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Introduction

For millennia, between the latitudes of 26° N and 
45° N, olives have been cultivated on a global scale 

with an area of nearly 10 million hectares, mostly in the 
Mediterranean basin (Benhayoun et al., 2007; El Kafz 
et al., 2023) representing the main production area. 
In Morocco, olive farming represents about 70% of 
the total tree crop area and covers approximately 1.07 

million hectares, highlighting both its agronomic and 
socio‑economic importance for rural livelihoods and 
agro‑industrial development (El Mouhtadi et al., 2014).

The growing demand for olive oil, driven in part 
by its recognized health benefits, has led to a rapid 
expansion of modern, continuous milling systems 
in many producing countries (Li and Wang, 2018; 
Zaroual et al., 2020). Among these technologies, 
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three‑phase olive oil extraction systems have 
considerably improved processing efficiency but have 
also increased the volume of liquid effluents known 
as olive mill wastewater (OMW‑3P). (Zema et al., 
2019), creating an OMW-derived effluent that poses 
significant environmental problems due to its toxicity 
and composition.

This effluent is typically characterized by an acidic 
pH (3–6) (Azzam and Hazaimeh, 2021; Tsigkou 
et al., 2022), very high chemical oxygen demand 
(COD), elevated biochemical oxygen demand 
(BOD) (Tundis et al., 2020; Domingues et al., 2021), 
and high concentrations of phenolic compounds 
and other recalcitrant organics that contribute to 
its dark color (Shabir et al., 2023) and phytotoxicity. 
Such characteristics are responsible for the negative 
impacts of OMW‑3P on soil, surface water, and 
groundwater (Achak et al., 2009; Alaoui et al., 2022; 
Enaime et al., 2020) when it is discharged or spread 
without adequate treatment, and they significantly 
constrain the use of conventional biological processes 
due to toxicity toward many microorganisms.

The quantities of OMW generated are particularly 
concerning in regions where olive oil production 
is concentrated and seasonal. Each ton of olives 
processed can generate around 1.5 tons of olive mill 
waste (Khatib et al., 2009), and in Morocco alone, 
it is estimated that approximately 250,000 tons of 
OMW are produced annually (El Moudden et al., 
2022), mainly from three‑phase extraction systems. 
This concentration of a highly loaded effluent within 
a relatively short time frame creates strong pressure 
on local ecosystems and calls for efficient, low‑cost, 
and context‑adapted treatment strategies capable of 
mitigating its environmental footprint.

A broad range of physical, chemical, biological, and 
hybrid (Belaid et al., 2013; Vaz et al., 2024) processes 
has been proposed for OMW treatment, including 
sedimentation and filtration, coagulation–flocculation, 
advanced oxidation, anaerobic and aerobic bioreactors, 
and integrated processes. However, many of these 
options suffer from limitations such as high operating 
costs, complex infrastructure requirements, or the 
need for prior dilution and/or chemical pretreatment 
to reduce toxicity and improve biodegradability 
(Vuppala et al., 2019; Lee et al., 2019; Díaz et al., 2021). 
In parallel, the valorization of OMW within a circular 

bioeconomy framework, through energy recovery 
or the extraction of high‑value biocompounds (e.g., 
polyphenols, exopolysaccharides) and soil‑amending 
materials (Chowdhury et al., 2013, Barros et al., 
2020), has become an active field of research, aiming 
to transform this effluent from a waste into a resource.

Currently, there has been growing interest in microbial 
treatment using selected strains or consortia to 
degrade recalcitrant compounds, decrease pollutant 
loads, and improve quality of effluent, typically 
at relatively mild conditions. In particular, mixed 
microbial communities(Ayed et al., 2019; Slama 
et al., 2021; Sahraoui et al., 2024), are capable of 
providing complementary metabolic activity and 
enhanced stability to the inhibitory effects upon 
phenolics and low pH (two primary constituents of 
OMW), thereby enabling them to provide a better 
alternative to common biological treatment methods 
that do not utilize pretreatment, such as those that 
rely on nutritional supplementation or optimized 
operating conditions, for example in the swimming 
pool industry, where most of the time there is an 
additional demand of (in some cases over) 100% 
for pre-treating effluent. However, although many 
recent studies report promising results using bacterial, 
fungal, or mixed consortia, the majority of these have 
been conducted with the use of experimental designs 
that have limited practical applicability at either 
commercial or agricultural scales.

The present study focuses on the aerobic biological 
treatment of three‑phase olive mill wastewater 
from Moroccan olive mills using a novel microbial 
consortium composed of 14 strains (bacteria, yeasts, 
and molds) isolated from OMW‑related ecological 
niches. The consortium was applied to raw and 
diluted OMW‑3P under ambient conditions, 
without chemical pretreatment, pH adjustment, or 
external nutrient addition. The main objectives were 
to evaluate the capacity of this mixed consortium 
to reduce COD, BOD, and total polyphenols and 
to decolorize OMW‑3P, and to assess the resulting 
changes in pH and biodegradability index as 
indicators of improved effluent quality and potential 
suitability for agricultural reuse as a biofertilizer. By 
exploring a simple, low‑input biological process, this 
work aims to contribute to more sustainable and 
circular management of olive oil production residues 
in Mediterranean contexts such as Morocco.
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Materials and Methods

Sampling and physicochemical/microbiological analyses of 
OMW
Olive Mill Wastewater (OMW) samples were 
collected from continuous three-phase extraction 
systems (OMW-3P) in four Moroccan regions: Fez, 
Ouazzane, Settat, and Taza, with three units per 
region (12 sites in total). Physicochemical samples 
were stored in 5 L food-grade plastic containers, while 
samples for microbiological analysis were placed in 
sterile 2 L bags and bottles, protected from light and 
kept at 4°C. All analyses began immediately upon 
arrival at the laboratory.

Detailed protocols for physicochemical and 
microbiological analyses follow those previously 
described (Bouigua et al., 2024). Preparation and 
coding of inocula for strain isolation are shown in 
Figure 1, in which codes for the 14 effective strains 
(3 bacteria, 4 yeasts, 7 molds) complete those in our 
earlier work focused on molds (Bouigua et al., 2024).

The selection process for inocula based on their ability 
to decolorize OMW-3P in selective liquid media 
is reported in Table 3 (Bouigua et al., 2024). This 
methodology enabled identification of strains most 
effective for OMW-3P decolorization.

Experiments monitored four key parameters before 
and after aerobic biological treatment: pH, chemical 
oxygen demand (COD), biochemical oxygen demand 
(BOD₅), and total polyphenols, correlating their 
reduction with visible OMW-3P decolorization.

Methodology for isolation and purification of microbial 
strains
Step I: Sampling and inoculum preparation
Samples from three ecological niches stored OMW, 
pomace, and adjacent soil were obtained from the 
four regions. Stock solutions were prepared, diluted 
to 10-⁴, and assigned codes (F1-3, O1-3, S1-3, T1-3).

Step II: Selection on liquid selective media
Two milliliters of each inoculum were transferred to 
18 mL of sterile OMW-3P selective liquid media 
(raw and diluted 1/2, 1/3, 1/5). After one week at 
30°C, inocula showing at least a slight decolorization 
of the raw OMW-3P were selected.

Steps III–IV: Isolation and purification
Selected inocula were streaked onto sterile selective 

solid OMW-3P-based media (raw and diluted). 
Colonies with the largest decolorization halos were 
purified and maintained as effective strains.

The methodological workflow is summarized in 
Figure 1 below.

Physicochemical analyses
Physicochemical parameters (pH, COD, BOD, total 
polyphenols) were measured at the beginning of the 
experiment (day 0) and after 15 days of treatment.

Table 1: Evaluation of decolorization halos induced by 
molds isolated on sterile OMW-Based selective solid me-
dia (Bouigua et al., 2024)

Inocula 
source region

Code 
assigned 
to each 
mold (M)

OMW-based solid selective 
media

dilut‑
ed 1:5

dilut‑
ed 1:3

di‑
luted 
1:2

raw 
OMW-
3P

Fes (F) F2 F2M1 ++ + + +
F2M2 + + - -
F2M3 +++ ++ + +

F3 F3M4 ++ + - -
F3M5 +++ ++ + +

Ouez‑
zane (O)

O2 O2M6 ++ + - -
O2M7 + - - -
O2M8 - - - -

O3 O3M9 - - - -
O3M10 - - - -

Settat (S) S3 S3M11 + - - -
Taza (T) T1 T1M12 ++ + - -

T1M13 ++ + + +
T2 T2M14 ++ ++ + +
T3 T3M15 +++ ++ ++ +

T3M16 + - - -
T3M17 +++ ++ + +

OMW-3P decolorization: +++ (strong); ++ (moderate); + (weak); – 
(absent)

pH Measurement
Performed using a pH meter (model pH-2005) 
calibrated with standard buffers. A stable reading was 
recorded for each sample.

COD and BOD₅
COD was determined by digestion with a strong 
oxidizing agent and spectrophotometric absorbance, 
converted using the method of Hur et al. (2010). 
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BOD₅ was measured by incubating OMW-3P 
samples with bacterial culture at 20°C in the dark, 
and calculated from oxygen concentration differences 
(Hur et al., 2010).

Table 2: Evaluation of decolorization halos induced by 
yeasts isolated on sterile OMW-Based selective solid me-
dia
Inocula 
source 
region

Code as-
signed to each 
yeasts (Y)

OMW-based solid selective 
media
di‑
luted 
1:5

di‑
luted 
1:3

di‑
luted 
1:2

raw 
OMW-
3P

Fes (F) F2 F2Y1 ++ + - -
F2Y2 +++ + + +

F3 F3Y3 + + - -
Ouez‑
zane 
(O)

O2 O2Y4 ++ + + +
O2Y5 + - - -

O3 O3Y6 + + - -
O3Y7 ++ + - -

Settat 
(S)

S3 S3Y8 ++ + + +
S3Y9 + - - -

Taza 
(T)

T1 T1Y10 ++ + - -
T2 T2Y11 + + - -
T3 T3Y12 +++ ++ + +

T3Y13 + - - -
T3Y14 + + - -

OMW-3P decolorization: +++ (strong); ++ (moderate); + (weak); – 
(absent)

Total polyphenols
 Quantified by the Folin-Ciocalteu spectrophotometric 
method (El Kabous et al., 2023), measuring the 
reduction of Folin-Ciocalteu reagent by phenolic 
compounds.

Biological treatment protocols
Solid media and selected for decolorization capacity 
(Bouigua et al., 2024). Results including strain codes 
and efficiency appear in Table 1 Table 2 and Table 3 
for molds, yeasts, and bacteria respectively.

Preparation of Pre-Cultures
 Colonies with decolorization activity were inoculated 
in 5 mL sterile OMW-3P and incubated at 25°C for 
5–7 days until reaching a comparable optical density, 
and the same inoculum volume was used for all 
treatments in order to standardize initial cell density 
across experiments.

Table 3: Evaluation of decolorization halos induced by 
bacteria isolated on sterile OMW-Based selective solid 
media

Inocula 
source re-
gion

Code 
assigned to 
each bacte-
ria (B)

OMW-based solid selective 
media
di‑
luted 
1:5

di‑
luted 
1:3

di‑
luted 
1:2

raw 
OMW-
3P

Fes (F) F2 F2B1 + + - -
F2B2 ++ + - -

F3 F3B3 + - - -
Ouez‑
zane 
(O)

O2 O2B4 ++ ++ + +
O2B5 + - - -

O3 O3B6 + + - -
Settat 
(S)

S3 S3B7 ++ + + +
S3B8 + - - -

Taza 
(T)

T1 T1B9 + - - -
T2 T2B10 + + - -
T3 T3B11 +++ ++ + +

T3B12 ++ + - -

OMW-3P decolorization: +++ (strong); ++ (moderate); + (weak); – 
(absent)

Mixed Cultures: Pure strains (7 molds, 4 yeasts, 3 
bacteria) were used to create mixed cultures. Five 
milliliters of each pre-culture were inoculated into 
45 mL of sterile liquid OMW-3P (undiluted and 
diluted). After homogenization, flasks (250 mL) 
containing 50 mL working volume were incubated at 
room temperature under natural aeration, and each 
condition was tested in triplicate (n = 3) to ensure 
statistical representativeness.

Microbial consortium treatment
A microbial consortium consisted of 3 bacterial 
strains (Bacillus sp., Acinetobacter sp., and Pseudomonas 
sp.), 4 yeast strains (Candida sp., Yarrowia sp., 
Wickerhamomyces sp., and Rhodotorula sp.), and 7 
molds strains (Aspergillus sp., Pleurotus sp., Penicillium 
sp., Phanerochaete sp., Trametes sp., Bjerkandera sp., 
and Mucor sp.) previously isolated and characterized 
in Bouigua et al. (2024), was prepared and used to 
inoculate diluted and undiluted OMW-3P. After 15 
days, decolorization was assessed visually (Figures 
2–5), and physicochemical parameters (pH, COD, 
BOD₅, biodegradability index, and polyphenols) 
were measured using established methods (Hur et al., 
2010; El Kabous et al., 2023; Bouigua et al., 2024).

Statistical analysis 
All experiments were performed in triplicate



September 2026 | Volume 42 | Issue 4 | Page 1358

Sarhad Journal of Agriculture

Figure 1: Updated methodology for the isolation and purification of 14 different strains (3 bacteria, 4 yeasts, and 7 
molds) from three Moroccan ecological niches (Bouigua et al., 2024)

(n=3). Individual replicate values are presented in 
Supplementary Tables S1-S4. Data were expressed 
as mean ± standard deviation. Statistical comparisons 
between treatments were performed using one-way 
ANOVA followed by Tukey’s HSD post-hoc test 
for multiple comparisons. Paired t-tests were used 
to compare pre- and post-treatment values within 
each group. Statistical significance was set at p < 0.05. 
Analyses were conducted using SPSS v25.0.

Results

Initial characteristics of OMW-3P
The raw OMW-3P used in the present study has 
typical characteristics of three-phase olive-mill 

effluent. The effluent has an acidic pH of 4.73, a 
large organic load as indicated by COD (111.93 g 
O2/L) and BOD (BOD5 53.16 g O2/L), and an 
elevated phenolic content (10.41 g GAE/L). The 
biodegradability index (Ib = BOD5/COD) was 
2.10, indicating that it is biodegradable but was 
determined to be significantly recalcitrant due to the 
high concentration of polyphenols in the effluent.

Microbial strain selection and consortium assembly
The process of isolating and purifying microorganisms 
is illustrated in the summary figure (Figure 1) 
of the microbial strain isolation and purification 
work flow. A total of 14 microbial isolates showing 
decolorizing ability were obtained from 12 sampling 
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locations located in 4 different areas of Morocco (Fez, 
Ouazzane, Settat, and Taza) using OMW-3P-based 
selective media. These 14 isolates consisted of 7 mold 
species, and 4 yeast species and 3 bacterial species as 
shown in Table 1 Table 2 and Table 3. All of these 14 
isolates demonstrated the ability to degrade phenolic 
compounds as demonstrated by the formation of 
decolorizing halos observed when tested using raw 
(unprocessed) OMW-3P solid media.

Decolorization of OMW-3P
After 15 days of aerobic treatment, visual evaluation 

showed that across all the treatments of OMW-
3P, decolorization was apparent (Figure 2 Figure 3 
Figure 4 and Figure 5). Decolorization was most 
pronounced in the full consortium treatment, which 
removed nearly all of the characteristic dark brown 
color, particularly when diluted (1:5). The level of 
intensity of decolorization was as follows: weak 
decolorization by the mixed bacterial culture (MBC), 
moderate decolorization by the mixed yeast culture 
(MYC), pronounced decolorization by the mixed 
mold culture (MMC), and strongest decolorization 
by the full consortium. 

Figure 2: Decolorization of OMW-3P after 15 days of treatment with a mixed culture of 7 purified mold strains.

Figure 3: Decolorization of OMW-3P after 15 days of treatment with a mixed culture of 4 purified yeast strains

Figure 4: Decolorization of OMW-3P after 15 days of treatment with a mixed culture of 3 purified bacterial strains
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Figure 5: Decolorization of OMW-3P after 15 days of treatment with a consortium of 14 purified strains (7 molds, 
4 yeasts, and 3 bacteria)

Treatment performance on raw OMW-3P
Significant improvements in effluent quality were 
achieved with all microbial treatments (Table 4 and 
Table 5; Figure 6, Figure 7, Figure 8 and Figure 9). 
Prior to treatment, the raw OMW-3P exhibited the 
following characteristics: pH 4.73; COD (111.93 
± 0.01 g O₂/L); BOD₅ (53.16 ± 0.05 g O₂/L); 
polyphenols (10.41 ± 0.1 g/L); and biodegradability 
index Ib (2.10). Following treatment, full consortium 
of 14 strains displayed ultimate efficiencies when 
tested on raw OMW-3P, yielding the following 
results : pH increased to 5.36; Ib decreased to 1.39; 
and reductions were observed in COD (21.27 ± 
0.01 g O₂/L), BOD₅ (15.30 ± 0.05 g O₂/L), and 
polyphenols (3.31 ± 0.1 g/L). Corresponding removal 
efficiencies were 63.12% for COD, 71.21% for BOD₅, 
and 68.20% for polyphenols. 

The individual microbial groups showed lower 
efficiency (Table 4 and Table 5; Figure 6 Figure 
7 Figure 8 and Figure 9): Molds: COD (47.88 ± 
0.83 g O₂/L ), BOD₅ (33.09 ± 0.10 g O₂/L ), and 

polyphenols (4.73 ± 0.24 g/L), representing removal 
rates of 57.14%, 37.77%, and 59.26%, respectively. 
Yeasts: COD (58.36 ± 0.10 g O₂/L), BOD₅ (36.60 
± 0.10 g O₂/L), and polyphenols (5.31 ± 0.01 g/L), 
with removal rates of 47.86%, 30.96%, and 48.99%, 
respectively. Bacteria: COD (60.65 ± 0.05 g O₂/L), 
BOD₅ (35.05 ± 0.05 g O₂/L), and polyphenols (6.06 
± 0.06 g/L), corresponding to removal efficiencies of 
45.81%, 34.06%, and 41.87%, respectively.

Effect of dilution on treatment efficacy
When OMW-3P was diluted, the ability of complet 
14-strains microbial consortium to remove pollutants 
increased significantly. The highest concentration 
of pollutants removed was achieved with the full 
consortium in a 1:5 dilution, which resulted in almost 
total removal of pollutants: 98.23% COD removed, 
97.31% BOD₅ removed, and 98.92% Polyphenols 
removed, with a final solution pH of 5.36. As a result, 
the biodegradability index (Ib) dropped from 2.10 
(original) to 1.20 (treated using 1:5 dilution) (Table 
4 and Table 5; Figure 6 Figure 7 Figure 8 and Figure 
9) . 

Table 4: Summarizes the descriptive statistics (Mean ± SD) for the main parameters in raw and 1:5 diluted conditions
Treatment Condition Moment PH COD (g O₂/L) BOD₅ (g O₂/L) Polyphenols (g/L) Ib Index
Consortium Raw After 5.36 ±0.06 21.27 ± 0.01 15.30 ± 0.05 3.31 ± 0.01 1.39 ±0.01

1 :2 After 5.42 ±0.02 16.49 ± 0.01 12.59 ± 0.01 1.66 ± 0.01 1.31 ±0.01
1 :3 After 5.51 ±0.01 7.52 ± 0.02 5.92 ± 0.02 1.00 ± 0.01 1.27 ±0.04
1 :5 After 5.77 ±0.03 0.60 ± 0.01 0.50 ± 0.01 0.05 ± 0.01 1.20 ±0.01

Molds Raw After 4.76 ±0.03 47.88 ± 0.83 33.09 ± 0.10 4.37 ± 0.24 1.41 ±0.28
1 :5 After 5.42 ±0.13 9.73 ± 0.20 7.26 ± 0.04 0.72 ± 0.26 1.38 ±0.14

Yeasts Raw After 4.74 ±0.04 58.36 ± 0.10 36.60 ± 0.10 5.31 ± 0.01 1.59 ±0.01
1 :5 After 5,29 ±0,01 12,45 ± 0,02 7,98 ± 0,05 1,44 ± 0,02 1,56 ±0,01

Bacteria Raw After 4.74 ±0.01 60.65 ± 0.05 35.05 ± 0.05 6.06 ± 0.06 1.73 ±0.03
1 :5 After 5.22 ±0.02 16.47 ± 0.03 10.35 ± 0.05 2.23 ± 0.03 1.59 ±0.01

COD: Chemical oxygen demand; BOD₅: Biochemical oxygen demand; Reduction percentage; Ib: Biodegradability index
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Figure 6: Reduction in COD after treatment

Figure 7: Reduction in polyphenols after treatment

Figure 8: Biodegradability index (Ib) after treatment
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Figure 9: Consortium efficiency according to dilution (COD)

Biodegradability improvement
The Ib index was significantly reduced with every 
treatment, thereby improving the biodegradation of 
the effluent by making it more amenable to further 
biological action as evidenced by the OMW-3P 
treated with the consortium showed the most 
substantial reduction in Ib values of 1.39 (raw), 1.31 
(1:2), 1.27, and 1.20 (1:5) which coincided with the 
removal of resistant polyphenols and a rise in the 
pH level, creating a more environmentally friendly 
environment for the subsequent stages of biological 
processing.

Table 5: Average reduction percentages for the main pol-
lutants
Treatment Con-

dition
COD 
reduction 
(%)

BOD₅ 
reduction 
(%)

Polyphenols 
reduction 
(%)

Consortium Raw 63,12% 71,21% 68,20%
1:2 71,41% 70,32% 74,92%
1:3 84,36% 83,75% 81,23%
1:5 98,23% 97,31% 98,92%

Molds Raw 57,14% 33,77% 59,26%
1:5 71,44% 61,00% 84,36%

Yeasts Raw 47,86% 30,96% 48,99%
1:5 63,47% 57,14% 69,16%

Bacteria Raw 45,81% 34,06% 41,78%
1:5 51,67% 44,41% 52,24%

COD: Chemical oxygen demand; BOD₅: Biochemical oxygen de-
mand; Reduction percentage; Ib: Biodegradability index

Synergistic effect of the mixed consortium
The collaborative performance of the consortium 
surpassed that of the arithmetic total of each 
member’s performance, showing the synergism that 
developed among yeast, mold and bacteria cultures. 
This synergistic effect was particularly pronounced 
with OMW-3P in which the consortium achieved 
a 63.12% removal of COD, while the highest 
performing group of molds alone showed 57.14%.

Comparative summary of performance across treatment 
methods and dilution levels
Across OMW-3P treatments and dilution ratios 
shown in Table 6, treatment efficiency levels varied 
widely. The 14-strain microbial consortium achieved 
the highest treatment efficiencies as seen by the 
greatest devaluation of biodegradability index (Ib) 
and the largest percentage reductions in COD, BOD₅, 
and polyphenols. In general, treatment efficiencies for 
all other treatments were lower than those achieved 
with the 14-strain microbial consortium, particularly 
when examining treatment efficiencies of individual 
groups (molds, yeasts, and bacteria).

The addition of diluted OMW-3P enhanced 
treatment efficiencies for all treatments with the most 
significant increase observed when using the complete 
14-strain microbial consortium at a dilution ratio of 
1:5.

Discussion 

Prior to treatment, the pH of OMW-3P, which was 
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Table 6: Consolidated treatment performance metrics after treatment for raw and diluted OMW‑3P
Moment / Traitement Mc‑raw Mc‑1:2 Mc‑1:3 Mc‑1:5 M‑raw M‑1:5 Y‑raw Y‑1:5 B‑raw B‑1:5
%COD 63,12 71,41 84,36 98,23 57,14 71,44 47,86 63,47 45,81 51,67
%BOD₅ 71,21 70,32 83,75 97,31 37,77 61,00 30,96 57,14 34,06 44,41
%Polyphenols 68,20 74,92 81,23 98,92 59,26 84,36 48,99 69,16 41,78 52,24
Ib 1,39 1,31 1,27 1,20 1,45 1,34 1,59 1,56 1,73 1,59

Mc: Microbial consortium of 14 strains; M: Molds; Y: Yeasts; B: Bacteria; (1:2, 1:3, 1:5): dilution; COD: Chemical Oxygen Demand; BOD₅: 
Biochemical Oxygen Demand; %: Reduction percentage; Ib: Biodegradability Index

used in this study, was 4.73, which is an acidic pH 
and this is in line with the acidic pH typical of this 
type of effluent (pH of 3-6) (Tsigkou et al., 2022).
This acidity is unfavored for microbial activity 
(Khoufi et al., 2000), leading to limited application 
of conventional biological treatment. The COD and 
the BOD₅ values were 111.93 g O₂/L and 53.16 g 
O₂/L, respectively; both within the range reported 
for untreated olive mill effluent (COD: 40–200 g 
O₂/L and BOD₅: 23–100 g O₂/L) (Salhi et al., 2023). 
Their biodegradability index (Ib=2.10) is less than 3, 
indicating good biodegradability (Zaier et al., 2017) 
despite the high contaminant load when the OMW 
was first added.

After the treatment of raw OMW-3P, there was a 
gradual increase in pH, from the mixed 3 bacteria 
culture (pH = 4.74) to the mixed 4 yeasts culture (pH 
= 4.76), and the mixed 7 molds culture (pH = 4.77) 
reaching a peak with the mixed consortium (pH = 
5.36). This decrease in acidity alleviates the inhibitory 
effect on the most sensitive strains, especially the 
bacteria, since their higher sensitivity to pH and 
polyphenols was offset by yeasts and molds in the 
mixed consortium. The cooperative action of all these 
strains likely resulted in the remarkable reductions 
in COD (63.12%), BOD₅ (71.21%) and phenolic 
compounds (68.20%) which contributed to the 
amount of decolorization of the raw OMW-3P. The 
analytical values confirm the astonishing effectiveness 
of the mixed consortium on the degradation of 
recalcitrant compounds.

Long-chain fatty acids, lipids, and especially phenolic 
compounds (such as hydroxytyrosol and tyrosol) are 
some of the most difficult compounds to degrade, 
due to their resistance to biological degradation 
and antimicrobial activity, according to Medina et 
al. (2011) and Pinho et al. (2017). Consequently, 
the degradation of toxic compounds, including 
recalcitrant compounds in particular, increases the 

biodegradability of OMW-3P. This is evidenced 
by the reducing values recorded over time for 
biodegradability index (Ib), with Ib beginning at 1.73 
for raw OMW-3P treated with the bacterial mixed 
culture, 1.59 for OMW-3P treated with the yeast 
mixed culture, 1.45 for OMW-3P treated with the 
mold mixed culture, and finally 1.39 for OMW-3P 
treated with the complete mixed consortium.

Interestingly, diluting OMW-3P at ratios of 1/2, 1/3, 
and 1/5 not only raised pH slightly yet substantially, 
but also improved the removal rates significantly 
for the three factors measured (COD, BOD₅, and 
polyphenols). These dilutions also decreased the 
biodegradability index (Ib) for all four treatment 
styles. Results were notably evident in the mixed 
consortium treatment of OMW-3P diluted to 1/2, 
with values of 5.42 (pH), 71.41 % (COD), 70.32 
% (BOD₅), 74.92 % (polyphenols), and 1.31 (Ib), 
diluted to 1/3 at values of 5.51 (pH), 84.36 % (COD), 
83.75 % (BOD₅), 81.23 % (polyphenols), and 1.27 
(Ib), and diluted to 1/5at values of 5.77 (pH), 98.23 
% (COD), 97.31 % (BOD₅), 98.92 % (polyphenols), 
and 1.20 (Ib).

The reductions observed can likely be attributed to the 
dispersal of toxic pollutants found in raw OMW-3P, 
resulting in reduced acidic interaction with enzymes 
(i.e., extracellular, intracellular, or free) active sites 
within the four different micro-ecosystems created. 
This dispersal diluted the OMW-3P to a less acidic 
state, increasing its biodegradability (as indicated 
from the reduced Ib index), increasing the metabolic 
activity of the microorganisms involved in each type 
of treatment. The improvments in condition lead 
to more distinct reductions in COD, BOD₅, and 
polyphenols especially in treatments with mixed 
yeasts and molds. Additionally, the reductions noted 
correlated with a more significant decolorization of 
these OMW-3P after treatment. 
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On the contrary, the more reduced results associated 
with mixed bacterial culture (i.e., decolorization 
and reduced COD, BOD₅, and polyphenols) can be 
explained by the partial inhibition of activity of these 
particular strains. Bacteria are especially sensitive to 
the antimicrobial property of polyphenols and acidic 
pH, as shown in several studies (Capasso et al., 2002; 
Asfi et al., 2012).

An unexpected result warrants discussion: the 
total mixed consortium successfully decolorized 
raw OMW-3P without any preliminary dilution. 
Moreover, this color change is also associated with 
analytically verified reductions in COD, BOD₅, and 
polyphenols, which are contrary to the findings of El 
Hajjouji et al. (2007), indicating that raw OMW-3P 
had a high organic loading that would necessitate 
dilution due to its toxicity prior to biological 
treatment. The same is true for the findings of Lee et 
al. (2019) who reported aerobic biological treatment 
had no effect at all on OMW-3P. 

Further, the findings we reported did not require any 
pretreatment such as pH adjustment nor coagulation/
flocculation, and therefore, also contradict the 
statements made by Vuppala et al. (2019) and El 
Moudden et al. (2020). Lastly, unlike Diaz et al. 
(2021) our aerobic biological treatment was shown 
to be effective even with OMW-3P in acidic 
condition, high levels of recalcitrant compounds (i.e. 
polyphenols) and no prior extraction or addition of 
cobalt or any other nutrient.

Before comparing our results with those reported 
in the literature, it is crucial to emphasize that our 
approach relies exclusively on biological treatment, 
without pretreatment, enrichment, or combination 
with other methods. Experiments were conducted 
without pH adjustment, under ambient conditions 
(temperature, natural aeration), and with a retention 
time of 15 days. This operational simplicity is a major 
advantage for industrial applications, where cost and 
process complexity are decisive factors.

Comparison with monoculture treatments
Using a mixed consortium of 14 strains resulted in 
COD and polyphenol removal rates of 98.23% and 
98.92%, respectively, for OMW-3P diluted to 1/5, 
which exceeded monoculture results. For instance, 
when treating raw OMW without agitation, Boutafda 
et al. (2023) demonstrated only 4% (COD) and 2% 

(polyphenols) removal using Penicillium chrysogenum. 
Using optimized agitation (150 rpm), the authors 
found the highest COD and polyphenols removal 
performance of 76% and 73%, respectively, <u>again</
u> inferior to those of the current study. The only 
maximum removal of 98% (COD) occurred at 3 g·L-¹ 
urea addition to the growth medium. Notably, those 
results fall between the performance of monocultures 
and the mixed consortium, which achieved maximum 
COD and polyphenol removal using no additional 
nutritional support. This is likely due to the metabolic 
diversity of the mixed consortium providing 
simultaneous degradation of recalcitrant compounds, 
which one strain may not possess.

Comparison with mixed culture treatments
For raw and diluted (1/5) OMW-3P, our removal rates 
(63.12% and 98.23% for COD; 68.20% and 98.92% 
for polyphenols) exceed those reported in the literature 
for less diverse mixed cultures. For instance, Zaroual 
et al. (2020) reported a 50% COD removal using a 
mixed culture of nine bacteria, without specifying 
the dilution ratio. Our consortium, composed of 
bacteria, yeasts, and molds, demonstrates enhanced 
robustness, particularly against the toxicity of raw 
OMW-3P. This synergy among microorganisms 
optimizes biodegradation, as evidenced by our results 
surpassing those of Caffaz et al. (2007) (86% COD; 
70% polyphenols).

Comparison with microbial consortium treatments
Several studies have investigated the use of mixed 
microbial consortia to improve the biodegradation 
of OMW, with varying compositions and operating 
conditions. Ayed et al. (2019), for example, evaluated 
a consortium consisting of six bacterial strains 
(Aeromonas salmonicida, Aeromonas hydrophila, Bacillus 
sp., Sphingomonas paucimobilis, Staphylococcus xylosus, 
Lactobacillus sp.), two yeasts (Cryptococcus humicolus, 
Candida boidinii), and one mold (Penicillium sp.) under 
aerobic conditions optimized by response surface 
methodology. Their approach targeted OMW‑3P 
and achieved around 90% decolorization and 86% 
COD removal after only four days of treatment, 
demonstrating the effectiveness of statistically 
optimized culture conditions for accelerating 
pollutant removal.

The consortium used in this study was diverse (14 
different strains including bacterial, yeast, and mold), 
and was applied to the OMW 3P in non-optimized, 
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low input conditions without the adjustment of pH, 
pretreatment, or the addition of nutrients. In the case 
of OMW 3P that has been diluted at a 1:5 ratio, 
when treated with the mixed consortium, the COD 
and polyphenol removal rates reached 98.23% and 
98.92%, respectively, and the effluent showed a high 
degree of decolorization after 15 days. The results 
for uncultivated OMW 3P showed a reduction of 
COD, BOD, and phenolic compounds, but due to 
its higher overall toxicity, will probably not yield as 
effective results as indicated by Ayed et al., 2019. 
Although the time to effect complete reduction in 
laboratory conditions is longer than that reported by 
Ayed et al., 2019 the current process is being run only 
on natural aeration (or simple mixing if applicable) 
and under ambient conditions, and may therefore be 
implemented more successfully in small to medium 
size olive mills where more sophisticated methods of 
process control are not available.

Overall, these findings suggest that microbial 
consortia can result in high treatment efficiencies 
across a range of OMW matrices. The efficacy of 
the individual consortia depends on their overall 
composition, operating conditions, and how well 
the treatment has been optimized. The 14-strain 
consortium studied has shown to be particularly 
effective for treating raw OMW 3P under conditions 
of low nutrient content and high acidity — both 
of which are common in raw OMW 3P — thus 
being consistent with previous studies on more fully 
optimized systems. This supports the value of further 
optimizing treatment while keeping the system easy 
to operate in the field, such as modifying aeration, 
inoculum density or reactor configuration, in order to 
continue improving treatment efficiencies. 

Preliminary agronomic trials have already been 
conducted with treated OMW 3P as a biofertilizer and 
have demonstrated statistically significant increases in 
plant growth (above ground and root system) and in 
some soil properties resulting from the use of treated 
OMW 3P. Other agronomic experiments with various 
crops and soil types are also underway and will be 
reported in other papers when they become available, 
in order to provide further support for the safe and 
effective use of treated OMW 3P in agriculture.

Conclusions and Recommendations

The olive oil industry generates large volumes of 

three‑phase olive mill wastewater (OMW‑3P), 
which is difficult to manage due to its high organic 
and phenolic loads. This study demonstrates that 
a 14‑strain microbial consortium can significantly 
decolorize and depollute raw and diluted OMW‑3P 
under aerobic conditions, without chemical 
pretreatment, pH adjustment, or external nutrient 
addition. In raw OMW‑3P, the consortium improved 
pH and reduced COD, BOD and polyphenols, 
while in OMW‑3P diluted to 1/5 it achieved very 
high removal rates and a marked decrease in the 
biodegradability index, indicating better suitability 
for further biological treatment and possible recycling 
as a biofertilizer. Overall, this synergistic consortium 
offers a simple and potentially cost‑effective biological 
option that fits within circular bioeconomy strategies 
for olive mill waste management.
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