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a b s t r a c t

The thermal influence of progressing biofouling caused by E.coli K12 DSM 498 was investigated 
and correlated to intrinsic surface properties. The application of novel polymer film heat exchangers 
(polypropylene, polysulfone, polyethylene terephthalate, polyether ether ketone and polyamide) and 
their biofouling interaction was investigated and compared to stainless steel 304. Surfaces with low 
disperse surface free energy were found to mitigate the deposition of biofouling in laminar flow. 
The resistance of biofouling layers towards fluid shear forces was investigated and biofilms on sur-
faces with higher fractions of acid-base surface free energy were found to resist fluid shear forces 
more effectively. These observations were correlated to the high interaction of electron-donating 
and electron-accepting characteristics of substratum and microorganism in the wall-near region. 
Measurements of the thermal fouling resistance, as a degree of fouling layer thickness, in turbulent 
flow conditions showed that higher fractions of acid-base surface free energy of the substratum lead 
to an increased thickness of the biofouling layer. Based on these findings a cleaning-in-place method 
utilizing the flexibility of the disperse and non-polar polymer films to mechanically weaken fouling 
layers was successfully implemented for an E.coli K12 biofilm grown over 500 h in a falling film 
application. 
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1. Introduction

Biofouling as the unwanted settlement of bacteria, 
algae and macro organisms like mollusks, and the inher-
ent forming biofilm of excreted extracellular polymeric 
substances (EPS) [1] is a large problem in medical, food 
packaging, marine and industrial applications [2]. Another 
common biofouling related problem is caused by the usage 
of untreated river water in industrial heat exchangers 
[3–5], which results in an additional heat transfer resis-
tance decreasing the overall heat exchanger efficiency. The 
progressing layer formation increases the required pump 
capacity to overcome pressure loss due to increased fric-
tion and reduction of the inner diameter of tubing and 
flow channels in heat exchangers [6]. The resulting more 
moderate temperatures throughout all the different process 
sections, like tubing, heat exchangers and cooling towers, 

can lead to an enhancement of the biofouling process. Heat 
exchanger oversizing by 50–500%, heat loss and increased 
maintenance costs are the resulting fouling related costs [7]. 

In literature, several approaches can be found to pre-
vent or reduce biofouling in heat exchangers, ranging from 
chemical to physical methods [8–10]. The choice of poly-
meric films in heat exchanger applications is connected to 
the promising instable bacterial adhesion properties [11] 
and the ability to withstand corrosion induced by inherent 
metabolic processes in the biofilm matrix. Development 
and application of heat exchangers utilizing thin polymers 
as heat transfer surfaces could therefore vastly increase the 
efficiency of heat transfer processes in environments char-
acterized by high microbial loads. Some of the investigated 
polymers, in comparison to stainless steel (SS) 304, were 
already found to have promising low crystallization fouling 
tendencies [12]. In respect to their resistance to biofouling, 
a correlation between scaling, the biofouling process itself 
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and the surface properties of polymers could be shown [13]. 
An experimental investigation of biofilm formation and the 
resulting thermal fouling resistance is given for different 
polymer surfaces varying in surface chemistry and com-
pared to SS 304 in order to increase the understanding of 
biofouling interaction mechanisms in thermal applications. 
The resistance of the developed E.coli K12 DSM 498 bio-
films against shear forces was measured and correlated to 
the chemical composition of the substrata. Data on this sur-
face specific interaction mechanism could lead to the devel-
opment of design heat transfer surface utilizing multiple 
mitigation techniques. The mitigation of microorganisms, 
measured as the exceeding of the inherent adhesion forces, 
due to chemical-free cleaning-in-place (CIP) mechanisms 
for flexible heat transfer surfaces is discussed and investi-
gated experimentally.

2. Materials & methods

2.1. Investigated surfaces

In this work, seven different polymer films were 
tested against stainless steel 304 (Metall Ehrnsberger, 
Teublitz-Münchshofen, Germany) as commonly used 
basis material for industrial heat exchanger construction. 
Three different polyether ether ketones (PEEK), one poly-
mer being semi-crystalline (LITE TK) and the other two 
additionally containing 30% mineral filler (LITE TKT30, 
APTIV® 1103), polyamide 12 (PA12) (LITE PA12) from 
Lipp-Terler GmbH, polysulfone (PSU) and polypropyl-
ene (PP) from (Pütz GmbH + Co. Folien KG, Taunusstein, 
Germany) as well as polyethylene terephthalate (PET) 
(Dr D. Müller GmbH, Ahlhorn, Germany) were used as 
substrates. The composition of the mineral filler in LITE 
TKT 30 and APTIV® 1103 (Victrex Euro GmbH, Hofheim 
Taunus, Germany) were labeled as talc by the manufactur-
ers. In case of e.g. PEEK the wall thickness of the polymer 
film must be about 25 µm (λ ≈ 0.25 W m–1 K–1) in order to 
achieve similar heat transfer coefficients as stainless steel 
with approximately 1–1.5 mm (λ ≈ 10–15 W m–1 K–1). Appli-
cation of special filler materials like graphite or minerals 
could significantly enhance the thermal conductivity of 
the polymer films whilst retaining the beneficial fouling 
related chemical surface properties [14].

Prior to testing, all substrata were cleansed with deion-
ized (DI) water, dried for two hours at 50°C and further 
dried in a desiccator for one hour. The films were then sub-
sequently weighed with an earthed micro balance. After 
conducting the experiments, the different surfaces were 
dried again similar to sample preparation. The accumu-
lated dry biomass resulted from the difference in weight 
before and after the experiments.

2.2. Media

E. coli K12 DSM 498 was in previous investigations 
found to be a valid model bacterium for the interaction 
of microorganisms and substrata [15] and showed quali-
tative similar deposition behavior than complex biofilms 
from the German river Rhine. It was cultivated with LB 
Miller nutrient solution containing 10 g L–1 tryptone, 10 

g L–1 NaCl and 5 g L–1 yeast extract. The preparatory bac-
terial type culture was grown in the undiluted nutrient 
solution. This preparatory culture was further incubated 
overnight in a heated shaking bath at 37°C and 120 rpm 
in order to increase bacterial growth. The optical den-
sity (OD) was constantly monitored with a photometer 
(Lambda Bio+, PerkinElmer, Waltham, MA, USA) at an 
excitation wavelength of 600 nm, which is the recom-
mended wavelength when analyzing the OD of E. coli 
suspensions [16].

3. Experimental procedure

3.1. Determination of the surface properties

The surface properties of the substrata, namely the sur-
face free energy including the composition of polar acid-
base components [17] were obtained via measuring the 
static contact angles of 4 different test liquids according to 
the standard sessile drop method [18]. The test liquids were 
DI water, diiodomethane, formamide and ethylene glycol. 
The composition of the surface tension of the test liquids 
is displayed in Table 1, in which γlv

LW denotes the apolar 
Lifshitz-van der Waals component, γlv

AB denotes the polar 
acid-base component, γlv

+ denotes the electron-accepting 
component and γlv

– denotes the electron-donating compo-
nent of the liquid surface free tension, that can be measured 
via the pendant drop technique [19].

The contact angles θ of the test liquids correlate with 
the surface free energies of the substrate according to the 
Young’s equation [Eq. (1)] and depend on the thermody-
namic equilibrium of the participating phases of solid s, liq-
uid l and surrounding vapor phase v.

coslv sv sl= −γ θ γ γ  (1)

According to the acid-base theory, the surface free 
energy of the solid-liquid interface can be written as follows 
[7]:

( )
( )

2

2

LW LW
sl sv lv

sv sv lv lv sv lv sv lv

γ γ γ

γ γ γ γ γ γ γ γ+ − + − + − − +

= −

+ + − −
 (2)

For the calculation of the surface free energy according 
to van Oss et al. [17], contact angle measurements of at least 
three different liquids, of which two must be polar with 
known surface tension composition, have to be conducted 

Table 1
Surface tension components (in mN m–1) of the test liquids 
according to the acid-base model [18]

γlv γlvLW γlvAB γlv+ γlv-

Water (DI) 72.8 21.8 51.0 25.5 25.5

Diiodomethane 50.8 50.8 0 0 0

Formamide 58.0 39.0 19.0 2.28 39.6

Ethylene glycol 48.0 29.0 19.0 1.92 47.0
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in order to solve Eq. (3) being derived from the combination 
of Eqs. (1) and (2).

( ) ( )1 cos 2 LW LW
lv sv lv sv lv sv lv

+ − − ++ ⋅ = + +θ γ γ γ γ γ γ γ  (3)

The acid-base fraction can then be determined by the 
combination of electron-donating and electron accepting 
fractions of the surface free energy according to Eq. (4) [17]:

2AB
i i i

+ −= ⋅ ⋅γ γ γ  (4)

3.2. Biofilm channel

The generation of biofilms for the investigation of inter-
action and adhesion experiments was conducted in a mod-
ified biofilm screening apparatus known from literature 
(Fig. 1) [15,20]. The channels were composed of poly methyl 
methacrylate, were machine-cut and have an inner length 
of 12 cm and width of 3 cm. The upper and lower half of 
the flow channels were sealed with gaskets of polytetraflu-
oroethylene. The entrance and outlet length of 2 cm was 
shaped in the form of a trapezium in order to expand the 
inlet width of 1 cm to 3 cm. The channel height of 1 cm was 
chosen in order to diminish the hydrodynamic boundary 
effects. The flow channels were fixed in a mount allowing to 
adjust the channels in angles between 90° and 0° in order to 
validate the influence of sedimentation and operated with a 
multi-channel peristaltic pump. The detailed geometry and 
its validity to use for laminar investigations was derived 
in preceding CFD flow simulations with the commercial 
software ANSYS Fluent® (16.0, ANSYS Germany GmbH, 
Darmstadt, Germany). The flow channels were operated 
vertically and in parallel from the same batch feed at iden-
tical process parameters flow velocity and temperature in 
order to have direct comparability between the respective 
substrata [15].

After the OD of the preparatory culture reached 0.6, 
which resembles ~108 cells per mL in the standardized 
cuvette, 50 mL of the bacterial culture were transferred 
into the respective 1:10 diluted LB-Miller batch media. 
This batch was subsequently used as feed for the flow 
channels and was operated in a recirculating mode. The 
NaCl concentration was kept undiluted for the cultiva-
tion in order to avoid osmotic stress. The flow rate was 
set to 100 mL min–1 for each channel, which results in a 
laminar flow regime with Reynolds number of about Re 
= 110–120. More detailed microbiological investigations 
e.g. staining cells and gravimetric analyzes over time were 
performed in separate experiments with similar channel 
setup [13,15,21], but were not specifically addressed in this 
work due to the macroscopic approach of the presented 
measurement techniques.

3.3. Shear stress measurement

Measuring adhesion forces between single microor-
ganisms or complete biofilms is challenging, as the viscous 
behavior of the whole biofilms is different than for the sin-
gle microorganism due to its embedding into the matrix of 
extracellular polymeric substances (EPS). Therefore numer-
ous continuous liquid flow methods are described in liter-
ature to generate shear forces induced by a moving liquid 
acting on the fouling layers and leading to partial or com-
plete removal of the biofilm. A comparison was given by 
Bos et al. [22] with methods reaching from flow channels, 
stagnation point flow, slides and rotating disks that are still 
used today and have all their respective advantages and 
disadvantages.

The rotating disk in a stagnating liquid, which was 
investigated by Fowler and McKay [23], was chosen as 
screening method, as the usage of biofilms from the biofilm 
flow reactors/channels was most accessible. Two samples 
were fixed onto both sides of the disk surface with double 
sided adhesive tape [13] (Fig. 2).

Fig. 1. Adjustable test rig of the flow channels.
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Due to the rotation of the disk a defined fluid induced 
shear stress is present at each point in relation to the dis-
tance from the rotation axis. If the shear stress exceeds the 
adhesion forces of the biofilm at any given point a clear 
detachment line should be visible. By increasing the rota-
tional speed, the detachment line would then move towards 
the central axis but should result in identical detachment 
shear stress at each threshold line. Under these conditions, 
the wall shear stress τ varies linearly [Eq. (5)] with the radial 
position according to García et al. [24] for laminar flow con-
ditions of Re < 3·105 [25] defined in Eq. (6). In Eqs. (5) and 
(6), ω is defined as the rotational speed of the disk and rd as 
the radius of the disk.

30.8r=τ ρηω  (5)

2
drRe =
ωρ
η

 (6)

The experiments were conducted with E. coli K12 bio-
films grown over two weeks with laminar flow conditions 
(Re = 110–120) as previously described. The nutrient solu-
tion was changed every three days. At least two experi-
ments per substratum were conducted and investigated 
with at least six different rotational speeds between about 
15 and 52 rad s–1 for 1 min. The radius of the disk was 0.125 
m and ambient temperatures were 25°C.

3.4. Fouling resistance measurement

The overall heat transfer coefficient U in any heat trans-
fer process can be written as the combination of the sepa-
rate heat transfer coefficients αi, acting as separate thermal 
resistances, from the cold side to the hot side in heat transfer 
applications [Eq. (7)]. The formation of any fouling layer f 
will pose as additional thermal resistance and thus lower-
ing the thermal efficiency of any heat transfer process.

1 2

1 1 1 fw

w f

ss
U

 
= + + + 

 α λ α λ
 (7)

In Eq. (7) α1 denotes the heat transfer coefficient from the 
liquid to the heat transfer wall, sw the thickness of the wall, 
λw the thermal conductivity of the wall and the possible 
influence of any given fouling layer. The thermal conduc-

tivity of most biofilms can be taken as λf = 0.5–0.7 W m–1 K–1, 
but strongly depends on the water/organic ratio in the bio-
film [4].

The resulting fouling resistance Rf due to fouling layer 
formation is defined as the reciprocal difference between 
the overall heat transfer coefficient of the clean surface U0 
and of the surface including fouling layer Uf. The fouling 
layer thickness sf therefore correlates with the density ρf and 
the biomass mf per fouled area Af [Eq. (8)].

0

1 1 f f
f

f f f f f

s m
R

U U A
= − = =

⋅ ⋅λ ρ λ
 (8)

The investigation of thermal influence of biofouling on 
the several substrata was performed in a fouling screen-
ing setup. The schematic of this temperature controlled 
stirred vessel utilizing a pitched blade agitator can be seen 
in Fig. 3. In this setup, flat substrata of various materi-
als can be fixed onto a copper heating block by using an 
insulating frame. The copper block was placed in a 10 mm 
thick polyoxymethylene (POM) encasing to insulate the 
remaining three sides. Inside the copper block were bore 
holes for two Pt 100 resistance thermometers right below 
the interface between copper and rear side of the inves-
tigated surface. Two additional bore holes in the middle 
of the copper block were equipped with power controlled 
heating cartridges (type HLP, Türk + Hillinger GmbH, 
Germany) and fixed with thermal conductivity paste. 
Thus the surface temperature of the surface area of A = 
0.0024 m2 could be controlled precisely by approximating 
the influence of fluid flow velocity above the substratum 
via the so called Wilson plot [26] but remained constant 
for the given investigation in this work. The vessel was 
filled with 1.6 L of undiluted LB-Miller nutrient solution 
and 50 mL of the preparatory bacterial solution was added 
at the experiment start after the nutrient solution reached 
thermal equilibrium.

The resulting temperatures inside the vessel and inside 
the cooling jacket as well as the turbidity and pH value were 
monitored constantly. The resulting measured bulk and 
surface temperatures are, in addition to the surface charac-
teristics, key parameters for the biofilm development. The 
fluid characteristics inside the stirred vessel were adjusted 
via the rotational speed of the rotor and were described by 
the Reynolds number Re. In Eq. (9) n denotes the number of 
rotations, dr the diameter of the rotor, ρl the density of the 
liquid and ηl the dynamic viscosity of the liquid. Laminar 
flow conditions prevail for Re < 105 [27].

2

Re l r

l

n d⋅ ⋅
=

ρ
η

 (9)

Most biofouling processes also experience certain 
induction period at the beginning, as single microorganism 
colonies adhere to the surfaces but are not able to form a 
continuous layer that would represent a fouling resistance. 
Therefore the fouling fragments act as additional roughness 
or turbulence generator, which reduces the viscous laminar 
sub-layer and in return promotes the heat transfer from 
the wall to the fluid without being able to form a contin-
uous layer. In technical applications the fouling resistance, 
as direct parameter of the fouling layer condition, is often 
replaced by the cleanliness factor CF that is the direct ratio 

Fig. 2. Schematic of the horizontal rotating disk setup including 
sample positioning.
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between Uf and U0 and gives information about the persist-
ing thermal efficiency of the heat transfer surface [Eq. (10)].

0

fU
CF

U
=  (10)

3.5. Falling film apparatus and CIP measurement

The thermal influence of biofouling was also inves-
tigated on a larger heat transfer area of PEEK with A 
= 0.052 m2. The schematic of this setup can be seen in Fig. 4. 
The thin polymer film was supported by a point welded 
stainless steel spacer grid in order to prevent excessive 
bulging due to the flow from the heating side. The count-
er-current flow operation without phase change was oper-
ated with water as heat transfer fluid. The falling liquid film 
side contained 25 L of 1:10 diluted LB-Miller nutrient solu-
tion incubated with E. coli that was refilled daily in order to 
provide sufficient nutrients and to balance liquid losses due 
to evaporation. Gear type pumps as well as the transient 
measurement of inlet and outlet temperatures via NiCr-Ni 
thermocouples (type K) and the insulation of the setup 
ensured the evaluation of reproducible mass and energy 
balances and equal liquid distribution. The falling film 
Reynolds number was Reff = 379, which is below the criti-
cal Reynolds number Ref ,crit = 400 for the transition between 
laminar and turbulent flow and was set to 2.8 L min–1. The 
inlet temperatures of the liquid falling film were 37°C and 
for the heating side 52°C.

4. Results 

4.1. Surface properties 

Table 2 shows the measured surface free energies of 
the substrata that were determined via sessile drop contact 

Fig. 3. Schematic of the temperature controlled stirre vessel in-
cluding heat transfer surface.

Fig. 4. Schematic and front view of the falling film plate heat exchanger.
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angle measurements of the four test liquids. Surface energy 
fractions below 10–2 were depicted as zero but were never-
theless used for interaction calculations. The resulting acid-
base fractions can be calculated from Eq. (4).

It can be seen that for all substrata the disperse Lif-
shitz-van der Waals fraction dominates the total surface 
free energy, whilst the electron-accepting is close to zero 
for many substrata, which correlates well with literature 
[17,28]. The roughness was also investigated via tactile 
scanning and white light interferometry measurements but 
its influence showed to be negligible for the respective sub-
strata with mean arithmetic roughness between 0.04 and 
0.87 µm [21] compared to the measured mean equivalent 
spherical diameter dE.coli K12 = 0.8 µm.

4.2. Resistance against shear stress

Fig. 5 shows the resistance against wall shear stress for 
the respective substrata, which was necessary to detach 
the two week old E. coli K12 biofilm grown under laminar 
flow conditions, in relation to the acid-base fraction of the 
respective surface free energies.

4.3. Fouling resistance

The results of the indirectly measured fouling resistance 
for PEEK, PEEK (TKT30), PA12 and SS 304 can be seen in 
Fig. 6. It can be seen that the substrata show sigmoidal pro-
gression of the fouling resistance and respective asymptotic 
fouling resistance after 64 h. This experimental duration 
was chosen as the microorganisms were still vital and not 
in a degenerative state in the undiluted nutrient solution.

Fig. 6 also shows that the induction period with Rf < 0 
varies in value and duration for the substrata. The tempo-
rary increase of heat transfer efficiency can be explained as 
the biofilm exists in smaller colonies on the surface that are 
not yet able to form a continuous film that would pose a 
thermal resistance [21]. The small microorganisms on the 
other hand increase the wall near turbulence of the fluid 
flow and therefore promote the heat transport α from the 
wall to the fluid, resulting in a temporarily negative foul-
ing resistance Rf. In the case of polymers where the biofilm 
shows higher thermal conductivities of approximately 

water with λ = 0.5–0.7 W m–1 K–1 heat transfer might also 
be increased due to locally higher heat transfer coefficients. 
The induction period also varies between measurements 
of a single surface although shape and asymptotic fouling 
resistance show comparative values. Taking the thermal 
conductivity of the biofouling layer on all substrata as con-
stant, the fouling resistance would directly correlate with 
the fouling layer thickness. Therefore, the biofouling layer 
would be thickest on PA12 and thinnest on both PEEK and 
PEEK (TKT30).

4.4. Cleaning-in-place (CIP)

In order to retain the thermal effectivity in heat transfer 
applications, periodically cleaning procedures (chemical or 
mechanical) are necessary to remove the fouling resistances. 
The possibility of implementing a CIP method for the flexi-
ble polymer films in the falling film apparatus was tested for 
E.coli K12 after 500 h of continuous growth in 1:10 diluted 
LB-Miller nutrient solution. The falling film containing the 
microorganisms was switched off for 5 min while retaining 

Table 2
Surface free energies (in mN m–1) of the investigated substrata 
according to the acid-base theory

γsv
LW γsv

+ γsv
-

PP 25.98 0.06 1.05

PA 12 27.74 1.65 11.74

PSU 27.88 0 14.35

PEEK (1103) 33.26 2.2 4.98

SS 304 37.15 0 5.80

PEEK (TKT30) 38.75 0 4.22

PEEK 39.59 0 3.65

PET 41.91 0 6.35

Fig. 5. Measured resistance against shear stress of a two week 
old E. coli K12 biofilm grown under laminar flow conditions in 
relation to the acid-base fraction of the surface free energy of the 
investigated substrata.

Fig. 6. Fouling resistance over time in undiluted LB-Miller nu-
trient solution at Twall = 40°C and Tbulk = 25°C and Re = 59100.
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the wall temperature by the heating agent in order to predry 
the biofilm. Then the pressure of the heating fluid in the fall-
ing film apparatus was decreased by switching off the pump 
resulting in a relaxation of the flexible polymer film and 
immediately switching it on again. The liquid falling film 
was switched on simultaneously and after the polymer film 
was completely wetted, the cleaning procedure was repeated 
2 more times. The fouling resistance over time, as well as the 
influence of the CIP procedure, is depicted in Fig. 7.

5. Discussion

5.1. Laminar interaction of E. coli with substrata

It was found that the mean dry biomass directly cor-
related with the disperse Lifshitz-van der Waals fraction 
of the surface free energy for all polymers but not for SS 
304 (Fig. 8). An increase in disperse surface free energies 

correlated also with an increased deposition of biomass 
possibly due to the long-range disperse interaction with 
the microorganisms (Fig. 5) which corresponds to findings 
in literature [29,30]. SS 304 most likely showed dispropor-
tionately high deposition as the zeta potential at pH = 7 
was measured to be close to the iso electric point, meaning 
that no electrostatic repulsion between the also negatively 
charged microorganisms occurred and solely disperse 
attraction was present. The polymers all showed highly 
negative zeta-potentials at these pH values analogous to 
the experiment.

5.2. Resistance against shear stress

Fig. 5 shows that the resistance against shear stress 
seems to correlate with the acid-base fraction of the sub-
strata surface free energy. Similar correlation with the 
disperse Lifshitz-van der Waals surface free energy as found 
concerning the deposited dry biomass [13] was not found. 
This would mean, that a polar surface forms stronger adhe-
sion forces between microorganism and substratum. Sup-
porting evidence for these findings are the short-ranged 
polar forces influence adhesion in the wall-near region and 
correlate with the acid-base free energy of adhesion based 
on thermodynamic interactions [Eq. (11)], which was also 
investigated by other work groups [2,31]. Eq. (11) resem-
bles the interaction and cross-interaction of the three phases 
(microorganism mv, immersion liquid lv and substratum sv) 
concerning their electron-donating and electro-accepting 
fractions of the surface free energy. 

A non-polar surface [according to Eq. (4)] is in most 
cases based on significant electron-donating surface free 
energy but no electron-accepting surface free energy. Given 
a polar liquid like water and a microorganism with simi-
lar significant electron-donating surface free energy [13], 
this microorganism would experience repulsion due to the 
interaction of electron-donating surface free energies. Even 
a slight increase in electron-accepting surface free energy 
of either substratum or microorganism would therefore 
significantly reduce repulsion in the wall-near region and 
so adhesive properties would dominate the interaction pro-
cess [Eq. (11)]. This interaction would result in an increased 
resistance against shear stress as can be seen from Fig. 6.

5.3. Fouling resistance

When comparing the asymptotic fouling resistance 
(Fig. 6) with the acid-base fraction of the respective sub-
strata, it was found that an increasing acid-base content lead 
to an excessive fouling layer thickness (Fig. 9). This would 
mean that especially in turbulent flow conditions or adhe-
sion processes where fluid forces are relevant in general, the 
resistance against shear stress is the governing factor of the 
resulting fouling layer thickness. These results would there-
fore be in correlation with the previously described findings 
concerning the resistance against shear forces. The asymp-
totic fouling layer in these experiments would be defined 
by the acid-base fraction according to Rf 

∞ = 10–4 (γsv
AB) 0.0624 

as regression with least squares fitting. How this polarity of 
the substrata affects the biofilm formation of thicker fouling 
layers remains currently unclear. The substrata properties 
should, from a conceptual point of view, mostly affect the 

Fig. 7. Influence of three CIP cycles on the fouling resistance of 
E. coli K12 in 1:10 LB-Miller nutrient solution in a falling film.

Fig. 8. Mean dry biomass in relation to the disperse Lifshitz-van 
der Waals surface free energy.
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primary adhesion mechanism. Progressing fouling forma-
tion would therefore depend on the properties of the then 
formed thin conditioning fouling layers. Experiments with 
the E. coli K12 strain showed that the measurable properties 
of the fouling layers for several substrata (roughness and 
surface free energy) homogenized over the course of up to 
44 d of experiment [21]. Nevertheless, significant property 
differences were investigated for the respective substrata in 
intervals of up to four days. This could mean that the polar-
ity of the substrata would not only influence the primary 
adhesion mechanism but also the physiology of the biofilm 
and its chemical composition. This altered biofilm physi-
ology could in return be the reason why varying fouling 
resistances, respectively biofilm heights, correlated with the 
substrata polarity.

The fouling resistance Rf itself does not allow for the 
simple comparison of various materials with differing 
thermal conductivities concerning the influence of fouling 
layers, as a direct comparison is solely valid for identical 
materials. The fouling resistance itself is solely an indirect 
parameter for estimating the fouling layer thickness. The 
low thermal conductivity of the biofouling layer has to be 
seen as thermal bottleneck especially for materials with 
higher thermal conductivities e.g. SS 304. The cleanliness 
factor CF as direct ratio of the respective clean and fouled 
heat transfer coefficient allows in addition to the technical 
comparability to investigate the necessary oversizing of the 
heat exchanger. The CF over time for the selective substrata 
is depicted in Fig. 10.

Excessive biofouling is on the benchmark SS 304 surface 
with a CF of about 0.77 after 64 h of experiment, although 
PA 12 was in the same range with 0.80. The resulting hypo-
thetical excess heat transfer surface in a heat exchanger in 
order to maintain the respective heat transfer efficiency 
would be 30% for SS 304 and 25% for PA 12. The required 
overdesign for PEEK with CF = 0.94 and PEEK (TKT30) with 
CF= 0.92 would not exceed 8% for the same initial surface 
temperatures of 40°C and turbulent flow with Re = 59100. 
The SS 304 surface did not show any induction period, 

whilst all of the polymers had induction periods of varying 
length. Especially PEEK retained its thermal efficiency over 
approximately 30 h. These results correlate qualitatively 
well with investigations concerning CaSO4 crystallization 
fouling in previous work [32] and show the strong relation 
between substrata properties and various forms of fouling. 
The calculations also show that although Rf of SS 304 was 
between the selective polymer surfaces, the loss in thermal 
efficiency was largest, requiring for excessive heat transfer 
surface over design in order to attribute for the biofouling 
layer formation of low thermal conductivity.

5.5. Cleaning-in-place (CIP)

The CIP procedure prove to be very effective after three 
cleaning cycles. Based on visual inspection during the 
cleaning procedure most macroscopic detachment occurred 
during the first cleaning cycle. Due to the lower concen-
tration of microorganisms the induction time significantly 
increased compared to the experiments with undiluted 
nutrient solution. The mechanical stress on the predried 
biofilm was sufficient to detach it from both polymer film 
and most of the spacer grid. The fouling resistance reached 
its initial state but no induction period followed. Whilst 
most of the fouling layers could be removed, and therefore 
significantly decreasing the thermal resistance of the bio-
film, a thin film seemed to persist on the surface preventing 
the formation of single microorganism colonies that would 
result in another induction period. Possible adaptation of 
the remaining thin biofilm to shear stress for continuous 
cleaning procedures was not investigated. The remaining 
fouling fragments can have significant influence on the 
surface free energy and zeta potential [33] and could also 
alter the following interaction mechanism. The current foul-
ing experiments ended after approximately 24 h with the 
cleaned surface and therefore no direct information can be 
currently given on the experimentally measured interaction 
with the altered substrata over time. It should also be stated 
that whilst starting with only the E. coli K12 species, due to 
the semi-open setup contamination of the nutrient solution 

Fig. 9. Asymptotic fouling resistance in relation to the acid-base 
surface free energy of the substrata.

Fig. 10. Cleanliness factor CF in relation to the experimental 
 duration.
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further microorganisms developed in contrast to the batch 
experiments, as was seen in microscopic investigations. 
This prohibits the direct comparison of these results or 
the developed fouling resistances. As solely the possibility 
to clean biofouling layers was shown and discussed, this 
cross-contamination was not validated in the current exper-
iments but could be investigated in future work.

6. Conclusions

The investigation of E. coli K12 DSM 498 biofouling as 
thermal resistance, its correlation to the properties of the 
interacting substrata as well as measurements to exceed the 
respective adhesion forces lead to the following conclusions: 

(1) The disperse Lifshitz-van der Waals fraction of the 
surface free energy of the substrata correlated well 
with the deposited dry biomass for surfaces with 
similar electrostatic properties. SS 304 with its zeta 
potential close to its isoelectric point at pH = 7 
resulted in a disproportional high biomass deposi-
tion than would have been expected solely on the 
basis of the disperse surface free energy. 

(2) The measured resistance against fluid shear forces 
for laminar grown biofilms, compared to the acid-
base fraction of the surface free energy of the sub-
strata, showed that an increased polarity resulted 
in higher adhesion forces. Biofilms on PEEK (1103) 
were most resistant against shear forces whilst 
detachment on PEEK occurred for low shear forces. 

(3) The thermal, asymptotic fouling resistances at tur-
bulent flow conditions and undiluted LB-Miller 
nutrient solution correlated with the polar acid-base 
fraction of the surface free energy of the substrata. 
In more turbulent systems the resistance against 
shear forces appeared to be dominant against the 
long-distance interaction of disperse mechanisms 
and resulted in thicker biofouling layers. The biofilm 
thickness on PEEK was lowest whilst PA12 showed 
excessive fouling formation.

(4) A CIP method was successfully tested with a flexi-
ble PEEK film by varying the bulging of the polymer 
film by changing the pressure of the heating side. 
This mechanical stress coupled with short drying 
and washing intervals was able to restore heat trans-
fer coefficient values of the initial clean surface. 

List of symbols

A — Surface area (m2)
CF — Cleanliness factor (–)
dr — Rotor diameter (m)
m — Mass (g)
n — Number of rotations (–)
OD — Optical density (–)
r — Radius (m)
Re — Reynolds number (–)
Rf — Fouling resistance (m2 K W–1)

s — Layer thickness (m)
T — Temperature (K, °C)
t — Time (h)
Ui —  Overall heat transfer coefficient (W m–2 K–1)

Greek 

αi — Heat transfer coefficient (W m–2 K–1)
γsv — Surface free energy substratum (mN m–1)
γi

+ —  Electron-acceptor of the surface free energy 
(mN m–1)

γi —  Electron-donor of the surface free energy (mN m–1)
γi

AB — Acid-base surface free energy (mN m–1)
γi

LW —  Lifshitz-van der Waals surface free energy 
(mN m–1)

γmv — Surface free energy microorganism (mN m–1)
γsl — Interfacial energy (mN m–1)
γlv — Surface tension liquid (mN m–1)
η — Dynamic viscosity (kg m–1 s–1)
θ — Contact angle (°)
λ — Thermal conductivity (W m–1 K–1)
ρ — Density (kg m–3)
τ — Wall shear stress (N m–2)
ω — Rotational speed (rad s–1)
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