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a b s t r a c t
The impacts of the acidity and ionic strength of the solutions were evaluated on the electri-
cal potential of the surfaces as well as the interaction of Pseudomonas putida to quartz and hema-
tite. Zeta potential analysis was performed using the streaming potential technique. Experimental 
results were performed by the flow cell method. Finally, the extended Derjaguin–Landau–Verwey–
Overbeek (XDLVO) theory has been applied to describe bacterial-mineral attachment in terms of 
the sum of repulsive acid-base and electrostatic interaction energies, and attractive van der Waals 
interaction energies. The results indicate that the zeta potential is obviously influenced by the pres-
ence of bacteria, electrolyte concentration, and pH regions. At higher ionic strengths, charge effects 
on the bacterial cell surface increase adherence by suppressing the thickness of the diffuse dou-
ble layer. At pH 5–6, at all ionic strengths, the bacteria adhered more on the surfaces of the min-
erals. Hematite coupons represented the greatest adhesion at pH 5–6 and an ionic strength 0.1 M. 
XDLVO theory for the attachment of P. putida to the minerals also confirmed the experimental out-
comes. The information obtained in this study is of fundamental significance for the understanding 
of the survival and transport of bacteria in water distribution, groundwater, and soil systems.

Keywords: �Flow-cell technique; Hematite; Initial interaction; Mineral; Pseudomonas putida; Quartz; 
Extended Derjaguin–Landau–Verwey–Overbeek

1. Introduction

Countless man-made procedures have been impacted 
by the adherence capability of the bacterial which result to 
the formation of biofilms [1–5]. Formation of biofilms can 
have beneficial [5–11] or detrimental/hazardous [12–17] 
consequences. Nevertheless, the structure and develop-
ment of biofilms heavily rely on the initial stages of bacte-
rial adhesion [18,19]. In water distribution and groundwater 

systems, they may cause contamination of drinking water 
with pathogens such as Legionella sp. and Pseudomonas 
putida, and biofilm development on stainless steel in mains 
water systems [20,21]. P. putida strains are abundant in soil 
and water but have also been reported as opportunistic 
human pathogens capable of causing nosocomial infections 
[22–24]. Various kinds of minerals have been used for bet-
ter bacterial adhesion to minerals investigations, such as 
hematite, quartz, kaolinite, montmorillonite, and goethite, 
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to name a few [25–27]. Hematite and quartz are the main 
mineral types that can easily be found in crust [28,29]. 
Physico-chemical properties of a mineral surface play a 
critical role in bacterial adhesion. Electro-kinetic potential 
is the potential difference between the dispersion medium 
and the stationary layer of fluid attached to a particle 
that can be measured experimentally through zeta poten-
tial analysis [30]. In the interfacial double layer, the elec-
tric potential is located at the slipping plane between the 
Stern layer and the diffusion layer, and these layers form 
the electrical double layer (EDL). The interaction between 
mineral grains and fluid generates the electro-kinetic poten-
tials. In the Stern layer, the negatively charged surface of 
the mineral grain adsorbs positive ions from the fluid in the 
immediate vicinity of the grain surface. The zeta potential 
is used to quantify the magnitude of electrical charge at 
the double layer and it is a measure of the charges carried 
by particles suspended in an electrolyte solution. Colloids 
with high and/or low zeta potential are electrically sta-
ble. Ionic strength and acidity of the solutions are critical 
factors affecting on the bacterial/mineral interactions [31].

The focus of this investigation lies in studying how 
ionic strength and pH of a salt solution and the size of the 
mineral grains affect zeta (ζ) potential values. In addition, 
experimental and theoretical (extended Derjaguin–Landau–
Verwey–Overbeek) investigations for the bacterial adhesion 
to the hematite and quartz minerals have been performed 
to quantify the initial adsorption of P. putida to the mineral 
surfaces.

2. Material and methods

2.1. Bacteria and mineral preparation for zeta potential analysis

Pseudomonas putida sp. strain ATCC 11172 from Kroto 
Research Institute, UK, was used for this study. The cells 
were grown in LB broth containing 1% peptone 140, 0.05% 
yeast extract and 0.5% sodium chloride at temperature 
30°C. Cells were harvested at the final stage of growth 
(after 24  h). Then, the cells were centrifuged for 15  min at 
4,000  g using an Eppendorf centrifuge (5804R, Hamburg, 
Germany). The growth pallet was then washed in 10  mM 
NaCl solution, suspended using a vortex vibrator, and cen-
trifuged. Centrifugation and rinsing steps were repeated 
twice with fresh electrolyte solution to ensure the total sep-
aration of bacterium. The electrolytes solution used were 
prepared with ultrapure water (PURELAB Ultra, ELGA) and 
reagent grade NaCl (Fisher Scientific, SRG UK) with no pH 
adjustment (~ pH 6) in microbiological safety cabinet.

Mineral hematite (Rock Shop, Huddersfield UK) and 
quartz (Geo Supplies Ltd., Sheffield UK) were used in this 
experiment. These minerals were ground and crushed using 
a percussion mortar and sieved to <10  µm mineral pow-
der, 50–250  µm, and 500–1,000  µm. The grains were then 
washed using UHQ water, dried in air at room temperature, 
and stored in separate labelled sample bag.

2.1.1. Zeta potential analysis

The zeta (ζ) potential of the minerals in various grain 
sizes were determined by the streaming potential method, 
using a clamping cell connected with an electrokinetic 

analyzer (EKA) (Anton Paar GmbH, Graz, Austria). Two 
electrodes were inserted into the ends of the clamping 
cell and connected to an electrometer. As the streaming 
solution is forced to pass through the grains, the accu-
mulation of ions around the grains set up the electric 
field. The potential of this field is the streaming poten-
tial detected by the electrodes. The potential readings are 
automatically stored and displayed for data processing. 
Initially, 1 g of mineral grains was placed in the clamping 
cell (1 cm inside diameter and 15 cm length). The cell was 
flushed and rinsed under 20  mbar with 70% ethanol and 
ultrapure water several times and finally rinsed with 0.01 
NaCl electrolyte only for titration from pH 11 to pH 2 at a 
constant pressure difference of 500 mbar. The experiments 
under the same conditions were then run for the bacte-
ria. 10  mL bacterial suspension was placed in 600  mL of 
0.01 M NaCl and automatically titrated before the stream-
ing potential was measured. The same procedure was 
repeated for both mineral types and sizes at three differ-
ent electrolyte concentrations (0.01 M, 0.05 M, 0.1 M) with 
and without bacterial suspensions. Table 1 represents the 
optimal conditions and EKA measurement parameters 
were selected based on manufacturer recommendation.

2.2. Mineral and bacteria preparation for flow-cell technique

For the flow-cell experiments, hematite and quartz 
were cut into coupons 1  cm length  ×  1  cm width  ×  0.2  cm 
depth using a diamond saw and ground using 220 µm grit 
silicon carbide on a steel lap. The minerals were washed 
with ultra-pure water and sterilized prior to use by sonica-
tion in 2% SDS for 45 min followed by sonication in sterile 

Table 1
Operational parameters and optimal EKA conditions

Temperature 25°C
Atmosphere Nitrogen
Sample size 1 g
Grain sizes 10–1,000 µm
Electrolyte solution 0.01 NaCl
Titration Started from 

pH of 11 to 2
Titration for decreasing pH 0.1 N HCl
Titration for increasing pH 0.1 N KOH
Cell pressure program
Max. pressure 500 mbar
Measurement time 30 s
No. of repetitions 1
Cell rinse program
Max. pressure 20 mbar
Time in bypass 5 s
Time in cell 5 s
No. of repetitions 1
Automated titration program
pH difference between measurements 1
Initial amount of titrant 0.2 mL
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ultra-pure water for 45 min. These coupons were then kept 
in ultra-pure water ready for the flow-cell experiment.

P. putida stains were cultured from laboratory stock in 
LB medium at 30°C. The cells were rinsed with 8% NaCl 
solution. After addition of medium, centrifugation and 
measuring, a suspension with optical density of 1.0 (about 
108  cells/mL) was prepared. The bacteria suspension was 
diluted three times and the number of bacteria in final 
diluted suspension was measured as 0.1  OD (±50  cells/
mL). 1.5  mL of the final bacteria suspension was stained 
with 1.5 µL SYTO 9 and held in the dark for 30 min. 0.5 mL 
of the stained suspension was added to 30  mL of 0.01  M 
NaCl at a pH of 5–6. Similar portions of the stained bacteria 
suspension were added to the same electrolyte solution at 
pH 10–11 and pH 2–3.

2.2.1. Flow cell experiment

The experiments were conducted using a 16  cm  ×  
1 cm × 2 mm parallel flow chambers containing a 20 mm2 
flow cell and a recess of 100 mm3 for the mineral coupons to 
sit in, allowing flow over the mineral surface (Fig. 1). A hole 
was cut in the cell above the mineral where a glass cover-
slip was placed allowing the mineral to be viewed under 
the microscope. It was clamped in place by 4 screws and 
butyl-rubber gasket to ensure an airtight seal. The exper-
imental system was designed to evaluate bacterial attach-
ment on the mineral coupons. The small height (2  mm) 
of the chamber makes sure that the flow is laminar and 
steady over the mineral surface. The cell chamber was 
constructed to allow continuous flow of liquid over the 
target mineral surface.

A bacterial suspension with approximately 1 × 108 cells/
mL of P. putida in the desired NaCl concentration and pH 
was passed over the mineral coupon for 30 min at flow rate 
of 1 mL/min under laminar flow (Re = 0.16) using a peristaltic 
pump. All experiments were carried out at 25°C. The flow 
chamber was rinsed with a flow of 70% ethanol for 10 min, 
Milipore ultra-pure water for 10  min, and with 0.01  M 
NaCl for 10 min before and after each sample experiment.

Before the experiment being conducted, the microscope 
needs to be adjusted and focused to the mineral surface. 
This allows attachment of the bacteria to be seen clearly. 
Fig. 2 shows micrographs of mineral surfaces for both 
hematite and quartz.

P. putida attachment was imaged in situ using an epi-
fluorescence microscope under 40× magnifications every 
minute for 30  min flowing period. Where attachment was 
witnessed, P. putida was pumped over the mineral coupon 
for up to 1 h. Changes in cell number per minute were then 
assessed by calculating the number of bacteria attached on 
the mineral surface.

To study the influence of pH and ionic strength on 
attachment rates of P. putida to the two mineral surfaces, bac-
terial solutions of defined pH and ionic strength were flowed 
over the surfaces through the flow chamber. Experiments 
were run for solutions with ionic strength of 0.01 M, 0.05 M, 
and 0.1 M NaCl at pH 2–3, pH 5–6, and pH 10–11, adjusted 
by the addition of 0.1  M NaOH and 0.1  M HCl solutions. 
Photographs were taken every 5 for 30  min and plotted 
against time as an indicator of cell concentration per area 
(2 µm). The experimental conditions and the other parame-
ters are shown in Table 2:

3. Results and discussion

3.1. Impact of pH, ionic strength, and grain size on the electrical 
potential of the hematite and quartz surfaces

The role of ionic strength, pH, and grain size in deter-
mining the zeta potential of a bacterium-mineral interac-
tion has been surveyed in this section. Fig. 3 presents the 
zeta potential results of hematite grains (50–250 µm) with 
and without P. putida at different ionic strengths as a func-
tion of pH. As it can be depicted from the samples with-
out P. putida, the hematite’s surface has a positive charge 
in the acidic region (pH 2–5) and a negative charge in the 
alkaline region (pH 6–10). The zeta potentials for various 
ionic concentrations (0.01, 0.05, and 0.1) are closer together 
in the region of pH 2 to 5 and further apart for pH 6 to 10. 
The point of zero charge (PZC) occurs at pH 3.5. A high 

 
Fig. 1. Schematic diagram for the flow-cell deposition experiment.
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negative potential was obtained for hematite in 0.01  M 
NaCl solution at pH 6–10 (ζ = –15 mV) followed by 0.1 M 
and 0.05 M at about ζ = –7 mV.

When the same size hematite grains were interacted 
with bacteria, the results were different at all pH regions. 

The high negative charge, observed in Fig. 3, was predict-
able due to the presence of the negatively charged P. putida 
[32]. Interesting changes in zeta potential were observed at 
concentrations of 0.01  M and 0.05  M. In the acidic region, 
between pH 2 to pH 5, the zeta potential values were sim-
ilar for experimental conditions at 0.01 and 0.05 M, but the 
values at 0.01  M is significantly lower than the other two 
ionic strength at pH range from 5 to 11. A direct comparison 
between hematite only and hematite-P. putida (50–250  µm) 
clearly shows that the values of zeta potentials of hema-
tite-P. putida for the three ionic strengths are more negatively 
charged than those of hematite only. The differences are 
most marked for 0.1 M at low pH and all solutions at high 
pH. However, zeta potential values of both hematite condi-
tions (with and without bacteria) are higher at greater ionic 
strengths (i.e., at pH 10, the zeta potential increased from 
ζ = –15 mV at 0.01 M to ζ = –5 mV at 0.05 M for hematite only, 
and from ζ  =  –45  mV to ζ  =  –25  mV for hematite-P. putida 
interactions at the comparative ionic strengths).

The zeta potential of larger hematite grains (500 to 
1,000  µm) with and without bacteria is shown in Fig. 4. 
The zeta potential at 0.1  M is more negatively charged 
compared to other ionic strengths with no bacteria. There 
is little difference between the zeta potentials of 0.01 and 
0.05 M at pH 3 to pH 7, but they do more apart at both very 
high acidic and alkaline pH. The point of zero charge of 
hematite changed from pH 4.8 in ionic strength of 0.01 and 
0.05  M to about pH 2.9 at 0.1  M electrolyte concentration 
which is unusual. The PZC of metal oxides is not usually 
affected by ionic strength and this change might be from 
impurities with inherent charge. This result is in agreement 
with previous reports [33].

In the presence of P. putida, the 500–1,000 µm hematite 
grains showed different behaviour to that with no bacte-
ria, especially for ionic strengths of 0.01 M, where the zeta 
potential has the highest positive charge at the lowest pH 
and highest negative charge and the highest pH value. 
Similar trends were obtained for all the tested ionic strengths 
as with hematite 50–250  µm in the presence of P. putida 
(Fig. 3). Based on the results, zeta potentials are higher at 
low ionic strength in the alkaline region. In 0.01 M electro-
lyte solution, maximum electropositive and electronegative 
zeta potentials, ζ  =  +4.3  mV and ζ  =  –13.8  mV occurred at 
pH 2 and pH 11 respectively for hematite-P. putida inter-
actions. In the other conditions, the zeta potential reduces 
with increasing concentration to 0.05 M, and increases back 
in a solution concentration of 0.1 M. The zero-point charge 
(PZC) is reduced from pH 4.8 in 0.01 and 0.05  M solution 
to pH 3.2 in 0.1 M electrolyte solution in hematite-P. putida 
solutions. Without bacteria, the PZC is reduced from 
pH 4.0 for low ionic strengths to pH 3 at 0.1 M.

The effect of the hematite’s grain size on the surface’s 
electrical potential has been investigated by zeta potential 
behaviour of hematite (grain sizes of <10  µm, 50–250  µm, 
and 500–1,000  µm) with and without P. putida at 0.01  M 
NaCl (Fig. 5). Similar zeta potential values of electroposi-
tive charges with the point of zero charge, PZC of around 
pH 3.2 and 4.2 are obtained for both 50–250  µm and 500–
1,000  µm hematite grain size respectively. However, the 
zeta potential of the fine hematite (<10  µm) is far more 
positive (ζ = +22.5 at pH 3) and its PZC (ζ = 0) is at pH 7.3. 

 
Fig. 2. Actual mineral surface under 40× magnification for 
(a) hematite and (b) quartz before experiment.

Table 2
Characteristics of the flow generated by a 30  mL fluid at the 
pump speed of 1 mL/min

Parameter Value

Dimensions (L.b.2h) 160.10.2 mm3

Viscosity of fluid 0.01 Pa·s
Density of fluid 1,000 g/mL
Re (Reynolds number) 0.16
Shear rate 9 s–1

Entrance length 0.01 mm
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The smaller particle size shows very high negative zeta 
potentials compared to the coarser particles for hematite 
with P. putida solutions. However, an obvious gap between 
the zeta potential curves can be observed between hema-
tite alone and hematite-P. putida interactions for the fine 

particles and the smaller grains, while the coarser grain size 
produced similar charge distributions for both conditions, 
which are more electropositive at all pH values.

The effect of ionic strength on the zeta potential of 
quartz grains with a size between 50 and 250 µm without 

 
Fig. 3. Zeta potential of hematite grains (50–250  µm) with and without Pseudomonas putida suspension in various 
electrolyte concentrations.

 
Fig. 4. Zeta potential of hematite grains (500–1,000  µm) with and without Pseudomonas putida suspension in various 
electrolyte concentrations.
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bacteria is shown in Fig. 6. The results reveal that the quartz 
surface is negatively charged for all pH values above its 
point of zero charge at pH 2.8. As the electrolyte concen-
tration increases, the salt will affect the zeta potential val-
ues, which become less negatively charged due to its lower 

electronegativity (the tendency to attract electrons towards 
the particle surface). At higher electrolyte concentrations, 
the EDL will collapse and the zeta potential approaches 
zero. At this point, PZC is determined which depends 
only on the pH of the solution.

 
Fig. 5. Effect of the hematite grain size (<10  µm, 50–250  µm, and 500–1,000  µm) on the electrical potential of the surface, 
with and without Pseudomonas putida.

 
Fig. 6. Zeta potential of quartz grains (50–250  µm) with and without Pseudomonas putida suspension in various 
electrolyte concentrations.
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The zeta potential of quartz grain size 50 to 250  µm 
with P. putida at different ionic strengths indicate that 
the interaction surfaces are more negatively charged, to 
–55  mV, above pH 4 producing a repulsive interaction 
between quartz and P. putida. It can be observed that the 
zeta potential values are higher at lowest ionic strength 
over all the pH range including the electropositive and 
electronegative charge regions. The point of zero charge 
for a solution with concentration 0.01  M is pH 2.8 while 
0.05 and 0.1 M, it is around pH 3.5.

Fig. 7 presents the zeta potential behaviour of quartz 
particles with grain size of 500–1,000  µm. At 0.01  M ionic 
strength, the zeta potential is more positive in the acidic 
region and changes to very negative in the neutral and 
alkaline regions. Different behaviour was observed in other 
concentrations, where the zeta potential changes slightly 
from positive to negative throughout the pH range but a 
clear gap is seen between the two concentrations especially 
in the alkaline region.

It can be observed that by addition of the bacteria to the 
surface of the quartz, in the acidic region, the zeta potentials 
(between 0 and +5  mV) are close to each other at all ionic 
strengths. The zeta potential becomes more negative with 
increasing pH above the PZC. At higher pH regions there 
is no difference in zeta potential between 0.01 and 0.05  M, 
but in 0.1  M, the zeta potential is more positive than both 
lower ionic strengths.

The results of this section indicate that the zeta poten-
tial is obviously influenced by the presence of bacteria, 
electrolyte concentration and pH regions. The change in 
zeta potential values, without a change of PZC indicates 
that the electrical double layer is compressed with increas-
ing electrolyte concentration. The ions in solution are not 

being adsorbed to the surface but merely building up and 
compressing the electrical double layer [34,35]. According 
to Bunt et al. [36], when protein is bound to hydrophobic 
ligands in aqueous solutions, the binding between them 
may increase when the surface tension of water is increased 
by the addition of salts, thereby increasing the size of the 
zeta potential. At low ionic strength, and in absence of 
polyvalent ions, intermediate adhesion may occur due to 
moderate charge potential, whilst at higher ionic strength 
better adhesion would be due to an increase in potential.

3.2. Surface hydrophobicity effect on bacterial adhesion

Epifluorescence images of P. putida attachment to hema-
tite and quartz coupons are shown in Fig. 8. The images 
were taken at 10, 30 and 60 min for hematite and at 10, 20 
and 45 min for quartz. A rolling motion was observed when 
the bacteria approached the mineral surface. The hydro-
phobicity property of the mineral coupons was measured 
before and after adhesion. Researchers have found that 
hydrophobicity of surfaces influences microbial attach-
ment [37–40]. In this study P. putida show preference for 
surface wetting characteristics. P. putida adhered in greater 
numbers to hematite coupons while much less attachment 
is found on the quartz coupons (Fig. 8). At pH 5–6, at all 
ionic strengths, the bacteria adhered more on the hema-
tite surface (up to 30 cells per captured area (50 µm2)). As 
the hydrophobicity of hematite (contact angle, θ = 46.2) is 
higher than quartz (contact angle, θ  =  28.4), the bacteria, 
which is less hydrophobicity (contact angle, θ = 38.5) with 
a high negative charge on its membrane surface, is more 
attracted to the more hydrophobic surface (hematite) as 
reported by Hwang et al. [41].

 
Fig. 7. Zeta potential of quartz grains (500–1,000  µm) with and without Pseudomonas putida suspension in various 
electrolyte concentrations.
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3.3. Effect of pH and ionic strength on bacterial adhesion 
to the hematite and quartz minerals

According to the reports by many researchers, bacte-
rial adhesion behaviour and surface hydrophobicity is 
influenced by electrolyte ionic concentration and pH of 
the solution [42–45]. The hydrophobicity was found to be 
significantly lower at higher pH, and low ionic strength 
while there is greater cell surface hydrophobicity at 
lower pH values and higher ionic strength [46]. The wet-
tability properties of different kinds of mineral surface 
also give different effects.

Flow cell experiments were performed to study the 
impacts of the pH and electrolyte ionic concentration on 
the bacterial adhesion on the mineral surfaces. The influ-
ence of the pH values of the solutions on bacterial adhe-
sion is shown in Fig. 9. The attachments of P. putida to 
mineral substrates are clearly dependent on pH, which, 
with ionic strength, significantly influences the cell sur-
face hydrophobicity. At an ionic strength of 0.1  M, an 
increase in pH affects bacterial attachment on both min-
eral surfaces. At this concentration, the attachments of bac-
teria at pH 5–6 is higher than in the other pH conditions 
as reported by Kosmulski et al. [47]. The attachment of 
bacteria onto hematite at pH 2–3 and pH 10–11 are much 
lower than attachment at pH 5–6.

For quartz, there was a small effect of pH different 
where the highest attachment is at pH 5–6 (number of bac-
terial attached, n = 3) and only one bacterium was attached 
at pH 10–11 (Fig. 9). Extreme acidic and basic solutions 
may produce a higher gap in charge distribution on the 

bacteria surface, which is influenced by different concentra-
tions of hydrogen and hydroxyl groups in the solution [48].  
However, the bacterial attachment on hematite is still 
greater than quartz at both pH 2–3 and pH 10–11. The max-
imum attachment occurs at pH 5–6 and an ionic strength of 
0.1 M NaCl and the minimum attachment was at pH 10–11 
and ionic strength of 0.01 M.

Previous reports found that bacterial attachment is 
higher in solutions whose pH is near to the surface’s point 
of zero charge, PZC [33,49,50]. For hematite, the results 
obtained follow this trend where the PZC is around pH 4–5. 
However, for quartz, the PZC from the zeta potential mea-
surement was near pH 2 but results show lower attach-
ment at pH 2–3 than at pH 5–6. It has been reported that, 
at higher ionic strengths, charge effects on the bacterial 
cell surface may be more pronounced resulting in greater 
adhesion. Greater ionic strength may increase adherence by 
suppressing the thickness of the diffuse double layer [36], 
and increased the zeta potential value. At a very high salt 
concentration, the EDL will collapse, and the zeta poten-
tial becomes zero, resulting in no repulsion and allowing 
more bacterial attachment on the surface. The effect of ionic 
strength on the attachment of P. putida to the mineral cou-
pons is presented in Fig. 10.

The greatest adhesion was found at pH 5–6 and an 
ionic strength 0.1  M on hematite coupons. With increas-
ing ionic strength from 0.01 to 0.1  M. there were slight 
increases in attachment of P. putida to hematite, but these 
were more marked for quartz. The extended Derjaguin–
Landau–Verwey–Overbeek (XDLVO) theory of colloid 
stability has been used as an explanation for this increase 

a 

d e f 

b c 

Fig. 8. Pseudomonas putida attachment to hematite and quartz coupons in 0.1  M NaCl at pH 5–6 in 50  µm2 
(a) hematite, 10 min, (b) hematite, 30 min, (c) hematite, 60 min, (d) quartz, 10 min, (e) quartz 20 min, and (f) quartz, 45 min.
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in attachment with ionic strength. The effect of increased 
ionic strength is suggested to be due to the suppression 
of the solvation barrier and negligible electrostatic interac-
tions (repulsive) [51].

Other properties that also influence cell attachment are 
surface stability, and hardness. Surface stability is described 
by the surface potential (zeta potential, z), while the hard-
ness can be described with reference to Mohr’s scale.

 
Fig. 9. Number of Pseudomonas putida attached to hematite and quartz at various pH values at an ionic strength of 0.1 M NaCl as a 
function time. The experiments were performed at flow rate of 1 mL/min under laminar flow (Re = 0.16), for 60 min, with bacterial 
suspension of 1 × 108 cells/mL of Pseudomonas putida, at 25°C and atmospheric pressure, in a parallel flow chamber.

 
Fig. 10. Number of Pseudomonas putida attached to hematite and quartz in various electrolyte concentrations at pH 5–6. 
The experiments were performed at flow rate of 1 mL/min under laminar flow (Re = 0.16), for 60 min, with bacterial suspension of 
1 × 108 cells/mL of Pseudomonas putida, at 25°C and atmospheric pressure, in a parallel flow chamber.
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3.4. XDLVO interaction energies

The XDLVO theory describes attachment in terms of 
the sum of repulsive acid-base and electrostatic interac-
tion energies, and attractive van der Waals interaction 
energies at pH 5–6 and 0.1  M as shown in Figs. 11 and 
12 for hematite and quartz, respectively. P. putida, hema-
tite and quartz are all negatively charged and therefore, 
the bacteria-mineral substrate charge interaction is theo-
retically repulsive [52]. The acid-base interaction for the 
mineral-bacteria interaction is highly repulsive but this 
energy operates only at close distances of about 0.3  Å. 
Even though hematite has a lower van der Waals attrac-
tion energy there is attractive total interaction energy 
between P. putida and hematite due to low acid-base and 
electrostatic repulsion energies (Fig. 11) with a deeper 
primary minimum indicating the irreversible adhesion. 
The interaction energy between P. putida and quartz 
was dissimilar. Quartz has a very high acid-base repul-
sion energy compared to electrostatic repulsion energy 
(Fig. 12). This leads to more repulsive total interaction 
energy between quartz and P. putida and even with a 
higher van der Waals attractive energy was compared to 
hematite; the total repulsion energy for quartz is higher 
than hematite. Therefore, higher attachment is predicted 
on hematite. This is demonstrated experimentally by 
the number of P. putida attached to hematite from the 
current flow-cell experiment.

The total XDLVO interaction energy as a function of 
separation distance of hematite and quartz interactions 
with P. putida at three different concentrations is shown in 
Fig. 13. According to the XDLVO theory an increase in ionic 
strength leads to a shielding of repulsive potentials and a 
favouring of attractive interactions. Thus, increasing ionic 
strength should lead to increased attachment for both min-
erals. Although the two minerals do exhibit the same trends 
with increasing ionic strength, the attachment of P. putida 

to hematite is much higher than the attachment to quartz 
for the same ionic strength.

4. Conclusions

In this investigation, we have surveyed the effects of 
some physio-chemical characteristics of bacterial-mineral 
interactions such as ionic strength and acidity of the 
solution. The outcomes revealed that the zeta potential 
is obviously influenced by the presence of bacteria, elec-
trolyte concentration, and pH regions. At higher ionic 
strengths, charge effects on the bacterial cell surface 
increase adherence by suppressing the thickness of the 
diffuse double layer. Furthermore, a systematic bacterial 
attachment experiment using a parallel-plate flow cell has 
been designed to examine the influence of pH and ionic 
strength on bacteria to mineral surface attachment under 
constant flow conditions. Extreme acidic and basic con-
ditions resulted in less attachment at lower electrolyte 
concentrations. Bacterial adhesion was greatest at pH 5–6 
in 0.1  M ionic strength. The results were compared with 
the predictions from the XDLVO calculations. From this 
study, it can be concluded that electrolyte concentration 
and pH play a major role in the attachment of P. putida 
to mineral surfaces. An increase in electrolyte concentra-
tion results in an increase in attachment. Attachment on 
to hematite coupon was more than that of quartz at any 
given condition. Bacterial adhesion was also found to be 
dependent on pH with maximum attachment around pH 
5–6. The higher attachment of P. putida to hematite is also 
influenced by hydrophobicity and surface hardness.

Interaction energy calculations using XDLVO theory 
correlate well with the experimental results. The major 
contribution to the total interaction energy (GTOT), was 
from repulsive acid-base interaction energy (GAB), which 
is higher for quartz compared to hematite. The interac-
tion energy was found to become more attractive with an 
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Fig. 11. XDLVO interaction energies of Pseudomonas putida to hematite coupon.
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increase in electrolyte concentration thus accounting for 
the increase of attachment of the P. putida to the mineral  
coupon.
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