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Pre-treatment of olive mill wastewater (OMW) by Fenton Oxidation with zero-valent iron and hydrogen
peroxide was investigated to improve phenolic compounds degradation and the chemical oxygen demand
(COD) removal. Experimental procedure is performed with diluted OMW with COD 19 g/L and pH 5.2. The
application of zero-valent Fe/H,0, procedure allows high removal efficiency of pollutants from OMW.
The optimal experimental conditions were found to be continuous presence of iron metal, acidic pH (2-4)
and 1 M hydrogen peroxide solution. The experimental results show that the removal of 1 g of COD need
0.06 M of H,0,. At pH 1, the maximum COD removal (78%) is achieved after 1 h. Therefore, with a pH value
within 2 and 4 the maximum COD removal reached 92%. Phenolic compounds are identified in treated
and untreated OMW by gas chromatography coupled to mass spectrometry (GC-MS). The result shows a

total degradation of phenolic compounds and an increasing biodegradability of treated OMW.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The annual OMW production of the Mediterranean olive-
growing countries is estimated to over then 30 millions m3 [1]. This
wastewater has a high pollution potential and considerable pollu-
tion occurs as a result of seasonal OMW production. In fact, it is
one of the crucial environmental issues in the Mediterranean area.
Therefore it constitutes a serious problem with severe negative
impact on the soil and the water quality. This effluent is charac-
terized by a high organic load including sugars, tannins, pectin,
lipids, polyphenols and polyalcohols [2-4]. The physico-chemical
characteristics of OMW are rather variable, depending on climatic
conditions, olive cultivars, degree of fruit maturation, storage time,
and extraction process. The color of OMW varied from dark-red to
black depending on its age and the extraction procedure. Chemical
oxygen demand (COD) and biochemical oxygen demand (BOD5) are
as high as 140 g/L and 70 g/L, respectively. The phenolic compounds
that are present in olive stone and pulp tend to be more soluble
in the water phase than oil. Consequently the concentration range
from 0.5 to 25¢g/L in OMW [5]. This phenolic fraction is charac-
terized by a great variety and complexity, as demonstrated by El
Hadrami et al. [6] and Bianco et al. [7]. This author has identified
20 phenolic compounds in OMW by using HPLC-MS-MS. Biological
processes, using selected microorganisms such as Archaea, Bacteria
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and fungi in aerobic or anaerobic bioreactors, have been tested to
treat OMW [5]. It is well known that some components in the OMW
organic fraction such as phenols and polyphenols, are phytotoxic
[8-11] and resistant to biological degradation [2,12,13]. Unfortu-
nately, dumping OMW in evaporation ponds is the most common
practice in the Mediterranean region. An emerging agronomic prac-
tice in oil-producing countries involves OMW land spreading for
both disposal and ferti-irrigation purposes [14]. The practice of con-
trolled spreading on agricultural soils is normally accomplished
on the basis of several technical criteria which take into account
mainly soil texture, effluent volume/land surface ratio and organic
load. In order to encourage this practice, it is important to develop
pre-treatment of OMW that can reduce their toxicity and improve
their biodegradability. In this case, advanced oxidation processes
(AOPs) should be considered as a viable alternative [15,16]. Some
researches on the degradation of phenolic compounds with AOPs
have already been published [17,18]. They are mainly applicable to
bio-refractory molecules in order to achieve the complete mineral-
ization of the contaminants or at least the conversion of organics
into less harmful or lower chain compounds [19-21]. Therefore,
the classical Fenton oxidation process utilizes the reaction of aque-
ous iron (II) with hydrogen peroxide to generate hydroxyl radicals,
according to Walling [22] and as described in Eq. (1), which can
oxidize organic compound in the solution.

Fe?* + H,0, — Fe3t + OH* + OH~ (1)

For efficient reaction, stoichiometric amount of ferrous ion and
hydrogen peroxide are required and this usually means that huge
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quantities of ferric salts need to be disposed of after the reaction
is complete. However, in the case of the use of zero valent iron in
place of ferrous salts the following reactions occur [18].

Fe® + 2H" — Fe?* +H, (2)
2Fe3* + Fe0 — 3Fe?t (3)

In acidic condition, the surface of the metal iron corrodes giving
rise to ferrous ions and hydrogen gas (Eq. (2)). The ferric ions pro-
duced by normal Fenton reaction (Eq. (1)) can be reduced to ferrous
by the zero valent iron metal surface (Eq. (3)). Therefore, the excess
of ferric ions can improve the chemical coagulation of the residual
COD [23].

The objective of the present work is to investigate the effec-
tiveness of the Fenton’s reagent with zero valent for an oxidative
degradation of OMW and the phenolic compounds present in this
effluent.

2. Materials and methods
2.1. Materials

The OMW effluent is obtained from a three-phase olive-oil
plant located in Sfax (Tunisia). Based on the previous study [24],
experiments were conducted, on the decanted and diluted OMW
characterized by a pH 5.2, the COD is equal to19g/L and the total
polyphenol is equal to 672 mg/L. The iron metal used in this study
is obtained from a metal turner. It constitutes a residual prod-
uct from this activity and it is characterized by a thin and spiral
form. Hydrochloric acid, sodium hydroxide and hydrogen peroxide
(9.5 M) were purchased from Merck (France).

2.2. Experimental procedure

In this study, we attempt to evaluate a new method for the
degradation of polyphenols in olive mill wastewater using spon-
taneous corrosion of iron metal sheet surfaces in the presence of
hydrogen peroxide. Iron metal sheet surfaces spontaneously cor-
rode under acidic conditions producing iron species (mainly ferrous
ions) which react with hydrogen peroxide via the Fenton reaction.
Experiments were carried out in a Floclab jar-test (Prolabo-France)
equipped with six beakers (1-L capacity) and they were performed
at ambient temperature (25°C). A fixed volume of hydrogen per-
oxide was introduced in the reactor followed by the addition of
500 mL of OMW sample. The pH of the solution was measured by
a pH-meter (Inolab WTW, Germany) and it was possibly adjusted
by adding HCI (1 M) or NaOH (5 M). After the introduction of iron
spires, the reactor was maintained under a continuous stirring
at 200 rpm. Aqueous samples were withdrawn for analysis with
adding NaOH and they were cooled in order to stop the Fenton
reaction. It has been shown that hydrogen peroxide is unstable in
basic solution and above pH 7 it would decompose to yield oxygen
and water [25].

2.3. Analyses

Biochemical oxygen demand (BODs5) was determined by the
manometric method with a respirometer (BSB-Controlled Model
OxiTop (WTW)) and the chemical oxygen demand (COD) was
estimated using the method described by Knechtel [26]. Ferrous
ions in aqueous solution were measured by Atomic Absorption
spectrophotometer equipped with a Polarized Zeeman Z-6100
model (Hitachi, Japan). The GC-MS analyses were carried out with
Hewlett-Packard 6890 Series GC, Agilent Technology equipped with
a Hewlett-Packard 5973 Mass spectrometer, Agilent Technology.

The separation of organic compounds was obtained by using a HP-
5MS fused silica capillary column (L=60m, ¢#=0.25mm, 0.25 pum
film thickness, Agilent Technology). The oven temperature was pro-
grammed as follows: 100°C hold for 2 min, raised at 5°C/min to
290°C (held for 20 min). Helium was used as a carrier gas at a
flow rate of 1.07 mL/min. The injection was set on a splitless mode
at 250°C. The injected volume was 1.0 pL, the solvent delay was
6.00 min and the total run time was 60 min. Detection was con-
ducted by a mass selective detector with electron impact ionization
at 70 eV with 2.9 s scan time over a 50-550 a.m.u. range resolution.
Mass spectra were compared to the reference compounds in Wiley
275L mass spectral library. OMW samples (20 mL) were acidified
at pH 2 by HCI (1N) and four consecutive extractions with ethyl
acetate (20 mL) were undergone. The organic phases were pooled
and reduced to 10 ml by rotary evaporation (37 °C) and then sily-
lated. For the silylation procedure, a mixture of pyridine (50 L) and
BSTFA (100 L) was added and vortexed in screw cap glass tubes
and it was consecutively placed in a water bath at 80 °C for 60 min.
From the silylated mixture 1 L was directly analyzed by GC-MS.

3. Results and discussion
3.1. Effect of initial H,0, concentration on OMW oxidation

In order to determine the effect of initial H,O, concentration
on COD removal, OMW was incubated in the presence of 20g/L
of metallic iron (Fe®) and a fixed amount of H,0, ranging from 0
to 2.5M. Results of these experiments are reported in the Fig. 1.
Regarding this figure we can see that COD removal increased with
H, 0, initial concentration and reached the maximum 92% by using
1 M of H,0,. From this, we can evaluate that 0.06 M of hydrogen per-
oxide was needed to the removal of 1 g of COD. Fig. 1 shows also that
by using more than 1 M H,0,, the COD removal does not increase
more and it is stabilized around the value of 92%. It is clear that 1M
of H,0, is the optimal amount to obtain reasonable decrease in
COD from olive mill wastewater. When one of the reactants (H,0,
or Fe2*) is overdosed, both can react with the hydroxyl radicals and
therefore inhibit the oxidation reaction [27,28]. It is well known
that in the presence of high concentration of hydroxyl radicals the
possible attack of organic compound can be reduced. This is due to
the reaction of these radicals with hydrogen peroxide to produce
less reactive radicals according to (Eq. (4)) [22].

OH* + H0, — Hy0 + HOy* 4)
Therefore, subsequent experiments were conducted with 0.95 M

H,0, concentration.

100 -

COD removal (%)

H202 (M)

Fig. 1. Effect of H,0; concentration on the COD removal efficiency during the Fenton
oxidation of OMW (initial pH: 5.2, Fe%: 20 g/L, reaction time 24 h, initial COD: 19 g/L).
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Fig. 2. Effect of initial pH on the COD removal during the Fenton oxidation of OMW
(H205: 0.95M, Fe®: 20 g/L, initial COD: 19 g/L).

3.2. Effect of initial pH on COD removal

The effect of acidic and/or basic medium on the COD removal
was studied by varying pH from 1 to 7. COD values obtained after
the analysis of samples of treated solution under different initial
pHs are shown in Fig. 2. Regarding these results, we can observe
that the highest COD removal (92%) is obtained at pH 2 after 2 h of
treatment. Whereas, concerning neutral pH, the COD removal does
not exceed 50% after 24 h reaction time. This phenomenon is due
to the low rate of Fenton’s reaction at this pH value. At high pH
(pH > 4), the generation of hydroxyl radicals gets slower because of
the formation of the ferric-hydroxo complexes [29]. For a very acidic
medium (pH <2), the COD removal is lower than the value obtained
at pH 2. In this case, Neyens and Baeyens [23] indicate that in the
presence of organic substrates, in an excess of ferrous ions and at
a low pH, hydroxyl radicals can add to the aromatic or heterocyclic
ring and can also abstract a hydrogen atom, initiating a radical chain
oxidation [22]. It can be observed that the Fenton oxidation of OMW
is not able to achieve the complete removal of organic load. This
might be due to the generation of high concentration of interme-
diate compounds (mainly carboxylic acid) that cannot be further
oxidized by hydroxyl radicals and consequently are accumulated in
the system. This concentration of refractory carbon seems to be a
characteristic of the Fenton oxidation [16].
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Fig. 3. Evolution of pH during the Fenton oxidation of OMW (H;0,: 0.95M,
Fe® =20g/L, COD: 19 g/L, time: 24 h).
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Fig.4. The ferrous ions concentration at various initial pH after 24 h Fenton reaction
of OMW (H;05: 0.95M, Fe? =20 g/L, initial COD: 19 g/L).

3.3. Evolution of pH and ferrous ions concentration during OMW
oxidation

In general, the pH end value of the treated solution after Fenton
reaction is independent from the initial acidity of solution. Fig. 3
shows that in initial pH within 2 and 5, the pH increases and/or
decreases to reach the pH value close to 3.5. This can be explained
by the fact that OMW is transformed into organic acids with a short
chain like acetic and oxalic acids. The presence of ionized form of
these acids is responsible for this buffering effect in the treated solu-
tion. In the case of very acidic medium (initial pH 1), the pH end
value increases to 1.9 and it is stabilized. Whereas, with initial pH
7, the pH of the solution decreases rapidly to pH 6 and it stabilizes
at this value for 24 h. The Fenton oxidation is mainly determined
by the availability of ferrous iron, which has a major role in the for-
mation of hydroxyl radicals. The highest concentration of ferrous
ions (1540 mg/L) is determined at pH 1 (Fig. 4). This concentration
decreases with the increasing pH and reaches the value of 86 mg/L
at pH 7. This result confirms that in acidic condition, the surface
of the metal iron corrodes giving rise to the ferrous ions. This is
in agreement with the previous study of Namkung et al. [30] and
Bremner et al. [17] who find that under acidic conditions, ferrous
ions are produced by corrosion that increases with a decrease in
pH and an increase in hydrogen peroxide concentration. In fact, the
generation of Fe (II) continues even after H, O, depletes, which indi-
cates that some of the ring-opened products and/or some organic
acids or radical acids, may have roles in this regeneration process
[31].
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Fig. 5. Evolution of the BOD5/COD ratio during the Fenton oxidation of OMW (H,05:
0.95M, Fe®: 20 g/L, initial COD:19 g/L, pH 3)
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Fig. 6. GC-MS chromatograms on ethyl acetate extract from (a) crude OMW and (b) treated OMW by Fenton oxidation. The MS-identified compounds are the following: 1,
tyrosol; 2, 4-hydroxybenzoic acid; 3, homovanillyl alcohol; 4, vanillic acid; 5, hydroxytyrosol; 6, protocatechuic acid; 7, 3,4-dihydroxyphenylglycol; 8, caffeic acid.

3.4. Improvement of OMW biodegradability and phenolic
compounds degradation after Fenton oxidation

In this experiment, the biodegradability of treated OMW is mon-
itored by measuring the BOD5/COD ratio. The effluent is considered
as biodegradable when the BOD5/COD ratio is ranging from 0.4 to
0.5. Regarding BOD5/COD ratio which is equal to 0.14, it is clear that
crude OMW is toxic and not biodegradable. Fig. 5 shows the evolu-
tion of BOD5/COD ratio during the Fenton oxidation with initial pH
3.The biodegradability of the wastewater increases after 5 h of Fen-
ton oxidation and the BOD5/COD ratio reaches the value of 0.22. This
proves that the zero-valent Fe/H, 0, system is efficient to enhance

Table 1

the biodegradability of this toxic effluent. However, this ratio is still
lower and the effluent needs more time for treatment. After 24 h
of Fenton reaction, the BOD5/COD ratio reaches the value of 0.53
which means that the wastewater is now already biodegradable.
The attenuation of the toxicity of OMW can be explained by
the removal of phenolic compounds by Fenton oxidation. This is
confirmed by GC-MS analysis of the treated and the untreated
solutions. In fact, the two chromatograms of treated and untreated
solutions are represented in Fig. 6(a) and (b). Regarding Fig. 6(a),
we have identified in crude OMW eight phenolic compounds sum-
marized in Table 1. These compounds can be divided into two
groups. The major one contains hydroxytyrosol (70.93%) and thy-

Abbreviated mass spectra of the main phenolic compounds recovered from OMW by ethyl acetate extraction.

Phenolic compound Rate % Retention time (min) M*e Main fragment of M** of the TMS derivatives
(1) 4-Hydroxyphenylethanol (Tyrosol) 16.55 24.43 282 267,193, 179 (100%), 73

(2) 4-Hydroxybenzoic acid 1.35 25.73 282 267,223,193, 179, 73 (100%)

(3) 4-Hydroxy-3-methoxyphenethylacohol (Homovanillyl alcohol) 4.25 27.65 312 297, 282, 267, 209 (100%), 193, 179

(4) 4-hydroxy-3-methoxybenzoic acid (Vanillic acid) 1.02 28.83 312 297 (100%), 282, 267, 253, 223, 193, 126, 73
(5) 3,4-Dihydroxyphenyl alcohol (Hydroxytyrosol) 70.93 28.96 370 355,267 (100%), 193, 179, 73

(6) 3,4-Dihydroxybenzoic acid (Protocatechuic acid) 3.38 30.05 370 355, 311, 281, 267, 223, 193 (100%), 179, 73
(7) 3,4-Dihydroxyphenylglycol 0.55 31.32 458 443, 368, 355 (100%), 281, 147, 73

(8) 3,4-Dihydroxycinnamic acid (Caffeic acid) 1.93 33.39 396 396 (100%), 381, 307, 249, 219, 191, 73
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rosol (16.55%). The minor one contains respectively: homovanillyl
alcohol, protocatechuic acid, caffeic acid, 4-Hydroxybenzoic acid,
vanillic acid and 3,4-dihydroxyphenylglycol. Similar composition
from OMW was determined by DeMarco et al. [32] and Khoufi et al.
[33]. By comparison, the chromatogram of Fig. 6(b) does not present
any phenolic compounds. This confirms that the degradation of
such products is responsible for toxicity in the OMW. Fenton oxi-
dation has almost completely eliminated the phenolic compounds.
Kang et al. [31] indicate that the availability of Fe2* and his interac-
tion with the organic intermediate, present a crucial importance to
improve the decomposition performance of phenolic compounds.
Therefore, the Fenton oxidation with zero-valent iron is an effec-
tive pre-treatment step to transform the organic compounds in the
OMW into by-products that are more readily biodegradable and less
toxic. Regarding these results, we can conclude that zero-valent
Fe2*/H,0, system can be considered as a promising process for
the degradation of polyphenols and the detoxification of olive mill
wastewater.

4. Conclusion

Total phenol in the OMW is degraded and biodegradability
is increased by the treatment with zero-valent Fenton oxidation.
The efficiency of Fenton reaction increases with the decreasing
of pH. The optimal value of pH is determined to be in the range
between 2 and 4. It is estimated that the removal of 1g of COD
needs 0.06 M of H,0,. In this optimized condition, the maxi-
mum value of COD removal is at the level of 92%. After 24 h of
Fenton reaction, the BOD5/COD ratio reaches the value of 0.53
which indicates that the wastewater is now already biodegrad-
able. This improvement in the biodegradability is obtained by
the removal of phenolic compounds from the olive mill effluent
as confirmed by GC-MS analysis of the treated OMW. This study
shows that zero-valent Fe/H,0, can be considered as an effective
alternative solution for the treatment of OMW, and it presents dif-
ferent issues of possibly valorization. After Fenton oxidation, this
effluent could be successfully treated by a classical biological pro-
cess to achieve high quality of the effluent water. In other case,
this pre-treatment can improve the land spreading and the ferti-
irrigation purposes. The major advantage of Fenton process is that
the reagent components are safe to handle and they are environ-
mentally benign.
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