Thammasat Int. J. Sc. Tech., Vol. 15, Special BdjtSeptember 2010

Sticky Business: A review on Surface
Aspects of Fouling Mitigation

Phanida Saikhwan
Department of Chemical Engineering, Faculty of lBegring, Thammasat University,
Khlong Luang, Pathumthani, Thailand, 12120
E-mail: psaikhwan@engr.tu.ac.th

Abstract

There have been a number of recent studestsag for ways to avoid or reduce
fouling. One modern strategy is the developmentswoifface treatment technology that
produces less sticky or less fouling-prone surfadémrious surface treatments involve
modifying surface energy or surface roughness tr llosome cases. The generated surfaces
are also known as modified surfaces. This work sarmes a general overview of surface
modification and provides practical aspects in gsinodified surfaces in order for the purpose
of fouling mitigation.
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1. Introduction surfaces that promote cleaning thus
The accumulation of deposits on shortening cleaning time and avoiding the
process surfaces, or fouling, is a major use of strong chemicals appear attractive.
problem in food processing [1]. There is an In order to engineer any surfaces to
important product contamination issue since have anti-fouling properties, the interaction
there exists a risk of micro-organisms between these modified surfaces and the
growing at enhanced rate within the fouling foulant must be understood. As the foulant
layers. As a result, higher investment, molecule adheres to the surface, adhesion
production and maintenance costs are forces play a role. This interaction is
involved. dependent on the type and size of the
There have been a number of recent foulant molecules as well as the surface
studies investigating different strategies to properties of the substrate. Once the first
avoid or reduce fouling.g. [2, 3]. One of  layer is formed, the second layer and later
these is the use of surface treatment layers develop into structured deposits.
technology that aims to produce tailored Surface properties also play a role here.
surfaces that are less sticky or less prone toThis is because the structure of the first
fouling. This idea has attracted considerable layer, which is dependent on the surface
attention, particularly in the food industry. properties, may determine the structure and
This is partly because the use of treated or the strength of final deposits.
modified surfaces does not involve the
alteration of process fluide.¢. by adding 2. Understanding Adhesion
chemicals) and operating conditions, which 2.1 Adhesion forces
would affect product quality. Moreover, Adhesion of particles is an impor-
cleaning of equipment in food processing tant step in the formation of fouling.
plants is performed regularly, and hence is Fouling occurs when gravitational forces
expensive and time consuming. Therefore, are negligible; therefore only particulate
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materials of colloidal size (within
dimensions < Jum) will adsorb onto solid oG
surfaces immersed in flowing fluids [4]. Zi :(ﬁj 1)
Accordingly, the net force of interactions TP
between foulants and the surface has beenwhereG represents the Gibbs free energy of
described in terms of DLVO theory. Figure the systemA the interfacial areal the
1 gives an overview of the interactions temperature and the pressure. .
involved in adhesion. Th®LVO theory ~ Various approaches to determine
(named after Derjaguin, Landau, Verwey the interfacial free energy of solid substrates
and Overbeek) introduced the fundamental submerged in liquidy, are available and
idea that the complex colloidal phenomenon these are listed in Table 1. The geometric
could be understood using the concept of mean and harmonic mean methods (see
long-range forces, both attractive (van der Table 1 equations (2) and (3)) are based on
Waals) and repulsive (electrostatic double & macroscopic approach followed by
layer), which act between assemblies of Lifshitz [6] with respect to van der Waals
atoms or molecules. forces: (i) dipole-dipole interactions; (ii)
Van der Waals (LW) forces arise  dipole-induced dipole; (iii) fluctuating
from intermolecular dipole-dipole and nonpolar forces; and (iv) hydrogen bonding
dipole-induced dipoles. These forces are forces. The resulting surface energies are
also dependent on the geometry and on thecalled Lifshitz-van der Waals (LW).
physical and chemical properties of the Assuming van der Waals forces are
interacting bodies. When a surface is predominant, the interfacial energy is
immersed in an aqueous medium, it shows a divided into a dispersive (index “dis”) and a
tendency to acquire an electrical surface polar (index “pol”) component [6].
charge. As a result a redistribution of the In contrast to the geometric mean
ions in solution occurs: the ions of opposite and harmonic mean techniques, van Oss [7]
charge will be attracted to the surface, accounts for polar interactions due to the
whereas the ions of the same type of chargepresence of polar media (equation (5)).
will be repelled. This effect creates an These interactions are divided into an
electrical double layer adjacent to the €lectron acceptor fraction corresponding to
surface. Repulsion arises if these double a Lewis acid (electron receiving fractiop)
layers are interpenetrated when like-charged and electron donor corresponding to a
solid bodies approach each other. Other Lewis base (electron donor fraction)
forces to be considered in adhesion are (equation (6)). The net surface energy is
hydrophobic interactions, steric interactions calculated using equation (4) in Table 1 so
and ion bridging. These are described in [4]. that 5 can have a negative value repre-
2.2 Surface energy senting repulsive interactions between two
Researchers have attempted to phases immersed in polar media.
explain adhesion behaviour of fouling

deposits in terms of interfacial free energies. W B 5
: . ) . Vi =7 7ij (5)

According to equation (1) the interfacial

free energy, or surface tension, is defined as % YN (6)

the total work to create an interfacial area at
the interface of the phaseand;j [4]:
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Figure 1 Interfacial interactions influencing adhesion (a@agrom [3]).

Table 1 Calculation of the interfacial energy

Approach Application
Owens and Wendt (1969): Geometric mean
s d method for non-
Ya =g TVg — 2(\/%‘;37;’; N e ) (®holar systems
Wu (1982): _
dis, dis pol . pol Harmonic mean
W w gl Tels Ve Vs @)for low energy
Vs =g Vs dis dis pol pol Y
Vg T7s Vg TV systems such as
van Oss et al. (1994): polymer — or
LW . AB organic liquids
Ve =V *74 (< 35 mN/m)

4)
:(\/E_W)ZJFZ(\/MBMBJF\/@J@ _\/7@7;9 _\/7@7;9) Lewis-acid (A)-

base (B) method
for polar systems

2.3 Surface roughness are not only dependent on the distance
In addition to molecular inter- between the two objects but also tiaure
actions illustrated by the DLVO theory, the of the contact, e.g. roughness.
JKR theory proposed by Johnson, Kendall Greenwood and Williamson [9]
and Roberts [8] showed other factors that proposed that where more complex surface
influence adhesion forces. The JKR theory roughness exists at the particle contact,
states that two beads of the same size andthree parameters are needed to describe the
geometry adhere onto a given surface with contact adequately: o; the standard
different forces if they are made of different deviation of the height distributiorg , the
materials. This is because adhesion forcesradius of each asperity, at the number
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of asperities per unit arear is defined in hardness whilst the latter gives the surface a
the same way as the root mean squarelow coefficient of friction. It is possible to
roughness used by most researchers for thecontrol the surface energy, as well as

purpose of surface characterization. wetting properties of DLC coatings, by
embedding non-metallic elements.g; F,
3. Modified Surfaces Si, O, N) in the DLC matrixSCAN, for

Generally, the process of modifying €xample, contains embedded Si; the coating

surfaces involves applying coatings to the has a unique combination of a Teflon-like

original surface. In the food sector, the base surface with high wear resistance. Another
material is usually a stainless steel. example is Si and O doped DLS.CON",

Initial attempts to produce anti- Which has a hard glass-like silica surface.
fouling or less sticky surfaces was by DLC-based coatings are achieved by either

coating surfaces with polytetrafluoro- sputtering (physical vapour deposition:
ethylene (PTFE) or other polymer layers PVD) or plasma-enhanced chemical vapour
[2]. However, these low surface energy deposition (PECVD); both methods involve
coatings exhibit low thermal conductivity, depositing atoms of coating material on a
unsatisfactory abrasion resistance and poorsubstrate. The latter provides the possibility
adhesion to the metal substrate. Hence, oneof having additional atoms in the coatings
solution to this problem is the use of (eg. SICON’).
electroless (or auto-catalytic) nickel- (ii) Silica coatings: Silica, SiOx, is
phosphorus and PTFE composite coatings Well-known for its hardness, which provides
(Ni-P-PTFE). More recently, a polymer resistance to abrasion. Organic substances
containing fluorine, developed by NASA, can be incorporated in silica coatings to
has shown comparable friction to Teflon obtain unique chemical and physical
while offering greater scratch resistance and properties depending on the properties of
toughness. Work is ongoing to reduce the the added substances. For instance, "sol-gel
cost of such coatings [11]. which is produced by applying an organic
Another surface coating involves solvent in the sol-gel process, is a
the use of diamond-like carbon (DLC), hydrophilic and hydrated anionic surface.
which has the unique combination of The sol-gel process involves dipping or
excellent tribological properties and low Spinning solvent onto a surface, which is
surface energies [12, 13]. Advances in later annealed to oxidise or remove the
surface technology also lead to other residual organic molecules.
surface treatments, such as ion-implanted (iii) Teflon surface: The base Teflon
surfaces [14] and silica surfaces [15, 16]. (poly-tetrafluoroethylene: PTFE) material is
Recently, such tailored coatings have relatively soft, so a composite of PTFE and
become more affordable and can be applied Ni has been developed to give wear
to items of equipment on the process scale resistance, PTFE particles are co-deposited
and ships. with nickel phosphorus alloy. A compre-
Detailed explanations of techniques hensive review of this type of coating is
used to modify surfaces are given by Zhao given by Kerret al. [19].

et al.[2] (Ni-P-PTFE) and Santa al. [17] ~ (iv) lon-implanted coatings: lons
(other coatings). Descriptions of some are implanted directly onto a substrate by
common coatings are: sputtering to create an alloy at the surface.

(i). Diamond-like carbon (DLC)- The ions used include S MoS* and

based coatings: a thin film of amorphous TiC (hard coating, low friction)&g. [15,
carbon containing both diamond and 20]).
graphite bonding. The former creates
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4. Fouling mitigation by modified
surface

Various coatings are available for
tribological applications and those that are
smooth, with low surface energies and
friction, have been studied for their anti-
fouling properties. Recently, there have

been many studies on the efficacy of surface varies

coatings in preventing fouling and/or
promoting cleaning. For instance, the EU-
funded MODSTEEL project studied a range

thickness of whey protein foulants. Other
than milk and scale fouling, recent studies
of surface coatings for fouling mitigation
include those involving food soil [23], fruit
juice [24], biofilm [25] and marine [26].

It is seen from several literature
examples that the effectiveness of coatings
with  the foulants involved.
Nonetheless, the work done mostly focused
on specific types of deposits and the guide-
lines for selecting coatings for a given

of coated stainless steels for use in dairy Process have not yet been established. One

plate heat exchangers. Santgisal. [16]
conducted part of the project, focusing on
the adsorption of I-Lactoglobulin (7 -Lg)
from whey protein solutions and found that
SiF® -implanted and DLC surfaces were
promising mitigators of ] -Lg adsorption.

These two modified surfaces have been anti-fouling originally. Hence,

previously reported to be efficient in

reducing formation of calcium sulphate

scale and attachment of bacteria [2, 22]
Bornhorstet al. [21] reported that

deposit layers formed on these two surfaces

challenge is therefore to establish some
relation between the fouling problems
caused by different components of deposits
and the surface properties of the substrates.
Another point to take is that the modified
surfaces used are not for the purpose of
another
challenge is to engineer anti-fouling
surfaces specifically for a given process, for
example, roughness is smaller than cell
sizes to prevent cells adhesion.

were thinner and easier to remove compared 5. Effects of surface properties

to uncoated stainless steel. They reported

that surface modification had a stronger
effect on cleaning than on depositidre.

although surface energies changed, the foodsurface,

material was still able to foul the surface.
Significant reduction in mineral scale

Adhesion or adsorption of fouling

precursors is the result of several
interactions occurring between the deposit,
and process fluid. These

interactions are significantly influenced by
the surface properties, particularly its

formation was observed on heat exchanger surface energyyy [19]. This is confirmed
surfaces using graded Ni-P-PTFE surfaces by experimental work. For instance, Forster

[19]. In addition, Beufet al. [15] reported
that the Ni-P-PTFE surfaces fouled with
milk proteins were the easiest to clean
compared with DLC, silica, ion
implantation coatings and two commercial
surfaces, Excalibur® and Xylan®. Ni-P-
PTFE was also recommended by
Rosmaninheoet al [19] as an ideal heating
surface for milk pasteurisation.

The effect of surface coating
combined with smoothing the surface
(electro-polishing) was investigated by
Augustin et al. [22]; electropolishing the
surface before applying coating was found
to increase performance in reducing the
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and Bohnet [27] reported that surface
energy and a lag time before fouling can be
observed (induction period), are related.
Their work reports the advantage of using
low energy surfaces for heating equipment.
Moreover, there exist surface energies
which minimise adhesion by deposits; the
values of optimum surface energies have
been determined experimentally. For
example, bacterial attachment [28] and milk
proteins [29] exhibit reduced adhesion on
surfaces with energies around 25 mN.m

Recently, it has been found that the
optimum surface energies (minimal fouling)
could be estimated by extended DVLO
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theory, which includes Lifshitz-van

to mitigate fouling must be investigated and

derWaals, Lewis acid-base, and electrostatic improved as the ideal surface coatings

double layer interaction®.¢. [27, 28, 30]).

should remain stable over repeated fouling

However, the work based on a theoretical and cleaning cycles.

approach does not include
observations made

works. For example, Zhao and Miiller-

some

from experimental 7. Acknowledgement
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find optimum surface energy based on total Chew are gratefully acknowledged.

surface energy. However, experimental
work by Liu et al. [31] andWuet al. [32],
reported that at a fixed total surface energy, [1]
more nucleation of calcium phosphate is
observed with increasing Lewis base
component of the surface energy.

Apart from surface energy, it has
been suggested that the hydrophobicity of a [2]
surface influences fouling or cleaning rates
(e.g. [19]). The general concept is that a
surface that is hydrophilic should prevent
fouling by hydrophobic deposits. Several
articles also look into the effect of surface
roughness on fouling or cleaningd. [22, [3]
27)).

Santost al. [29] found that DLC
sputtered surfaces were the most promising
of their selections tested, in terms of
reducing protein adsorption, but found that
surface properties eg. surface energy) [4]
changed after cleaning. [33] and Jullien
al. [34] also reported that contact between
stainless steel and food or detergents altered
the surface energy of stainless steel. [5]
Therefore the study of modified surfaces
should include stability testing.

, [6]

6. Conclusion

The effectiveness of surface treat-
ment needs to be considered holistically, as
the prime benefit may be in cleaning rather
than anti-attachment. Information on [7]
deposit structure, strength, and fouling or
cleaning mechanisms and rates, is required
for this. Selection of surface coatings for a
particular process is currently done by trial
and error and there is a need to establish a
more systematic approach to the selection.
Moreover, the stability of surface coatings
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