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Abstract: Olive mill wastewater (OMW) generated by industrial extraction units in olive oil mills is a
significant source of pollution for the ecosystem. This pollution manifests through inhibited soil microbial
activity and reduced plant germination rates due to high acidity, excessive salinity, and the presence of
heavy metals. This study aimed to enhance the value of these effluents by restoring soil microbial activity
and promoting plant germination through a series of increasing dilutions to determine the optimal dose. This
dilution process effectively neutralized the pH and rebalanced the microbial load, facilitating the reappearance
of various bacterial species, such as fecal coliforms, total coliforms, Escherichia coli, and Staphylococcus. This
resurgence significantly contributed to improved soil fertility. Furthermore, at a 10/100 dilution ratio, wheat seed
germination reached 98%, with seedling growth reaching 18 cm — observations comparable to the control batch.
These results demonstrate the effectiveness of this dilution strategy in mitigating the negative effects of OMW

on agricultural soils.
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1. Introduction

Morocco, like other Mediterranean countries, has
emerged as a leading olive oil producer. However, this
success is accompanied by a significant environmental
challenge — generating huge quantities of wastewater
from olive oil extraction units. If not properly treated
beforehand, this wastewater poses a considerable
risk, resulting in environmental pollution. Disposal of
untreated olive mill wastewater (OMW) onto the soil
can have devastating effects, including sterilization
and defertilization. This is primarily due to its high

content of heavy metals, minerals, and organic
compounds — particularly phenols — along with various
physicochemical elements, such as a highly acidic pH
and low dissolved oxygen levels. Moreover, OMW
also contains a specific microbial load that tolerates the
environment’s acidity. Hence, sustainable management
and recovery strategies are essential for mitigating these
negative impacts.

The direct application of OMW to agricultural soils
has several adverse effects, such as compromising soil
microbial life and reducing durum wheat (7riticum
durum) germination rates. These negative effects are
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attributed to factors including high acidity levels, the
presence of phenols and salts, and the proliferation of
Lactobacillus bacteria that exacerbate environmental
acidification. Furthermore, a lack of oxygen asphyxiates
plant roots, while heavy metals disrupt bacterial
metabolism, compromising soil fertility. Under normal
conditions, microorganisms are essential in maintaining
soil fertility.'

A study used an approach based on progressive
dilution of OMW effluents applied to durum wheat
seeds to determine the optimum dose for restoring
soil biological functions. The results showed that at a
dilution of 10/100, soil microorganisms were preserved
and fulfilled their metabolic role within the ecosystem.?
Conversely, uncontrolled dispersion of these effluents
leads to soil biotoxicity, damaging microbial flora.** The
persistent, non-biodegradable presence of heavy metals
in the soil adversely affects the biotope, biocenosis, and
human health.>”’

The wastewater was diluted across increasing
concentrations to determine the optimal dose for durum
wheat germination and growth. Results indicated
that at a 10/100 dilution ratio, seedling size increased
significantly compared to those grown in water-irrigated
control soil. This dilution also facilitated normal
activation and development of soil microorganisms due
to the gradual neutralization of pH and the reduction
in heavy metal concentrations, thereby reducing their
inhibitory effect on microbial metabolism.

These results highlight the importance of carefully
managing OMW to preserve soil biodiversity and
promote a sustainable ecological balance. By adopting
appropriate strategies, such as optimized dilution, it is
possible to reduce the negative impact on ecosystems
while maintaining their biological fertility. This approach
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Figure 1. Location of the study areas in Sidi Kacem city

aligns well with broader sustainable development goals
aimed at reconciling agricultural needs alongside
environmental protection measures.

2. Materials and methods

The study was conducted in Sidi Kacem (Figure 1),
located in central Morocco, where olive oil extraction
plants produce OMW. The production of OMW
is associated with adverse effects on the region’s
ecosystem. Effluent samples were collected 5 times
a month during the olive harvesting and extraction
season (from October to November) across 12 olive
oil extraction plants (Figure 1). These plants were
divided into three extraction categories: Traditional
discontinuous system (TDS), modern discontinuous
system (MDS), and modern continuous system (MCS).

Table 1 below presents the descriptive statistics for
the specific microbial load and key physicochemical
parameters of the OMW.

2.1. Microbiological analysis and culture

For microbiological analysis purposes, the samples
were filled into sterile 1,000 mL bottles and stored
in a cooler at a temperature of 4°C. Twenty-five mL
of wastewater from the mill was added to 100 mL of
buffered peptone water. This mixture was homogenized
and then subjected to a series of cascade dilutions
in sterile distilled water. Subsequently, a 0.1 mL
aliquot from the stock solution was inoculated onto
selective agar to facilitate accurate enumeration during
incubation at specific temperatures for each species
studied. Microbial cultures revealed the presence of
Lactobacillus, yeasts, and total aerobic mesophilic
flora (TAMF), while species such as total coliforms
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Table 1. Descriptive statistics for the microbial load and physicochemical parameters of olive mill

wastewater samples by type of extraction system

Variable Mean SD CV Minimum Q1 Median Q3 Maximum
TAMF (x10* CFU) 1.055 0.768 72.8 0.28 0.47 0.865 1.365 3
Lactobacillus (x10* CFU) 0.796 0.382 4795 0.34 0.45 0.685 1.185 1.4
Yeast (x10* CFU) 0.94 0.409  43.53 0.36 0.558 0.92 1.35 1.63
Anaerobic SR (x10* CFU) 3.083 1.346  43.64 1.5 1.625 3 4.625 5
Fecal coliforms (x10* CFU) 0 0 - 0 0 0 0 0
Total coliforms (x10* CFU) 0 0 - 0 0 0 0 0
Staphylococcus (x10* CFU) 0 0 - 0 0 0 0 0
pH 4.902 0.407 8.3 4.25 4.545 4.95 5.143 5.59
Salinity (mg/L) 12.129 2.63 21.68 7.65 9.92 12.635 13.818 17.11
Dissolved oxygen (mg/L) 0.5347 0.1452  27.16 0.24 0.4825 0.565 0.6145 0.77
BOD;s (mg/L) 23.582 10.086  42.77 12.140 17.184  21.382  28.473 50.104
Electrical conductivity (uS/cm)  19.430  6.158 31.7 10.752 13.250 18.820  25.175 29.080

Abbreviations: BOD: Biochemical oxygen demand; CFU: Colony forming unit; CV: Coefficient of variation; Q: Quartile; SD: Standard
deviation; SR: Side-stream reactors; TAMF: Total aerobic mesophilic flora.

(TC), fecal coliforms (FC), Escherichia coli, and
Staphylococcus were absent.

Durum wheat cultivation was conducted in
homogeneous soils, with each batch containing 50
seeds — a control group included for comparison. These
batches were irrigated with increasing concentrations of
OMW diluted with decreasing volumes of water. After
one week post-irrigation, the growth of durum wheat
in each batch was evaluated, and soil microbiological
analyses were conducted to assess changes before and
afterirrigation with OMW. Soils irrigated with increasing
concentrations of inversely diluted effluents D1 to D5
with a control soil were subjected to microbiological
analyses on various culture media: deMan, Regosa,
and Sharpe agar for Lactobacillus incubated at
30°C, Sabourand agar for yeasts incubated at 30°C
over 48 — 72 h, supplemented with chloramphenicol
(0.25 g/L) to inhibit bacterial growth, Violet Red Bile
Agar for total coliforms and fecal coliforms incubated
at 37°C and 44°C, respectively, for 24 h, and Baird
Parker agar for Staphylococcus incubated 35 — 37°C
for 24 — 48 h according to the protocols provided by
BioM¢érieux.

2.2. AAS spectroscopic analysis

The samples were analyzed using flame atomic
absorption spectroscopy to determine the concentration
of each metallic element such as arsenic (As), chromium
(Cr), mercury (Hg), nickel (Ni), cadmium (Cd), lead
(Pb), selenium (Se), zinc (Zn), copper (Cu), and iron

(Fe). This analysis was performed using NOVAA 350

(Analytik Jena, Germany) with acetylene/air flame

(standard 50 mm slit burner) and a pneumatic annular slit

nebulizer (platinum or rhodium with a graphite cannula)

with a flow rate of 4 — 6 mL/min. The NOVAA 350

concentrations of the specific standard for each metal to

be analyzed were prepared (Standards are available at

1,000 ppm in 120 — 500 mL vials for flame analysis).

Sampling was conducted during the olive oil
crushing period at olive extraction plants. Wastewater
samples were placed in 100 mL borosilicate flasks and
subjected to wet mineralization through acid attack with
concentrated nitric acid (HNO,) and perchloric acid

(HCIO,). This process involved several steps:

(i) Sample preparation: The samples were filtered
through a 0.45 wm filter to remove suspended
solids, followed by homogenization. The pH
of each sample was adjusted to less than two to
stabilize the metal ions® by adding concentrated
HNO, at a recommended dosage of 1% by volume,
corresponding to adding 1 mL of concentrated
HNO, per 100 mL of sample. The final volume
was achieved by adding ultrapure or demineralized
water, followed by homogenization of the sample
with gentle agitation.

(i1) Wet mineralization procedure: Fifty mL of
homogenized OMW was collected for analysis.
A mixture of acids consisting of HNOs and HCIO4
with a ratio of 3 to 1 was prepared. The mixture
was heated to 180 — 200°C until near complete
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evaporation, resulting in a clear residue formation
after 2 — 3 h. Following thermal digestion, 25 mL of
ultrapure water was added to the residue, followed
by gentle shaking to dissolve any remaining residue.
Another filtration step using a 0.45 um membrane
was performed to remove insoluble particles.
The final dilution to make up the final volume of
50 mL was performed with ultrapure water while
maintaining acidity by adding 1% of HNOs (add
0.5 mL HNOs for 50 mL sample). Samples were
stored at 4°C before analysis.

(ii1) Standard calibration solutions: Calibration standards
for heavy metals were prepared from certified standard
solutions (1000 mg/L) diluted to final concentrations
0of 0.5, 1, 2, 5, and 10 mg/L. One percent HNO, was
used to stabilize the standard solutions.

2.3. Statistical analysis

Statistical analyses were conducted using various
software, such as Origin (version 9) and Statistical
Analysis System JMP Pro (version 17). Appropriate
statistical tests, including regression analysis, principal
component analysis, and analysis of variance (ANOVA)
mean comparison, were applied across three distinct
groups of olive oil extraction processes.

3. Results

This work employed physicochemical analyses, notably
the quantification of heavy metals, and microbiological
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analyses to reveal significant correlations between
certain heavy metals while others exhibited weaker
relationships (Figure 2). In addition, the effect of
progressive dilution of OMW on wheat germination and
growth was evaluated, revealing significant variations
as a function of applied concentrations (Figure 3).

The application of a dilution process enabled the
identification of the optimal doses for seed germination
and ecosystem preservation, opening promising
prospects for valorizing these effluents. Furthermore,
a comparative analysis was conducted on the three
olive extraction processes — MCS, MDS, and TDS
— using ANOVA followed by Tukey’s post hoc test,
highlighting significant differences between these
processes.

Figure 2 represents the correlation matrix of various
metallic elements, with high correlation coefficients
observed between As-Cd (0.97), Se-Zn (0.96), Cr-Pb
(0.94), As-Pb (0.86), As-Cr (0.85), Cd-Cr (0.83),
and Cd-Pb (0.82). These correlations represent the
interactions affecting the microbial metabolism as well
as carbon and phosphorus limitations, such as Zn’s
relationship with Cd, Cr, Pb, and As, with values of
0.74, 0.72, 0.71, and 0.7, respectively. An ANOVA test
followed by a post hoc analysis was applied to explore
the differences between the three systems studied.

The ANOVA test revealed a significant difference
with probability P = 0.00, which is less than the
significance value set at P < 0.05. For a good fit of the
ANOVA model, the R-squared and root mean square of
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Figure 2. A scatterplot matrix showing the regression and correlation analyses of heavy metals
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Figure 3. Variation in plant size and germination with increasing dilution of oil mill

wastewater from D1 to D5

Table 2. Analysis of variance for the three different olive extraction systems

Overall ANOVA Errors adjustment
Source DF Sum of squares Mean square F value Pro>F R?, root MSE
Model 2 0.08786 0.04393 17.46792 7.97x10*
Error 9 0.02263 0.00251 0.79, 0.050
Total 11 0.1105
Abbreviations: ANOVA: Analysis of variance; DF: Degrees of freedom; MSE: Mean square of the error.
Table 3. Multiple comparisons by pairs of groups using Tukey’s post hoc test
Pairs of groups Mean diff SEM q value Probability Alpha Sig. LCL UCL
MCS-MDS -0.18333 0.03546 7.31149 0.00152 0.05 1 -0.28234 -0.08433
TDS-MDS 0.03467 0.03546 1.38254 0.6082 0.05 0 -0.06434 0.13367
TDS-MCS 0.218 0.04095 7.52924 0.00124 0.05 1 0.10368 0.33232

Abbreviations: LCL: Lower control limit; MCS: Modern continuous system; MDS: Modern discontinuous system; Sig: Significance;

TDS: Traditional discontinuous system; UCL: Upper control limit

the error coefficient values were significant, at 0.79 and
0.05, respectively (Table 2).

Tables 3 and 4 show the comparisons of the
means using Tukey’s post hoc test with values 0 or 1
corresponding to the significance of the test. A value
of 0 indicates no significant difference (P > 0.05) as
it falls within the interval (—0.06434, 0.13367), while
a value of 1 indicates a significant difference between
the MCS and MDS/TDS systems with a probability
of P < 0.05 and a confidence interval far from zero
(Table 3).

Following the post hoc analysis, a Tukey test was
used to determine the differences between the three
extraction systems. Results in Table 4 indicate that the

Table 4. The similarity of the extraction systems
characterized by letters A and B

System Mean Groups Groups
TDS 0.39533 A

MDS 0.36067 A

MCS 0.17733 B

Abbreviations: MCS: Modern continuous system; MDS: Modern
discontinuous system; TDS: Traditional discontinuous system.

MCS system differs significantly from the TDS and
MDS systems. TDS and MDS systems did not show a
difference in means, as indicated by the P-value below
the error risk threshold of 0.05 (Table 4). This suggests
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that the two discontinuous pressure systems cause more
pollution to the ecosystem than the MCS.

Table 4 presents the groups characterized by the
letters A and B, where the letter A reflects the similarity
of the TDS and MDS systems, and the letter B indicates
a difference in the MCS system compared to the
others. This classification aligns with the results from
the comparison of means (Table 3) from Tukey’s test
following the post hoc analysis.

According to Figure 3, this study demonstrates that
as the dilution of the OMW progresses from sample
D1 (10/100 dilution) to sample D5 (100% undiluted),
the germination rate of wheat seeds gradually decreases
until it is completely inhibited. Concurrently, as the
concentration of these effluents increases, the size of
the wheat seedlings decreases due to the adverse effects
associated with higher concentrations.

Seed germination is negatively impacted by
several factors, such as heavy metals, salinity-causing
obstructions, organic matter, and acidic pH, which
collectively render agriculture challenging due to
soil infertility. In Figure 3, it is illustrated that as the
dilution of OMW increases, some chemical parameters
decrease, thereby maintaining normal conditions for
microbial communities and various microorganisms in
the soil. This leads to the reappearance of species such
as E. coli, TAMF, TC, and FC, contributing to improved
soil fertility and plant germination.

In a series of batches with increasing concentrations
of irrigated OMW alongside inversely increasing

14000 T . T

dilutions, the bacterial load of Lactobacillus increased
compared to TC and FC, which abruptly decreased
until they disappeared. This disappearance is mainly
due to the acidity of Lactobacillus within this
ecosystem. The impact of increased dilution causes
these microorganisms to reappear in the soil at a diluted
concentration, specifically at the 10/100 ratio, which is
suitable for wheat seed germination (Figure 4).

Adequate dilution was achieved at a ratio of 10/100,
corresponding to a high and balanced microbial load;
however, this gradually decreased as effluent concentration
increased across successive batches. As a result, FC, TC,
E. coli, and Staphylococcus species showed decreasing
loads until they disappeared as effluent concentration
approached the raw state. In contrast, despite an acidic
environment, Lactobacillus, TAMF, and yeasts persisted
when undiluted effluents were used (Figure 5).

4. Discussion

The discharge of industrial effluents into the
environment, especially into the soil, poses significant
environmental challenges, due to their high content of
heavy metals, such as Hg, Cr, Zn, Cd, As, Ni, Cu, and
Pb. These contaminants disrupt microbial metabolism
within soils because they are characterized by high
acidity levels that some microbial species tolerate better
than others. Consequently, this intrusion compromises
the soil’s stability, maintained typically through organic
matter’s role in preserving water and nutrient retention
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Figure 4. Variation in Lactobacillus, total coliforms, and fecal coliform concentrations with increasing
dilution of irrigated OMW in soil
Abbreviations: CFU: Colony forming unit; OMW: Olive mill wastewater.

Volume 23 Issue 1 (2026)

298

doi: 10.36922/ajwep.6618


https://dx.doi.org/10.36922/ajwep.6618

Valorization of olive mill wastewater

16000 Lactobacillus (CFU/mL)
—m— [ actobacillus m
M20000-
—m— E.Coli (CFU/mL))
14000 |- . 1 20000
—0O— Yeasts (CFU/mL)
I @@ Staphyllcoccus (CFU/m 10000+
12000 | -\ ]
_ _— ° 100000- =
E10000 |- - ] S preooog
= e 90000 E e
L U1 m} S 7 (]
S sgooo0 - 1@ -
E : - ° 80000- %—1oooo§
S 6000 - / 1w 8
3 o g | S
g = 70000 & S
(%} - 4
g 4000 Jsooo §
3 g———0 ] 60000 2]
2000 | 1
0 e 0
: 40000-
-2000 1 1 1 1 1 1 1 1 1 1 1 7
Control soil  10/100 26/100 50/100 76/100 100/100 -

Decreasing dilution of OMW irrigated on study soils

Figure 5. Variation in microbial loads in soils irrigated with increasing concentrations of OMW/dilution
Abbreviations: CFU: Colony forming unit; OMW: Olive mill wastewater.

capabilities.” Soil is a balanced ecosystem but becomes
unbalanced when intrusive matter like heavy metals
settles in it. Heavy metal contamination leads to a
decline in soil fertility by inducing toxicity and causing
damage to soil microorganisms.'” Previous research
indicates that pollution by these heavy metals would
cause changes in microbial diversity and structure.'
Moreover, these heavy metals accumulate in plant and
animal food chains, causing problems at environmental
and public health levels."? Soils deteriorated by factors
such as salinization and desertification are subjected
to conditions affecting their normal function and
productivity.’* Nitrogen present in these effluents
represents a very important fertilizing factor for the soil,
contributing to plant growth in the form of nitrate.'* In
general, when the pH level decreases, such as in this
study, where the pH is 5.48, heavy metals become
highly soluble with improved bioavailability."

Excessive nickel can be toxic to plants by decreasing
root growth, leading to leaf chlorosis,'® while arsenic
impairs seed germination, severely reducing root
development'” due to membrane dysfunction, including
fluidization effects.!® Consequently, an excess of arsenic
can cause the death of vegetation.”” However, some
bacterial species metabolize certain heavy metals for
energy sources®’, and through dilution, soil bacteria are
activated by heavy metals, which also helps maintain
their revitalization potential.?!

Soil bacterial activities are influenced by various
factors, such as heavy metal concentrations, bacterial
species, soil properties, and the coexistence of metals
and bacteria.”** The accumulation of these metals

can have serious consequences on soil ecosystems,
inhibiting bacterial activity and growth.”* Our study,
along with previous research,??¢ demonstrates that
bacterial revitalization and the restoration of their
activities can be triggered by the dilution of OMW
in soil plots irrigated with increasing concentrations.
The effectiveness of dilution is associated with the
bacterial species in the soil and their ability to adapt to
less toxic conditions,”” reducing the inhibition effects
of heavy metals on bacterial growth.?® The presence
of heavy metals induces biotoxicity, altering soil
microbial activities.! Moreover, an increase in heavy
metals also limits carbon production by soil microbes®
by increasing the energetic metabolism to resist heavy
metal stress, which results in greater carbon release.*
These pollutants affect the soil’s nutrient cycle, limiting
microbial metabolism and decreasing the availability of
essential nutrients, thereby reducing soil fertility.’’

5. Conclusion

This study showed that applying OMW to agricultural
soils hinders microbial life and inhibits durum wheat
germination. The negative effects are attributed to
several factors, including high acidity, the presence
of phenolic compounds, salinity, and the activity of
Lactobacillus bacteria that exacerbates environmental
acidification.

To identify an appropriate solution, a series of
irrigation trials were conducted using different dilutions
of effluent on multiple batches of wheat seeds. This
approach made it possible to determine the optimal
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dilution ratio for wheat germination and growth,
comparable to that observed in the control batch. In
addition, adequate dilution preserved soil biodiversity
by restoring the microbiological and physicochemical
balance of the ecosystem.

Thus, the adoption of an optimized dilution process,
with a ratio of 10/100, proved effective in revitalizing
soil microbial activity, ensuring optimal germination,
and promoting satisfactory plant growth. These results
offer promising prospects for sustainable effluent
management in the agri-food sector while preserving
soil fertility and biodiversity.
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