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INTRODUCTION

The world is facing challenges regarding rising demands
for clean water, since available supplies of freshwater are
continually decreasing, because of the increasing size of
populations. Water scarcity especially affects agricultural
irrigation, which represents the largest demand for fresh water
worldwide, that is, more than 70 % of total water consumption
[1]. However, the possibility of using regenerated wastewater
for irrigation purposes would solve this problem and bring
about positive environmental and economic impacts.

In this regard, the olive oil industry, which is currently
one of the main agro-industrial activities in the Mediterranean
basin countries and particularly in Jordan, generates one of
the most highly polluted effluents known nowadays as olive
mill wastewater (OMWW) [2].

The amount of this effluent and its physico-chemical
properties are influenced by several factors such as the variety
of the olives, the meteorological conditions and the extraction
process [3]. This effluent is an acidic, black colour with high
chemical oxygen demand (COD) and high concentrations of
organic matter, such as phenolic compounds [4]. In addition,
inorganic compounds, such as chloride, sulfate, potassium,
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calcium, iron, magnesium, sodium, copper and traces of other
elements are usually present in olive mill wastewater [5].

For this reason, olive mill wastewater represents a serious
environmental problem, which causes severe deterioration,
such as colouring of natural waters, serious risks to aquatic
life, pollution in surface and ground waters, changes in soil
quality and odor irritation [6,7].

In order to overcome these problems, the treatment of
olive mill wastewater is an essential need for environmental
protection and it has been studied by several methods, such as
physico-chemical treatment [8], electrocoagulation [9], com-
posting [10], biological treatments and enzymatic treatment
[11], bioreactors [12] and membranes filtration [13]. However,
an environmentally safe and cost-effective solution to olive
mill wastewater treatment has not yet been found [14]. Most
studies have been devoted to building efficient treatment tech-
nologies for olive mill wastewater and they are not economi-
cally feasible, due to the short olive oil season [15].

Wastewater is treated using several techniques to remove
heavy metal ions (HMIS) and other organic pollutants e.g.,
chemical precipitation, conventional coagulation, reverse
osmosis, ion-exchange, electrodialysis and electrolysis [16].
Most of these techniques are complicated, time consuming
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and expensive [17], which largely prevents their use in
developing countries, such as Jordan, which is severely affected
by water pollution. However, adsorption is a less expensive,
more effective, simplicity of design and environmentally safer
technique that removes both organic and inorganic pollutants
[18]. It is thus highly attractive for water treatment, especially
in developing countries. Nowadays, different natural adsorbents
have been used in terms of reactivity, performance and low-
cost, to remove various metal ions and phenolic compounds;
zeolites [19,20], bentonite [21,22], montmorillonite [23,24],
smectite [25,26] and activated carbons [27,28], respectively.

Bentonite is rich clay mineral, commonly available and it
exists as discrete deposits. It consists of layers made up of an
octahedral alumina sheet sandwiched between two tetrahedral
silica sheets [29]. The wide use of bentonite as a low cost
adsorbent may be attributed to its high surface area, high
chemical, thermal and mechanical stability and to a variety of
surface and structural properties [30]. Furthermore, bentonite
(after some modification) has exhibited greater stability than
other minerals studied in relation to adsorption/desorption
processes, maintaining 73 % of its initial adsorption capacity
after 14 successive regeneration cycles [31]. The main objective
of this study is to investigate a suitable and feasible method
for olive mill wastewater treatment.

EXPERIMENTAL

Adsorbent preparation: Bentonite samples were collec-
ted from the airport region, (AlAzraq) in Jordan. These samples
were crushed to particle size > 250 µm using a ball mill instru-
ment (clay fractions were obtained by wet sedimentation).

Purification of bentonite samples: Half the raw samples
were purified in terms of quartz removal and the process was
undertaken using the following steps: Firstly, the raw bentonite
samples were mixed with distilled water and the temperature
of the suspension was recorded (22 °C). The suspension was
centrifuged at 700 rpm for 3.50 min, to obtain particles less
than 2 µm. These particles were carefully separated into large
bottles. This process was repeated four times for each sample,
to guarantee obtaining samples in a pure form [32]. The suspen-
sion was collected, following evaporation of the water at 35 °C
on a hot plate. The samples were dried in an oven at 60 °C and
ground and sieved using a 63 µm mesh and finally stored in
polyethylene bottles.

Collection, preservation and pretreatment of olive mill

wastewater samples: Approximately 500 L of fresh olive mill
wastewater were collected during the 4th quarter of 2016, from
an olive mill in Kofranjeh village at Jerash city, about 48 km
north of the capital Amman. In this mill, olive oil is produced
by the centrifugal method. The olive mill wastewater samples
were collected in plastic containers (20 L), transported imme-
diately to a laboratory at Jerash University and stored at approxi-
mately 10 °C. As a pretreatment, aliquots of 1 L of olive mill
wastewater were centrifuged at 10,000 rpm for 30 min and
double simple filtration was undertaken, to obtain a clear and
dark (brownish) solution.

Adsorbent characterization: The physical and chemical
characteristics of both raw and purified bentonite were charac-
terized by using several techniques, including Fourier transforms

infrared spectrometer (FTIR), X-ray diffraction (XRD) and
thermogravimetric analysis (TGA). The surface area and point
of zero charge were also determined.

The functional groups that may affect the adsorption process
were detected by FTIR studies using a Thermo Nicolet NEXUS
670 FT-IR Spectrophotometer. The crystalline structure of
bentonite was determined by XRD analysis using Philips X
pert pro, with CuKα radiations of wavelength (λ = 1.5406 Å),
generated at 30 Kv to 30 mA. The scan measurements were
performed at 2θ range of 4-100° with a scan speed of 2 °/min
in the sampling pitch of 0.02°. Thermal properties of the bento-
nite were investigated by a NETZCH STA 409 PG/PC Thermal
Analyzer in the temperature range 0-1000 °C, with a heating
rate of 20 °C/min in argon atmosphere.

Brunauer-Emmer-Teller (BET) surface area of raw bento-
nite and purified bentonite were determined from the corres-
ponding nitrogen adsorption-desorption isotherms (at 77 K)
and a relative pressure (P/P0) of approximately 0.95, using
Gemini VII from micromeritics.

The pH point of zero charge (PZC) of raw bentonite and
purified bentonite were carried out using a Zeta Meter 3.0
(Zeta Meter Inc.). Concentrations of total phenolic compounds
content were determined using a UV-VIS spectrophotometer
(Varian cary100). Shaking of samples was done using a Clifton
Shaker equipped with a thermostat and pH was measured using
a METROHM 605 pH-meter.

Analytical methods: Analytical grade reagents and chemicals
with purity over 99 %were used. For HMIS determination tests,
Zn, Fe and Mn a standard solution of each metal ion concen-
tration was prepared in NaClO4 at pH = 6. The pH of these
solutions was adjusted using 0.1 M HCl and 0.1 M NaOH, to
achieve the desired values. Concentrations of the metal ions
were determined using a Varian Spectra AA-250 pulse atomic
absorption spectrometer (AAS). To measure soluble sodium
and potassium, concentrations were determined using a flame
photometer (Corning 400).

A COD and multiparameter bench meter, PN HI83099-02,
was used for the measurement of COD, alkalinity, total nitrate,
total phosphate and total chlorine concentrations. DO, ORP,
TDS, salt, conductivity and pH measurements were assessed
with a Crison PL-700AL meter, provided with auto correction
of temperature. Buffer standard solutions for EC (1413 and
12.88 mS cm–1) and pH (pH 4.01, 7.00 and 9.21) measurements,
respectively, were supplied as well by Crison.

The total phenolic compounds were evaluated by spectro-
photometry using the Folin-Ciocalteu method. Briefly, a 2.5
mL portion of Folin-Ciocalteu reagent 0.2 N was mixed with
0.5 mL of the sample. The reaction was kept in the dark for 5
min. Then, 2 mL of a sodium carbonate solution (75 g/L) was
added to the mixture and the reaction was kept in the dark for
1 h. The absorbance was measured at 765 nm in atomic absorp-
tion spectrometer. Gallic acid was used as a phenolic compound
standard for the calibration curve (330 mg/L; y = 0.0598x-
0.0636, where x and y represent the gallic acid concentration
(mg/L) and absorbance at 765 nm, respectively; (R2 = 0.9977).
Contents of the total phenolic compounds in olive mill waste-
water were expressed as gallic acid equivalents in grams per
liter (g GAE/L residue) [33].
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Several parameters were tested to determine adsorption
effectiveness. Batch experiments were carried out by mixing
10 mL of olive mill wastewater with different amounts of
bentonite (0.1, 0.5, 1.0 g) at different temperatures (298, 303,
313 and 323 K). olive mill wastewater and bentonite clay were
stirred in tubes continuously for 3 h. Finally, all analytical
methods were applied at least in triplicate.

Adsorption process: The samples of raw bentonite and
purified bentonite were tested for the adsorption of HMIS from
olive mill wastewater using a column technique. Adsorption
processes were carried out in a column of 560 mm length and
12 mm diameter. 1.00 g ± 0.0001 g of each adsorbent were
packed in a column and 100 mL of olive mill wastewater was
passed through the column. The flow rates were 0.25 mL/180
min and 0.25 mL/min for both raw bentonite and purified
bentonite, respectively. The effluent was collected as 10 separate
samples, each having a volume of 10 mL. Concentration of
metal retained in the adsorbent phase (q, mg g-1) was calculated
from the following equation:

i e(C C )
q V

m

−
= × (1)

where q is the adsorbent phase concentration after equilibrium
(mg metal ion/g adsorbent), Ci and Ce are the initial and final
(equilibrium) concentrations of metal ion in solution (mg/L),
V is the solution volume (L) and m is the adsorbent mass (g).
% Removal of metal ion was calculated using the following
equation:

i e

i

(C C )
Removal (%) 100

C

−
= × (2)

RESULTS AND DISCUSSION

Characterization of adsorbent: The FTIR spectra of raw
bentonite and purified bentonite are illustrated in Fig. 1. The
spectrum of raw bentonite before purification showed absorp-
tion bands at 3621.68 and 3695.46 cm–1 which correspond to
the inner surface OH stretching vibrations. The band at 2361.41
cm–1 also corresponds to the OH stretching vibration. The
presence of 1652.09 cm–1 indicates the OH bending vibration
of water [34]. The Si-O bending vibration was indicated by
absorption bands at 1030.94 cm–1, while the Si-O stretching
vibrations were observed at 795.62 and 692.13 cm–1. The
presence of Al-O-Si skeletal vibrations were revealed by the
bands at 517.09 and 466.94 cm–1 [35].
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Fig. 1. FTIR spectra of raw bentonite and purified bentonite

Following the purification process of raw bentonite, there
were shifts in the frequency of absorption from 3624.86 to

3624.86 cm–1, 2361.41 to 2361.50 cm–1, 795.62 to 796.15 cm–1

and the disappearance of the band at 1652.09 cm–1, which
indicated that the water molecules present in the interlayer
region had been released and left behind a cavity or extra space
in the skeleton of the bentonite structure. As a result, the adsorp-
tion capacity of HMIS and phenolic compounds were increased.
The Si-O group was also involved in the absorption, as can be
observed by their shifts in absorption frequency from 795.62
to 796.15 cm–1. In general, the shifts in these absorption bands
confirm the purification process.

Jordanian bentonite is composed mainly of montmorillo-
nite as the major constituent, while other components present,
such as kaolinite, illite, feldspar, muscovite and quartz are
impurities or accessory materials, as shown from the XRD
analysis (Fig. 2). A similar composition has been reported by
Mahasneh and Shakhatreh [36] on the characterization of
Jordanian bentonite. Furthermore, an important decrease of
minor components (impurities) was observed after purification
and the intensities of montmorillonite peaks were increased.
Since we had observed that montmorillonite possesses both
Brønsted and Lewis acid sites, which are responsible for its
adsorption capacity [37].
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Fig. 2. XRD spectra of raw bentonite and purified bentonite

Thermogravimetric analysis (TGA) of raw bentonite and
purified bentonite were also used to assess the thermal stability
of the adsorbents. It can be seen from Fig. 3 that both adsor-
bents have shown high thermal stability, since only 10.13 %
of raw bentonite was decomposed until 1000 °C. However,
purified bentonite shows a higher thermal stability and the
residue weight is only 9.42 %. The mass losses observed in
the range, from room temperatures to 200 °C, are related to
the removal of adsorbed and interlayer water molecules. From
400 to 700 °C, these mass losses are due to dehydration and
dehydroxylation [38].
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Fig. 3. TGA curve of raw bentonite and purified bentonite

The pH point of zero charge (PZC) can be defined as the
pH at which there is a net zero charge on the surface of the
adsorbent [39]. The functional groups on an adsorbent surface
may acquire a negative or positive charge, depending on the
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pH of the solution. There exists a relationship between the
point of zero charge and adsorption capacity of an adsorbent:
cations adsorption will be favourable at pH values higher than
the point of zero charge when the surface of the adsorbent is
negatively charged, while anions adsorption will be favoured
at pH values lower than the point of zero charge when the
adsorbent surface is positive [40]. The point of zero charge of
raw bentonite and purified bentonite is 3.2 and 3.0, respectively.
Such behaviour can be explained by increasing the negative
surface charges of the bentonite after purification. Furthermore,
this behaviour implies that the adsorption process can take
place in a wide range of pH, even at low pH values (as low as
pH 3.0). Both Jordanian raw bentonite and purified bentonite
also recorded a BET surface area of 66.2 and 147.8 m2 g-1, respec-
tively. The same results have been obtained for Nigerian
bentonite; 69.34 m2 g-1 [41]. The surface area of raw bentonite
is high and when purified it is even higher. In fact, the surface
area increased with particle size reduction. This means that
during purification the size of the particles becomes smaller,
which is desirable for an effective adsorption. Jordanian bentonite
was found to have a higher surface area than others, depending
on its source, for example Brazilian and South African bentonite
had surface areas of 34.1 m2 g-1 [42] and 37 m2 g-1 [43], respec-
tively.

Analysis of olive mill wastewater: The results of the
physico-chemical characteristics of the samples of untreated
olive mill wastewater, which were treated by raw bentonite
and purified bentonite, are summarized in Table-1. As shown,
the olive mill wastewater had a high capacity value to induce
a heavy pollution of the environment. Also, it should be pointed
out that the treated olive mill wastewater, using either raw
bentonite or purified bentonite, enhanced its properties. More-
over, the treatment using purified bentonite gave a better output.
Potassium and sodium ions were reduced by 50 %. Reduction
of the phosphorus and nitrogen content is in a good limit range
and consistent with the 2004 Urban Wastewater Treatment
(Amendment) Regulations, S.I. No. 440. The most important

part is that the total phenolic content of olive mill wastewater
was enriched in phenolic compounds and the percentage removal
exceeded 50 % of the content. The colour of the aqueous solu-
tion of olive mill wastewater after treatment became lighter,
suggesting that the organic substances responsible for the
dark colour remained. However, the olive mill wastewater was
further examined for COD, DO and ORP and it was found
that the treatment had reduced all these parameters by more
than 50 %.

Adsorption studies for HMIS from olive mill waste-

water using raw bentonite and purified bentonite: The adsorp-
tion of metal ions by clay using a column technique for Zn(II),
Fe(II) and Mn(II) were studied.

Heavy metals are highly toxic and they act as non-biode-
gradable pollutants when they accumulate in the ecosystem.
The emission of heavy metals from olive mill wastewater into
the environment will pollute surface and underground water
sources and this may lead to soil pollution. When agricultural
soils are polluted, these metals are taken up by plants and
consequently they accumulate in their tissues [59]. Animals
feeding on such contaminated plants and drinking from
polluted waters, including marine life that breeds in heavy
metal polluted waters, accumulate such metals in their tissues
and milk, if lactating [60]. This situation has resulted in the
establishment of olive mill wastewater regulations, in order to
minimize human and environmental exposure to hazardous
pollutants.

Recently, the adsorption process has gained interest as a
more promising method for the long term, as it is seen to be a
more effective and economic process [61].

Our experiments for the removal of HMIS were run out
at pH 6, for both adsorbents, which was higher than the point
of zero charge value at which ion exchange mechanism would
take place. More active sites resulted in an adsorbent surface
and as a result, there was an increase in adsorption capacity. Higher
pH values greater than 7.0 are usually avoided in most adsorption
studies, due to the possibility of metal precipitation [62].

TABLE-1 
AVERAGE PHYSICO-CHEMICAL CHARACTERISTICS OF UNTREATED AND TREATED OLIVE MILL WASTEWATER SAMPLES 

Parameters 
Untreated 
olive mill 

wastewater 

Literature 
ranges values 

Treated 
olive mill 

wastewater 
with raw 
bentonite 

Treated 
olive mill 

wastewater 
with purified 

bentonite 

Removal 
using raw 

bentonite (%) 

Removal  
using purified 
bentonite (%) 

Ref. 

pH 4.63 4.9-6.50 5.74 5.75 – – [44] 
Conductivity (ms/cm) 19.89 13-50 19.4 18.9 – – [45,46] 
Sodium (mg L–1) 297.9 200-570 186.4 149.2 37.4 49.9 [47,48] 
Potassium (mg L–1) 6366.3 639-10800 4075.1 3103.7 35.9 51.3 [49,50] 
Total phenolic content (g GAE/L) 1.34 0.26-10.7 0.85 0.66 36.6 50.8 [49,51] 
Alkalinity (mg L–1) 2000 3150-9070 1500 1470 25.0 26.5 [52] 
Total chlorine (mg L–1) 20 33.3-142.7 15 11 25.0 45.0 [53] 
Phosphate (mg L–1) 4120 31.8-1820 460 350 88.8 91.5 [54] 
Nitrate (mg L–1) 360 350-390 230 40 36.1 88.9 [55] 
COD (mg L–1) 12000 1900-220000 7030 4250 41.4 64.6 [56,57] 
DO (mg L–1) 600 n.d. 297 292 50.5 51.3 – 
TDS (mg L–1) 34700 5900-103200 13140 12030 62.1 65.3 [56,58] 
ORP (mv) 259800 n.d. 73300 72300 71.8 72.2 – 
Salt (mg L–1) 26700 11900-32000 9930 9810 62.8 63.3 [52] 
n.d.: not determined; ORP: Oxidation reduction potential; Every measurement was repeated three times, to ensure the accuracy and reproducibility 
of the results and then an average was taken. 

 

[44]
[45,46]
[47,48]
[49,50]
[49,51]

[52]
[53]
[54]
[55]

[56,57]
–

[56,58]
–

[52]
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As can be seen in Table-2, olive mill wastewater produced
in Jerash city contained a massive concentration of 2025, 1347
and 1242 ppm of Fe, Zn and Mn ions, respectively. Both
raw bentonite and purified bentonite have been shown to be
extremely effective in the adsorption process. The metal adsor-
ption capacity (q) values are very high. In addition, results
have shown in Figs. 4 and 5 that the percentage uptake for all
metal ions is excellent. Raw bentonite and purified bentonite
have been studied as potential low-cost adsorbents for the
treatment of olive mill wastewater afflicted with heavy metal
ions and these adsorbents are highly recommended to carry
out this process.

TABLE-2 
ADSORPTION CAPACITY (q, mg g–1) OF HMIS USING RAW 

BENTONITE AND PURIFIED BENTONITE AT 298 K 

Heavy 
metal 

Initial metal ion 
concentration 

(ppm) 

Raw bentonite 
(mg g–1) 

Purified bentonite 
(mg g–1) 

Zn 
Fe 
Mn 

1341 
2025 
1242 

133.97 
204.40 
124.14 

134.08 
202.17 
124.19 

 
100.0

99.9
8
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1
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99.
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99.
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Fig. 4. Percentage uptake of metal ions by raw bentonite using column
technique
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Total phenolic compounds content: Purified bentonite
was found to be a more effective adsorbent than raw bentonite
in a single step batch system of 3 h, where 133.95 and 18.53 mg
of phenol content was removed with 0.1 g of purified bentonite
and raw bentonite, respectively. On the other hand, the q value
(mg g-1) of phenolic compounds removal was decreased as
the adsorbent dose was increased. A constant volume of olive
mill wastewater and a constant initial concentration of phenol
content were used (Table-3), which can be explained because
of phenolic compounds adsorption. However, this situation
will lead to the unsaturation of adsorption sites through the
adsorption process. It is therefore clear that the equilibrium
adsorption capacity of bentonite clay is a function of its mass
[63].

The percentage uptake of values, directly proportional to
the adsorbent dose, showed that purified bentonite was more

TABLE-3 
EFFECT OF VARYING BENTONITE DOSE ON  

THE ADSORPTION OF PHENOLIC COMPOUNDS;  
OPERATION CONDITIONS: 298 K, 10 mL OF OLIVE  

MILL WASTEWATER AND THE CONTACT TIME = 3 h 

Raw bentonite Purified bentonite Mass of 
adsorbent 

(g) q (mg g–1) Uptake (%) q (mg g–1) Uptake (%) 

0.1 
0.5 
1.0 

18.53 
5.28 
4.89 

13.8 
19.7 
36.5 

133.95 
26.79 
13.39 

17.2 
29.4 
40.7 

 
active than raw bentonite and interestingly these results would
have important implications in the cost-effectiveness (at 298
K, energy save) of the final purification of olive mill wastewater
by bentonite. Moreover, the effective recovery of phenolic
compounds may provide value-added natural ingredients in
food preservative. The most interesting one appears to be hydroxyl
tyrosol, a compound of high added value, due to its antioxidant
and potentially beneficial (to human health) properties. It could
be also used in the cosmetics industry regarding antiaging
preparations [64,65].

Total phenolic compounds adsorption efficiencies were
found to be considerably affected by the operating temperature,
which increased with temperature (Fig. 6). This is due to the
endothermic adsorption of phenolic compounds, which cause
the equilibrium constants for this reaction to increase with
temperature and thus reaction products are favored at high
temperatures.
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Fig. 6. Effect of solution temperature on the percentage removal of phenolic
compounds; Operation conditions: 10 mL of olive mill wastewater,
mass of bentonite dose = 0.5 g and contact time = 3 h

It is worth highlighting that phenol molecule presents a
pKa value of 9.95, which implies that phenol is neutral in the
pH range below 9.95. Thus, in current working conditions,
phenol is in its neutral form and ion exchange is probably not
taking place. However, the working pH is 6, greater than point
of zero charge, which means that we have an anionic bentonite
surface and the responsible mechanism of this retention could
be adsorption/partition or size exclusion [66]. In addition,
bentonite has a large surface area and it has considerable numbers
of pores, where there is a good possibility for phenolic compounds
to be trapped and adsorbed.

Conclusion

Olive mill wastewater are produced in the Jordan and
Mediterranean regions in huge amounts and this results in
heavily polluted waste water that causes negative environmental
impacts. Untreated olive mill wastewater is characterized by a
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high content of phenolic compounds, potassium, phosphate,
nitrate and salt. Bentonite has a great potential for the removal
of HMIS and other organic pollutants from olive mill waste-
water. Moreover, the purification of raw bentonite through a
simple and low cost method enhances its capacity and other
characteristics. Both raw bentonite and raw bentonite showed
a high capacity to adsorb heavy metal ions, with the percentage
uptakes exceeding 99 % for Zn, Fe and Mn. While the q value
of phenolic compounds removal using purified bentonite was
better than raw bentonite.

This treatment approach is environmentally friendly and
the treatment process can take place at the location where the
water is being produced. The obtained final treated olive mill
wastewater was clear, with a low concentration of organics
content and salts, which may be disposed in landfills or used
for irrigation, without environmental risks.
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