1021/ie9015057.

Subramonian, W., Wu, T. Y., Chai, S. P., 2014. Anpecehensive study on coagulant
performance and floc characterization of naturadstaobtusifolia seed gum in treatment of
raw pulp and paper mill effluent. Ind. Crops Prod6l, 317-324.
https://doi.org/10.1016/j.indcrop.2014.06.055.

V¢eldkova, K., Zuskova, I., Kenndler, E., Gas, B.Q£20Determination of cationic mobilities
and pKa values of 22 amino acids by capillary zeleetrophoresis. Electrophor. 25, 309—-
317. https://doi.org/10.1002/elps.200305751.

Wang, H., M., Loganathan, D., Linhardt, D., J., 19Betermination of the pKaof glucuronic
acid and the carboxy groups of heparin by 13C mucheagnetic resonance spectroscopy.
Biochem. J. (1991) 278, 689-695.10.1042/bj2780689

Xu, H., Allard, B., and Grimvall, A., 1988. Influea of pH and organic substance on the
adsorption of AS (V) on geologic materials, Wateir /Soil Pollut. 40, 293-305.
https://doi.org/10.1007/BF00163734

Fang, Y. & Zhou, A., Yang, W., Araya, T., Huang, ¥hao, P., Johnson D., Wang, J., Ren,
Z. (2018). Complex Formation via Hydrogen bondingtween Rhodamine B and
Montmorillonite in Aqueous Solution. Scientific Raps. 8. https://doi.org/10.1038/s41598-



565 017-18057-8.

566 Yang, Z. L., Gao, B. Y., Yue, Q. Y., Wang, Y., 201bffect of pH on the coagulation
567 performance of Al-based coagulants and residuahialum speciation during the treatment of
568  humic acid—kaolin synthetic water, J Haz. Mat. 178,596-603.
569  http://doi.org/10.1016/j.jhazmat.2010.01.127

570



Highlights

1) Defatted olive mill wastewater (DOMW) could be a bioflocculant for water treatment
2) Two biochemical families represent the active constituents: tannins and cellulose

3) Good efficiency compared to other green flocculant

4) Comparable turbidity removal with Al,SO, was observed

5) PH adjustment with [ime improve the efficiency



