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Abstract
To improve the start-up speed and efficiency of bioreactors, biofilm technology is sometimes used. This technology uses various types of materials to facilitate the adhesion of microorganisms. In this study, the surface characteristics of inert substrates and substrates after olive oil-mill wastewater (OMWW)
conditioning film were evaluated to understand the impact of OMWW on
adhesion as well as the most suitable material to optimize bacterial adhesion.
Three common substrates made of different polymers were tested for bacterial adhesion before and after treatment with OMWW: PP (polypropylene),
PET (Polyethylene terephthalate), and PVC (polyvinyl chloride). The surfaces’ physicochemical characteristics were studied by measuring the contact angle for the studied bacteria strain and the supports, before and after treatment
with OMWW. Results of initial adhesion tests for untreated and treated supports showed differences in how bacterial cells adhered to substrates. Before
treatment with OMWW, PVC and then PP showed a significant adhesion
capacity, double that of PET [PVC: 1.58 × 105 CFU/cm2, PP: 1.48 × 105
CFU/cm2 and PET: 0.72 × 105 CFU/cm2]. After treatment with OMWW, initial bacterial adhesion increased by 106 (from 105 CFU/cm2 for untreated
supports to 1011 CFU/cm2 for treated supports), and PET followed by PP
demonstrated the highest adhesion capacity, 2 and 1.7 times more than PVC,
respectively [PET: 1.39 × 1011 CFU/cm2, PP: 1.15 × 1011 CFU/cm2 and PVC:
0.67 × 1011 CFU/cm2]. OMWW conditioning film affects the physicochemical
characteristics of plastic supports, especially the donor electron character, and
improves the initial adhesion of bacteria to substrates (105 to 1011 CFU/cm2).
Therefore, surfaces’ physicochemical characteristics were important in the in-
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itial adhesion of the bacteria onto the support before and after treatment.
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1. Introduction
Wastewater treatment has become a necessity to meet a dual objective: first, to
clean up the environment from excessive organic matter and second, to reuse
treated water for irrigation, especially for countries with water shortages. The
Mediterranean regions that specialize in the production of olive oil are particularly affected by olive oil-mill wastewater (OMWW), which is harmful to flora
and fauna. To lessen the effects of OMWW, several technologies were used including membrane filtration [1], reverse osmosis [2], electrochemical oxidation
[3], land treatment [4], and biological treatments such as anaerobic digestion to
produce biomethane [5] and aerobic treatment [6]. Methanization not only reduces the organic matter in wastewater but also transforms it into a renewable
energy source, i.e. methane. After anaerobic digestion begins, biogas detection
only takes place from the second week of start-up [7] due to the time required to
accumulate a sufficient amount of biomass to treat the organic matter. The doubling time of acetogenic bacteria and methanogenic archaebacteria is very slow,
around ten days. Often, when the content is renewed in a bioreactor, whether
anaerobic or aerobic, some of the biomass is lost in the outlet’s effluent, which
delays the bioprocess [8]. The use of supports within bioreactor responds to several requests, i.e. on the one hand, the microorganisms attach themselves to a
surface allowing them to form a stable biofilm, increase the microorganisms
surface area of contact with the environment and on the other hand they limit
the loss of biomass by the effluents and increase in the start-up speed of the bioreactor after the renewal of its contents. Several types of substrates are used
(plastic, sand, stone, zeolite, etc.) to facilitate biofilm formation. Many different
studies have concluded that physicochemical characteristics, roughness, pH, ionic strength, and porosity play an important role in the initial adhesion of bacteria to substrates [8]-[14].
One aspect of microorganisms’ adhesion to biocarriers that has received little
attention is the conditioning film phenomenon: the deposit of nutrients on material surfaces when immersed in a liquid medium [15]. Substances in organic
materials such as sugars and proteins can adsorb to surfaces, forming a conditioning film and affecting physicochemical characteristics, roughness, surface
charge, and wettability. The conditioning film, in turn, affects the adhesion of
bacteria to the surface [15].
To our knowledge, no work has highlighted the effect of OMWW conditioning film or, more generally, any organic material on the supports in the bioreacDOI: 10.4236/abb.2020.118027

392

Advances in Bioscience and Biotechnology

T. Hakim et al.

tor for wastewater treatment. In this work, our objective is to demonstrate how
the OMWW conditioning film modifies both the biocarriers’ physicochemical
characteristics and the bacterium adhesion to substrate surfaces treated and untreated with OMWW.

2. Materials and Methods
2.1. Bacterial Strain and the Preparation of a Bacterial
Suspension
The bacterial strain used as a biological model is an optional anaerobic
Gram-positive bacterium from a laboratory digester. This bacterium is added to
the consortium of microorganisms in the anaerobic digester to increase the
quantity of biogas [16]. The bacteria used are being patented. This strain is
grown in a liquid Luria Bertani medium (LBL) at 37˚C for 24 hours. To remove
media residues, the bacteria are then collected by centrifugation (5000 g for 15
min) and washed twice with a solution of KNO3 at 0.1 M of ionic strength. Finally, the bacterial suspension was prepared with a solution of KNO3 (0.1 M).
This ionic solution was used to model the characteristics of a high strength
OMWW [17] [18].

2.2. Plastic Supports
Three ordinary plastic carrier materials were selected for their low cost, durability, and availability and because they are commonly used as mobile carrier materials in anaerobic digesters: polyethylene terephthalate (PET: (C10H8O4)n), polypropylene (PP: (C3H6)n), and polyvinyl chloride (PVC: (C2H3Cl)n). Each plastic
material was cut into 1.5 cm2 square coupons for contact angle measurement
experiments, and into 1 cm2 squares for adhesion tests. The plastic supports
were immersed in ethanol for 15 min to disinfect and remove dirt from their
surface and subjected to a sonication bath in sterile distilled water for 10 min.
The coupons were rinsed several times with sterile distilled water. Then they
were dried in a sterile area before being stored in a sterile condition for later use.

2.3. Experimental Adhesion
Ten ml of bacterial suspension containing approximately 108 CFU/ml was incubated in a petri dish containing PET, PP, PVC coupons (3 coupons for each
support, cleaned and disinfected according to the protocol described above) untreated and treated by sterile OMWW for 3 hours at 37˚C. After incubation, the
coupons were then rinsed three times with sterile distilled water to remove
non-adherent bacteria. The plastic coupons were immersed in test tubes containing sterile physiological water (NaCl: 9 g/l). The bacterial cells were detached
from the inert supports using a sonication bath (ultrasonic) for 5 min [19]. The
adhered bacteria were harvested by the sonication method and CFUs were
counted using the serial dilution technique of the bacterial suspension (dilution
up to 10−3 in the case of untreated supports and 10−9 for supports treated with
DOI: 10.4236/abb.2020.118027
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OMWW).The experiment was carried out three times.

2.4. Contact Angle Measurement
2.4.1. The Bacteria
The method for measuring contact angles on bacterial layers has been described
by Busscher et al. [20]. Briefly, the prepared bacterial suspension is deposited on
a cellulose acetate filter (0.45 μm) using a filtration ramp, producing a bacterial
mat whose thickness probably represents 50 to 100 cells. This film is placed on a
glass support and allowed to evaporate. The contact angle is then measured.
Water (w), formamide (f), and diiodomethane (d) were used as reference solvents. A drop is formed at the end of a syringe to be deposited on the sample
surface. A sequence of digital images is immediately acquired (Windrop) using a
CCD camera placed on a goniometer (GBX Instruments, France). Three measurements are made for each sample and for each solvent. The experiment is repeated three times. The free surface energies are determined: the Lifshitz-Van
der Waals γLW, electron acceptor γ+, and electron donor γ− using the equations of
Van Oss et al. [21].
In this approach the contact angles (θ) can be expressed as in Equation (1).

γ L (1 +=
cos θ ) 2 ⋅

(

γ SLW ⋅ γ LLW + γ S+ ⋅ γ L− + γ S− ⋅ γ L+

)

(1)

And the quantitative hydrophobicity can be estimated by using Equation (2).
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2.4.2. The Supports with and without Conditioning Film
The effect of OMWW conditioning film on supports’ physicochemical characteristics was studied by comparing the physicochemical characteristics of these
plastic materials before and after their treatment with OMWW. Treatment consisted of immersing the materials in OMWW for 3 hours at 37˚C and then drying in a sterile area.
For untreated supports, the contact angle was measured after cleaning, disinfecting, and drying. For treated supports, the contact angle was measured after
treatment with OMWW. The basic principle is the same as for bacteria. The
contact angles of the supports were measured using the sessile drop technique of
the three probe liquids of different polarity and with known surface energy.
OMWW was collected from a discontinuous pressing process oil press from Beni Mellal region in Morocco.

2.5. Statistical Analysis
Statistical analyses were performed using Software Excel Analysis Toolpack version 2016. t-Test: Two-Sample Assuming Equal Variances was used to compare
the means each support before and after treatment with OMWW (P < 0.05).
DOI: 10.4236/abb.2020.118027
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3. Results
3.1. Experimental Adhesion of a Bacterium to Supports Treated
and Untreated with OMWW
This section presents results regarding the adhesion power of the selected bacterial strain to several supports that differ by their physicochemical characteristics and by whether they were conditioned in OMWW. The bacterial strain’s
ability to attach to untreated supports compared to those treated with OMWW
is presented in Figure 1.
In Figure 1(a), results of the adhesion tests show a marked among the untreated carrier materials (PET, PP, and PVC) in their ability to promote initial
bacteria adhesion [t-test indicates that (PET) is significantly different from (PP,
PVC) (P < 0.05)and (PP) is not significantly different from (PVC) (P > 0.05)].
PET is the substrate with least colonization by the studied bacterial strain, whereas PVC contains the most of adherent bacteria, followed by PP; both PVC and
PP had over 2 times more colonization than PET [PVC: 1.58 × 105 CFU/cm2; PP:
1.48 × 105 CFU/cm2; PET: 0.72 × 105 CFU/cm2]. The adhesion on these untreated substrates decreases in this order PVC > PP > PET. Treatment with
OMWW increases bacteria adhesion across all supports by a factor of 106 (from
105 UFC/cm2 for untreated supports to 1011 UFC/cm2 for treated supports)

(a)

(b)

Figure 1. Number of initial cells adhering to supports. (a) Untreated supports; (b)
Treated supports. The error bars represent standard deviations on bacteria counting.
DOI: 10.4236/abb.2020.118027
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(Figure 1(b)). After treatment with OMWW, statistically there is no significant
difference between each carrier materials to promote bacterial adhesion (P >
0.05).PVC is the substrate with least colonization by the studied bacterial strain,
whereas PET contains the higher colonization (2 times more than PVC), followed by PP (1.7 times more than PVC) [PET: 1.39 × 1011 CFU/cm2; PP: 1.15 ×
1011 CFU/cm2; PVC: 0.67 × 1011 CFU/cm2]. The adhesion on these treated substrates decreases in this order PET > PP > PVC.

3.2. Surface Energy Components of the Bacterium
The contact angle measurements of the bacterium were taken and then used to
determine the surface energy components (Table 1).
Qualitative analysis of hydrophobicity shows that the contact angle between
the bacterial surface and water is θw = 33.8˚, which means that the bacterium
tested has a hydrophilic character. A quantitative approach affirms this result,
finding that the strain tested has a positive free surface energy (ΔGiwi = 31.1
mj/m2). Moreover, this strain has a strong electron donor character (γ− = 50.62
mj/m2), whereas the electron acceptor properties are very low (γ+ = 0.59 mj/m2).
Similar results were found by Nguyen et al. who worked on the Methanosarcina

barkeri strain [18]. In light of these results, Latrache et al. have shown that the
hydrophobicity measured by the contact angle is directly correlated with the
high N/C ratio and inversely correlated with that of O/C ratio [22].

3.3. Plastic Supports’ Physicochemical Characters
The contact angle measurements for the different plastic supports were taken
before and after the supports were treated with OMWW and then used to determine the surface energy components (Table 2).
Before treatment with OMWW, all the supports are strongly hydrophobic (θw
(PET) = 80.9˚; θw (PP) = 77.8˚; θw (PVC) = 76.3˚) (Figure 2(a)). Based on the
Van Oss approach [21] [23], the quantitative hydrophobicity (∆Giwi) of the three
supports have, like the qualitative approach (θw), a hydrophobic character (∆Giwi
(PET) = −52.2 mJ/m2; ∆Giwi (PP) = −46.3 mJ/m2; ∆Giwi (PVC) = −43.1 mJ/m2)
(Figure 2(b)). The electron donor γ− character for the three untreated supports
have a valor around 5 mJ/m2 (γ− (PET) = 4.9 mJ/m2; γ− (PP) = 4.1 mJ/m2; γ−
(PVC) = 5.3 mJ/m2) (Figure 2(c)) and the valor of electron acceptor character
Table 1. Contact angle and surface energy components of the bacterium.
Surface

Contact angle (˚)

Surface energy (mJ/m2)

θd

θf

θw

γLW

γ+

γ−

γAB

ΔGiwi

Bacterium

43.5

38.6

33.8

37.5

0.59

50.62

10.93

31.1

Std. dev.

1.5

2

1.4

0.8

0.1

4.5

d = diiodomethane, f = formamide and w = water, γ surface energy of Lifshitz-Van der Waals, γ+ electron
acceptor, γ− electron donor, the γAB Lewis acid–base surface tension and ΔGiwi: the free energy of interaction
between two entities of that material when immersed in water. Std. dev. = Standard deviation.
LW
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Figure 2. Physicochemical characteristics of supports (PET, PP, and PVC) untreated (U)
and treated (T) with OMWW. (a) Qualitative hydrophobicity; (b) Quantitative hydrophobicity; (c) Electron donor property; (d) Electron acceptor property; U Untreated; T
Treated with OMWW. The error bars represent standard deviations.
Table 2. Contact angle and surface energy of components of substrates treated and
untreated with OMWW.
Surface

Surface energy (mJ/m2)

Contact angle (˚)

θd

θf

θw

γLW

γ+

γ−

γAB

ΔGiwi

PETU

36.8

57.3

80.9

41.2

0

4.9

0,00

−63.2

Std. dev.

1.5

0.3

3

0.7

0

1.2

PETT

24.4

36.3

70

46.4

1

5.7

4.77

−52.2

Std. dev.

1.6

1.1

1.4

0.8

0.1

1.8

PPU

57.6

50.1

77.8

30

2.7

4.1

6.65

−42.3

Std. dev.

3

1.4

5.5

1.6

0.1

1.7

PPT

28.9

41.7

69.5

44.7

0.6

7.9

4.35

−46.3

Std. dev.

1.8

1.7

0.8

0.8

0

1

PVCU

44.5

49.8

76.3

37.3

1

5.3

4.6

−48.5

Std. dev.

9

1.6

3.1

3.1

1.1

1.6

PVCT

31.5

57.7

75.4

43.6

0,1

10

2,00

−43.1

Std. dev.

0.9

1.3

1.4

1.4

0

1.7

U = untreated supports, T = for support treated with OMWW and Std. dev. = Standard deviation.
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is very feeble (γ+ (PET) = 0 mJ/m2; γ+ (PP) = 2.7 mJ/m2; γ+ (PVC) = 1 mJ/m2)
(Figure 2(d)).
After treatment, the support surfaces keep their hydrophobic characters,
showing little change in their qualitative hydrophobicity θw (θw (PET) = 70˚; θw
(PP) = 69.5˚, θw (PVC) = 75.4˚) (Figure 2(a)) and quantitative hydrophobicity
∆Giwi (∆Giwi (PET) = -63.2 mj/m2; ∆Giwi (PP) = −42.3 mj/m2; ∆Giwi (PVC) = -48.5
mj/m2) (Figure 2(b)). Treatment increased the valor of the electron donor γ−
character (γ− (PET) = 5.7 mJ/m2; γ− (PP) = 7.9 mJ/m2; γ− (PVC) = 10 mJ/m2)
(Figure 2(c)), while the valor of electron acceptor character remained very
feeble (γ+ (PET) = 1 mJ/m2; γ+ (PP) = 0.6 mJ/m2; γ+ (PVC) = 0.1 mJ/m2) (Figure
2(d)).

4. Discussion
In this study, adhesion tests of the bacterial strain were performed on polyethylene terephthalate (PET), polypropylene (PP), and polyvinyl chloride (PVC).
Different results were observed between supports that were treated with
OMWW and those that were untreated. In our case, the untreated supports
showed a difference in bacterial adhesion (PP and PVC have twice as many adherent bacteria as PET). Which means that material nature of the support may
play a role in microbial adhesion, some authors mentioned this [18] [24]. Supports treated with OMWW do not show a significant difference between them
with regard to the adhesion of this bacterium. This suggests that the nature of
the substrate does not affect bacterial adhesion. On the other hand, the treatment of supports with OMWW does affect the rate of bacterial adhesion (from
105 UFC/cm2 to 1011 CFU/cm2). Microorganism adhesion to surfaces is, as with
any inert colloidal particle, largely governed by physicochemical interactions.
The sum of these interactions—including electrostatic, Lifshitz-Van der Waals,
and acid-Lewis base interactions—can be attractive or repulsive. These interactions depend on the physicochemical properties of microorganisms’ surface,
substrate surface, and suspension medium characteristics. These physicochemical properties include hydrophobicity, electrostatic charge, and electron donor/electron acceptor character. All the factors likely to modify the physicochemical surface properties of one of the elements involved in the adhesion
phenomenon can thus favor or limit microorganisms’ fixation [25].
In addition, basic chemistry states that one hydrophilic entity naturally attracts another hydrophilic entity [26] and vice versa. Previous researchers [26]
[27] [28] have reported that hydrophobicity cannot systematically explain the
results of microbial adhesion to a support and that acid-base interactions play a
very important role in the adhesion phenomenon [11] [29] [30]. According to
these assertions, the adhesion of the studied bacterium on the surfaces of supports treated with OMWW may be due in part to the acid-base interactions between the strong supports’ electron-donating character and the weak bacterium’s electron-accepting character, which may also explain the adhesive power
DOI: 10.4236/abb.2020.118027
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of this bacterium on treated supports with OMWW.
Hydrophobicity and electron acceptor/donor characteristics were used here to
explain these results. Electrostatic forces were not taken into account because the
tests were carried out in a liquid with a high ionic strength [31] [32]. It is well
known that bacteria are usually charged negatively in a liquid medium [33] and
OMWW has a complex constitution and contains a significant amount of minerals [34]. To avoid charge interference between the bacteria cells and the
OMWW, we used high ionic strength of cell suspension.
Treatment with OMWW does alter the natural character of the three supports, with remarkable changes in the ∆Giwi and θw values (Figure 2(a) and Figure 2(b)), the ΔGiwi decreases slightly for the PET and PVC supports after
OMWW treated and increases slightly for the PP support (Figure 2(b)). Supports hydrophobicity θw decreased after treatment with OMWW, despite the fact
that OMWW contains fats. This may be due either to the fact that the hydrophilic part of the fatty acids is exposed to the outside and the hydrophobic part is
adsorbed on support surface or it may be due to the cocktail effect of all the
components of OMWW which contains sugars, proteins and fat that adsorb on
support surface. Several authors have shown that hydrophobicity as measured by
the contact angle is directly correlated with the high ratio of N/C concentrations
and inversely correlated with that of O/C concentrations [22] [35] [36] [37] [38],
these results indicate that the origin of hydrophobicity measured by the contact
angle is nitrogen-containing groups and the origin of hydrophilicity is oxygen-containing groups. The electron donor character value increased slightly for
the PET ( γ U− = 4.9 to γ T− = 5.7 ) following OMWW treatment and doubled for
PP ( γ U− = 4.1 to γ T− = 7.9 ) and PVC ( γ U− = 5.3 to γ T− = 10 ) (Figure 2(c)).
The contact angle method gave very detailed results in terms of hydrophobicity and electron donor/acceptor character for the three supports (PET, PP, PVC)
before and after treatment with OMWW (Figure 2). From a qualitative and
quantitative point of view, we found that all the untreated polymer materials
have a clearly hydrophobic character. Moreover, all these materials have a low
electron donor/acceptor character. Many different studies have shown the same
tendency in the surface physicochemical characteristics for these untreated polymers [18] [24] [25] [39] [40] [41]. Various studies have shown that a conditioning film can be formed by several organic substances such as proteins, polysaccharides, lipids, nucleic acids, and exopolysaccharides [42] [43]. Conditioning
film formation is a multi-step phenomenon; as an example, on stainless steel in a
marine environment, proteins adsorb first followed by carbohydrates [44] [45]
[46].
OMWW has a very complex constitution with different natures and concentrations. It contains a significant amount of carbohydrates, nitrogen compounds,
fatty acids, and mineral substances and has a pH value between 4 and 6 [47]. As
mentioned in different studies, polysaccharides can have a hydrophobic or hydrophilic character depending on the state of freedom in solution as well as their
three-dimensional conformation, which can influence the physicochemical paDOI: 10.4236/abb.2020.118027
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rameters of the supports treated with OMWW [40] [48]. Hamadi et al. have
shown that physicochemical parameters including hydrophobicity and electron
acceptor/donor character of a stainless steel surface can be modified by fatty acid
and proteins after conditioning by milk [19].
In our case, the modification of the three supports’ physicochemical characteristics (hydrophobicity and electron donor/acceptor character) is due to OMWW
properties (carbohydrate, protein and fat content). The concentration and type
of molecules adsorbed on the surface of a material are conditioned by the nature
of this material (∆Giwi, hydrophobicity, electron donor/acceptor character, electrostatic charges, etc.) [49] [50]. This may explain the differences we found concerning hydrophobicity and electron donor/acceptor character between the untreated and treated supports.
The more the hydrophobicity decreases, the more the bacterial adhesion increases for untreated supports. Our results align with the work of Pringle and
Fletcher [51] who found a relationship between the contact angle to water (varies from 0˚ to 110˚) and the adhesion of different bacteria on four different
surfaces. Also, Absolom et al. [52] showed a linear relationship between the
contact angle to water of different varieties of polymers (ranging from 58˚ to
110˚) and bacterial adhesion. The adhesion of bacteria on surfaces of untreated
substrates is not correlated with the electron donor character (R2 = 0.007). Inversely, the experimental adhesion on treated surfaces correlates well with the
electron donor character (R2 = 0.93). The greater the electron donor character of
the support, the more the bacterial adhesion decreases.

5. Conclusions
The bacterium has a very pronounced hydrophilic character both qualitatively
and quantitatively and a strong donor electron character.
Untreated supports with OMWW have a hydrophobic character and a very
weak electron acceptor/donor character.
After treatment, the supports retained their hydrophobic character with little
change compared to untreated supports. The electron donor character of treated
substrates doubled for PP and PVC.
Bacterial adhesion to untreated supports is affected by hydrophobicity. In fact,
the more the hydrophobicity decreases, the more the bacterial adhesion increases, and the amount of cell adherence is double for PVC and PP compared to PET
for untreated supports. After treatment with OMWW, the greater the electron
donor character of the support, the more the bacterial adhesion decreases; for
treated supports, the amount of cell adherence for PET is double than that of
PVS and PP 1.7 times than that of PVC. The conditioning film of OMWW significantly enhanced the bacterial adhesion for all three supports (from 105
UFC/cm2 to 1011 CFU/cm2).
In conclusion, the choice of support material impacts bacterial adhesion, especially after taking into account the OMWW conditioning film, which promotes a high level of bacterial adhesion.
DOI: 10.4236/abb.2020.118027
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