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Abstract

Industrial heat exchangers are widely used in industries such as petrochemicals, energy
and power, and food processing, making them one of the most important pieces of heat and
mass transfer equipment in industry. During operation, a layer of fouling often adheres
to the heat transfer surfaces, which reduces the heat transfer coefficient of the equipment
and increases the thermal resistance of the surfaces. Additionally, fouling can corrode
the material of the heat transfer surfaces, compromise their integrity, and even lead to
perforations and leaks, severely impacting equipment operation and safety while increasing
energy consumption and costs for enterprises. The application of anti-fouling coatings on
surfaces is a key technology to address fouling on heat transfer surfaces. This paper focuses
on introducing major types of anti-fouling coatings, including polymer-based coatings,
“metal material + X”-type coatings, “inorganic material + X”-type coatings, carbon-based
material coatings, and other varieties. It analyzes and discusses the current research
status and hotspots for these coatings, elaborates on their future development directions,
and proposes ideas for developing new coating systems. On the other hand, this paper
summarizes the current research on the main factors—surface roughness, surface free
energy, surface wettability, and coating corrosion resistance—that affect the anti-fouling
performance of coatings. It outlines the research hotspots and challenges in understanding
the influence of these three factors and suggests that future research should consider the
synergistic effects of multiple factors, providing valuable insights for further studies in the
field of anti-fouling coatings.

Keywords: anti-fouling coatings; fouling resistance; influencing factors; research progress

1. Introduction

Industrial heat exchangers are widely used in industrial fields such as the chemical
industry, petroleum, power generation, metallurgy, food processing, and pharmaceuticals.
They are critical pieces of equipment designed to transfer heat between two or more fluids
at different temperatures. For production enterprises, they represent one of the key devices
for achieving energy conservation, reducing emissions, and improving energy utilization
efficiency in the production process [1]. As industrial heat exchangers operate over time,
fouling deposits gradually accumulate on the heat transfer surfaces, as shown in Figure 1.
These deposits form solid layers resulting from combined effects of the temperature, fluid
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flow patterns, and chemical characteristics of the processed materials [2—4]. The fouling
formation process involves coupled physicochemical phenomena of heat/mass transfer and
momentum transfer, with biological activities also contributing under natural environmen-
tal conditions. Consequently, industrial heat exchanger fouling typically exists as complex
mixtures. Based on formation mechanisms and composition, fouling can be classified into
five main categories: crystallization fouling, particulate fouling, chemical reaction fouling,
corrosion fouling, and biological fouling [5,6]. The deposited fouling layers create thermal
barriers between heat transfer surfaces and process fluids, significantly increasing thermal
resistance and reducing heat transfer coefficients. This leads to substantially diminished
heat exchange efficiency, elevated energy consumption, and increased production costs.
Furthermore, fouling deposits can corrode heat transfer surface materials, potentially caus-
ing perforations that lead to process fluid leakage from equipment. Such failures may result
in significant economic losses or even personnel injuries.

Fouling
Layer

Figure 1. The fouling deposition process on industrial heat exchanger surfaces.

Therefore, the fouling problem has become one of the critical issues affecting the
operational safety and heat transfer efficiency of industrial heat exchangers. To address
this challenge, researchers have proposed three main solutions: fouling inhibitors, anti-
fouling structural design optimization, and anti-fouling coatings. Each of these approaches
has its own advantages and limitations. As a method that neither alters the composition
of the heat transfer fluid nor significantly modifies the structure of the industrial heat
exchanger, anti-fouling coatings possess substantial potential for fouling resistance and
high application value, making them a favored solution among numerous researchers. This
review covers prominent studies on anti-fouling coatings published between 2000 and 2025,
and it focuses on the common anti-fouling coatings in the industrial heat exchange sector,
analyzing and comparing the characteristics and existing issues of polymer-based anti-
fouling coatings, “metal material + X”-type coatings, “inorganic material + X”-type coatings,
carbon-based material coatings, and other types of anti-fouling coatings. It elaborates on
the current research status of the anti-fouling mechanisms and the applicable scope of these
different coatings, and it proposes their future development directions. On the other hand,
regarding the three main factors influencing coating anti-fouling performance—surface free
energy, wettability, and corrosion resistance of the coating—this paper describes the current
research status of these influencing factors and points out that the synergistic interaction
mechanisms among them need to be considered.

2. Industrial Heat Exchange Surface Anti-Fouling Coatings

To solve the problem of fouling deposition on industrial heat exchange surfaces,
engineers initially adopted non-metallic coatings such as polymer materials, enamel, glass,
and monomolecular polymers as protective layers to inhibit fouling adhesion. Compared
to metallic materials, these non-metallic coatings exhibit lower thermal conductivity and
higher inherent thermal resistance. While they effectively reduce fouling accumulation on
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industrial heat transfer surfaces, they simultaneously diminish the effective heat transfer
efficiency of industrial heat exchangers. Consequently, such non-metallic coatings have not
been widely adopted in the industry and are limited to specialized operating conditions or
environments. To enhance the applicability of anti-fouling coatings, researchers worldwide
have conducted extensive studies on the influence mechanisms between coating surface
characteristics and fouling adhesion behavior. This research has evolved from single-
component coatings to composite and gradient coatings, driving the diversification of
anti-fouling coating technologies.

2.1. Polymer-Based Anti-Fouling Coatings

Polymer-based coatings offer simple preparation processes and flexible compositional
combinations, enabling researchers to easily obtain composite coatings with various ratio
characteristics. Forster et al. [7] investigated the crystallization fouling inhibition perfor-
mance of perfluoroalkoxy copolymer (PFA), fluorinated ethylene propylene (FEP), and
polytetrafluoroethylene (PTFE) coating materials, comparing their anti-fouling and heat
transfer performance with uncoated heat exchange surfaces such as pure copper tubes,
pure aluminum tubes, stainless steel tubes, and brass tubes. Experimental results showed
that PFA, FEP, and PTFE polymer coatings exhibited longer fouling induction periods and
significantly lower fouling thermal resistance than metal heat exchange surfaces, demon-
strating superior fouling inhibition performance. However, due to the inherent properties
of PTFE, it is difficult for it to firmly adhere to heat exchange surfaces, and its service life is
significantly affected by working conditions. Therefore, PTFE anti-fouling coatings have
limited engineering practicality.

In addition to research on polymer-based anti-fouling coatings for heat exchange
tube surfaces, researchers have also conducted studies on anti-fouling coatings for plate
heat exchange surfaces. Polyphenylene sulfide (PPS) and PTFE/PPS coatings [8] were
investigated on carbon steel heat transfer surfaces for their performance against SiO,
particle fouling. Experimental results showed that heat exchange surfaces coated with PPS
and PTFE/PPS had significantly fewer attached fouling particles compared to uncoated
surfaces. Researchers attributed this result to the oxide film formed on PPS surfaces as a key
factor inhibiting SiO, particle deposition, while the high oxidation resistance of PTFE in the
PTFE/PPS coating further prevented SiO, particles from adhering effectively. Furthermore,
various polymer-based coatings, including Teflon-based coatings, PPG electro-coatings,
epoxy resin-based coatings, and phenolic plastic coatings, were tested on heat exchange
plates of both gasketed plate heat exchangers and brazed plate heat exchangers [9]. All
the polymer coatings demonstrated anti-fouling effects, but engineers concluded that PPG
electro-coating offered the best balance between fouling resistance and cost-effectiveness
for practical applications.

During the investigation of polymer-based anti-fouling coatings, researchers discov-
ered that modified polymer coatings exhibit superior fouling resistance. Malayeri et al. [10]
compared unstructured coatings (a blend of BN, aluminum silicate, fluorinated polyethy-
lene wax, and silicone polyester resin) with nanostructured coatings (K-S1 and K-S52,
featuring silicon nanoparticles dispersed in the matrix) for their efficacy against CaSO4
crystal fouling. By analyzing surface characteristics like roughness, contact angle, and
surface energy, they demonstrated that nano-modified coatings (K-51 and K-52) exhibited
longer fouling induction periods, lower fouling thermal resistance, and slower fouling
thermal resistance curve slopes. Oldani et al. [11] employed a sol-gel method to prepare
5i0,-modified fluorinated polymer coatings on heat exchanger tubes, evaluating their effec-
tiveness in mitigating crystalline fouling deposition. In subsequent work [12], they coated
heat exchanger surfaces with modified a—w functionalized perfluoropolyethers (PFPE).
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Fouling resistance tests revealed that PFPE-modified coatings achieved minimal fouling
accumulation, demonstrating exceptional anti-fouling performance. The PTFE coatings
can also be deposited atop polydopamine-modified intermediate layers to form composite
coatings [13]. The polydopamine interlayer enhances the durability of PTFE composites,
enabling sustained anti-fouling performance across varying temperatures. Additionally,
epoxy resin coatings modified with diatomite and polydimethylsiloxane (PDMS) [14] show
enhanced fouling resistance against crystalline deposits in moderate temperature media,
outperforming epoxy coatings modified solely with diatomite.

The above analysis demonstrates that polymer-based coatings exhibit significant anti-
fouling capabilities and deliver excellent fouling suppression effects on heat exchange
surfaces. However, these coatings also face challenges with thermal stability under high-
temperature conditions. Research on polymer-based anti-fouling coatings has revealed that
modifying the interfacial properties of heat exchange surfaces is a critical factor in enhancing
fouling resistance. Guided by this principle, studies focusing on altering surface interfacial
characteristics to achieve anti-fouling performance have rapidly advanced. Researchers
have developed various composite anti-fouling coatings to investigate the mechanisms by
which interfacial properties inhibit fouling deposition.

2.2. “Metal Material + X” Hybrid Coatings

Anti-fouling coatings find applications across various industrial production sectors.
In the food processing industry, such as the dairy sector, heat exchange equipment is essen-
tial for pasteurizing milk powder. Over prolonged use, heat exchange plates accumulate
significant milk-based fouling layers and crystalline deposits, which directly impair the op-
erational efficiency of the heat exchange equipment and the effectiveness of pasteurization.
However, due to regulatory requirements in the food processing industry, polymer-based
anti-fouling coatings cannot be fully utilized in this sector, necessitating the development
of novel coatings tailored to meet the specific demands of the food industry.

To address this need, researchers initially adopted an approach of incorporating
metallic elements into polymer-based coatings to modify their performance under high-
temperature conditions, thereby developing “metal + polymer” composite anti-fouling
coatings. Among these, Ni-based coatings are a typical example. Coatings such as Ni-
Cu-P-PTFE, gradient Ni-P/Ni-Cu-P/Ni-Cu-P-PTFE, gradient Ni-P/Ni-P-PTFE, and
Zn-Ni/PTFE have been demonstrated to effectively inhibit crystalline fouling deposition
on heat exchange surfaces [15,16]. However, practical tests revealed that the same coating
exhibited varying anti-fouling performance on different substrates. Furthermore, gradient
Ni-P/Ni-Cu-P/Ni-Cu-P-PTFE and gradient Ni-P/Ni-P-PTFE coatings showed smaller
reductions in heat transfer coefficients in fouling solutions, indicating thinner crystalline
fouling layers on their surfaces. Notably, the gradient Ni-P/Ni-Cu-P /Ni-Cu-P-PTFE coat-
ing outperformed the gradient Ni-P/Ni—-P-PTFE coating in fouling resistance. While the
inhibition of biological fouling by such coatings is difficult to enhance solely by adjusting
Ni and Cu metal content, it can be significantly improved by modulating the polytetraflu-
oroethylene (PTFE) polymer content. As the PTFE content increases, the surface energy
of the coating changes accordingly. Experimental results demonstrated that composite
coatings with varying PTFE content achieved biological fouling inhibition rates ranging
from 68% to 94% [17,18].

In addition to being combined with polymers to create anti-fouling coatings, Ni-based
coatings such as common Ni-P and Ni-P-BN variants are also applied in fouling inhibition
research. Ni-P and Ni-P-BN coatings [19] demonstrate effectiveness in suppressing CaSO4
fouling crystals on AISI304 stainless steel surfaces, though Ni-P-BN coatings exhibit in-
ferior wear-corrosion resistance. Comparative studies between Ni-P-BN coatings and
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solvent-based /water-based coatings [20] reveal that Ni-based coatings deliver superior
fouling inhibition and outperform their solvent-/water-based counterparts in durability.
Notably, the anti-fouling performance of Ni-P coatings varies with the proportional con-
tent of amorphous, nanocrystalline, or mixed amorphous/nanocrystalline (hybrid crystal)
structures [21,22]. Amorphous Ni-P coatings achieve optimal fouling resistance, while
nanocrystalline coatings show declining performance with increased nanocrystalline con-
tent; hybrid crystal structures fall between these extremes. Further modifications, such as
Ni—Cu-P [23] and Ni-P-PTFE [24,25] coatings, demonstrate that higher PTFE or Cu content
increases crystalline fouling deposition. However, particulate fouling on Ni-P-PTFE coat-
ings initially decreases then rises with increasing PTFE content. The anti-fouling efficacy of
Ni-P coatings also stems from their surface microstructure [26,27], which inhibits biological
fouling adhesion on copper heat exchanger tubes. The amorphous content nonlinearly
influences microbial corrosion resistance, governed by complex mechanisms distinct from
conventional chemical corrosion. Additionally, Ni-P-TiO, composite coatings [28,29] sig-
nificantly reduce MgO particulate fouling in plate heat exchanger experiments, as shown
in Figure 2. The experimental results indicated a significant difference in the stable foul-
ing thermal resistance values between the uncoated SS316 heat exchange surface and the
Ni-P-TiO,-coated surface. Under the same experimental conditions, the stable fouling
thermal resistance of the uncoated SS316 surface was considerably higher than that of
the coated surface. Macroscopic images of the heat exchange plates after the experiment
further revealed that the amount of MgO particulate fouling attached to the coated surface
was significantly less. These findings demonstrate that the Ni-P-TiO, coating possesses a
remarkable ability to inhibit fouling deposition.
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Figure 2. The stable fouling resistance values of Ni-P-TiO, coating and SS316 heat exchange surfaces
under different experimental conditions.

The above analysis demonstrates that “metal material + X”-type anti-fouling coatings
exhibit excellent fouling resistance performance. Their anti-fouling properties can be further
enhanced by precisely controlling the crystalline structure, phase proportion, and doping
elements within the coating. However, some experimental results indicate that the service
life of such coatings on heat exchange surfaces is influenced by multiple factors including
substrate material, heat transfer medium, and fouling type. A critical limitation arises from
the gradual leaching of metal ions from the coating during prolonged service. This ion
migration phenomenon not only affects heat exchange equipment performance but may
also contaminate processed materials, posing potential threats to both operational safety
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and human health. These inherent constraints have consequently restricted the engineering
application scope of “metal material + X” anti-fouling coatings in industrial settings.

2.3. “Inorganic Material + X"-Type Anti-Fouling Coating

A typical example of this type of coating is the TiO, and SiO, coating. Due to the
excellent antibacterial properties, chemical stability, and high-temperature stability of TiO,
and SiO,, “inorganic non-metal + X” coatings show promising potential for industrial
applications. However, the insufficient bonding strength between the coating and the heat
exchange surface substrate severely limits the widespread adoption of this type of coating.

Professor Mingyan Liu has conducted a series of studies on anti-fouling coatings
for geothermal water utilization, achieving remarkable results. Mingyan Liu et al. [30]
prepared TiO, thin films via liquid phase deposition (LPD) and pioneered the application of
TiO, micro-nano coatings for both fouling inhibition and heat transfer enhancement in heat
exchangers. They found that coatings with superior anti-fouling performance exhibited
lower surface energy and were thinner. Wang et al. [31] investigated the anti-fouling prop-
erties and pool boiling characteristics of vacuum-deposited TiO, thin films. Experimental
results demonstrated that nanoscale TiO, films effectively resisted fouling, with CaCOs3
deposits forming loose structures on their surfaces. Similarly, Wang et al. [32] employed
LPD to fabricate TiO, films on copper substrates and evaluated their fouling resistance in
scaling solutions. Compared to polished copper surfaces, LPD-TiO, coatings significantly
prolonged the fouling induction period by hindering deposit adhesion. Further improve-
ments were achieved by composite coatings combining TiO, with other components. For
instance, TiO,—fluoroalkylsilane (FPS) composite coatings [33-35] exhibited lower fouling
thermal resistance and deposition rates, with loosely adhered deposits that were easily
removable. When the surface roughness of TiO,—FPS coatings was modified via chemical
etching, the treated surfaces showed reduced fouling thermal resistance in early-stage
experiments, though the asymptotic fouling resistance in later stages remained unaffected.

Beyond TiO,, researchers have explored SiO, as another promising inorganic material
for anti-fouling applications. Song et al. [36] observed that crystalline fouling deposition
rates on SiO; coatings increased with solution temperature in geothermal water experi-
ments. Notably, SiO, and SiO,—FPS coatings prepared via sol-gel methods outperformed
TiO; coatings in both fouling inhibition and corrosion resistance. Chen et al. [37] deposited
510, coatings on copper substrates using LPD and tested their anti-fouling performance
in simulated geothermal environments. The results indicated that SiO,-modified surfaces
had lower fouling crystal deposition rates and quantities compared to smooth copper,
though thicker SiO, coatings provided more attachment sites, leading to higher fouling
accumulation. The study highlighted SiO, coatings” advantages, such as excellent thermal
stability, low internal stress, and absence of drawbacks common to organic/metal coatings,
making them highly viable for industrial geothermal applications.

In summary, “inorganic material + X”-type anti-fouling coatings demonstrate strong
potential in fouling mitigation. However, their higher thermal resistance and lower thermal
conductivity relative to metallic materials necessitate further modifications, such as doping
with other components to optimize heat transfer efficiency for practical applications.

2.4. Carbon-Based Anti-Fouling Coatings

In addition to polymer-based, “metal material + X”, and “inorganic material + X” anti-
fouling coatings, carbon-based diamond-like carbon (DLC) coatings have also garnered
significant attention from researchers. Forster et al. [7] investigated the adhesion resistance
of DLC coatings against CaSOy fouling. Experimental results demonstrated that while
DLC-coated surfaces exhibited a longer fouling induction period compared to smooth heat
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exchange tubes, it was considerably shorter than that of PFA and PTFE polymer-based
anti-fouling coatings. Although DLC coatings did not match the extended fouling induc-
tion periods of polymer-based coatings, the total crystalline fouling deposited on DLC
surfaces was notably less, with a loose distribution that facilitated easy removal using
soft brushes [38]. To enhance the early-stage anti-fouling performance of DLC coatings
under pool boiling conditions, researchers developed fluorine-doped DLC (F-DLC) coat-
ings [39], which successfully reduced the initial fouling thermal resistance and moderately
prolonged the fouling induction period. Another carbon-based coating, amorphous carbon
film, has shown exceptional anti-fouling properties due to its superior physicochemical
characteristics. In one study, a hierarchical micro-nano structured amorphous carbon film
was fabricated by combining surface micro-nano textures with amorphous carbon depo-
sition [40]. Both static and dynamic fouling experiments revealed that this hierarchical
structure effectively inhibited CaCOj crystal adhesion and extended the fouling induction
period on heat exchange surfaces.

Carbon nanomaterials such as carbon nanotubes (CNTs) and graphene have also been
explored for anti-fouling applications. Xu et al. [41] developed Ni-P-rGO coatings to
combat iron bacteria biofouling. Comparative analysis showed that the biofilm adhesion
on Ni-P-rGO coatings was drastically lower (by orders of magnitude) than on bare carbon
steel tubes, with the anti-fouling performance improving as the graphene content increased.
At an optimal graphene concentration of 40 mg/L, biofilm adhesion was reduced to just
2.8 wt.% of that on uncoated surfaces. Kaleemullah Shaikh et al. [42] adhered multi-walled
carbon nanotubes (MWCNTs) to heat exchange tubes using gum arabic as a binder. Cyclic
tests demonstrated that MWCNT coatings not only suppressed CaCOj scaling but also
enhanced heat transfer, with coated tubes exhibiting lower overall thermal resistance and
thinner fouling layers compared to uncoated SS316L tubes. Further innovation involved
blending graphene and MWCNTs as anti-fouling additives in heat transfer fluids [43],
which not only inhibited fouling adhesion but also altered crystal morphology, significantly
reducing fouling thermal resistance. Their research offers a novel approach for carbon-
based anti-fouling material development.

In summary, carbon-based coatings exhibit promising potential in anti-fouling ap-
plications due to their stable physicochemical properties. However, challenges such as
insufficient substrate adhesion, high internal stress leading to delamination, and complex
fabrication processes currently limit their widespread adoption [38-43].

2.5. Other Types of Anti-Fouling Coatings

With the deepening research on anti-fouling coating mechanisms, other types of anti-
fouling coatings have emerged, such as Fe—Al intermetallic compound coatings [44], Zr
coatings [45], and pure Ti coatings [46], which are primarily metal-based. Additionally,
there are two-dimensional anti-fouling coatings based on inorganic materials like hexagonal
boron nitride (h-BN) [47], as well as superhydrophobic anti-fouling coatings formed by cou-
pling metal ions with scale inhibitors, such as S—Cu?* /D-ACO [48] and PFSC-EDTA [49].
These coatings fill the gaps left by traditional materials in anti-fouling applications and
further explore anti-fouling mechanisms.

3. Factors Influencing the Anti-Fouling Performance of Coatings

Coatings can effectively inhibit the adhesion of fouling deposits on material surfaces,
prolong the fouling induction period, and reduce fouling thermal resistance. Some anti-
fouling coatings also enhance heat transfer efficiency and improve corrosion resistance. This
demonstrates that the surface properties of anti-fouling coatings play a critical role in their
performance [50]. Therefore, it is essential to investigate the influence of coating surface
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characteristics on anti-fouling effectiveness and establish their structure-performance
relationships. The key factors affecting anti-fouling performance include surface roughness,
surface free energy, wettability, and corrosion resistance.

3.1. Surface Roughness

The surface roughness of heat exchange tubes/plates directly influences the structure
of fouling crystals adhering to the interface and the fouling deposition rate. The bonding
strength between adhered fouling crystals and the heat exchange interface increases with
surface roughness, potentially reaching 30 times that of smooth surfaces [51-53]. Fouling
crystal attachment also exhibits selective regional preferences [53]. However, as research
progresses, some findings reveal differing mechanisms regarding how surface roughness
affects fouling crystal adhesion, suggesting that describing fouling behavior solely through
macro-scale roughness parameters is incomplete. Zhang et al. [54] analyzed influencing
factors of the fouling induction period using an adhesion calculation model. Their model
indicates that the relationship between surface roughness and the fouling induction period
is complex, with a scale effect existing between fouling adhesion behavior and surface
roughness. The material system of coatings also modulates the impact of surface roughness
on the fouling induction period. Song et al. [36] introduced the concept of a “roughness
coefficient I” to characterize coating surfaces. Based on its physical significance, they pro-
posed that an ideal anti-scaling surface, which is resistant to both crystalline and particulate
fouling, should be molecularly flat, defect-free, and hydrophobic. Liu et al. [55] concluded
from experimental results that macro-scale surface roughness has limited influence on foul-
ing adhesion, with no clear linear relationship observed; instead, anti-fouling performance
correlates more strongly with substrate corrosion resistance. Other studies based on fouling
adhesion models found that higher surface roughness does not linearly increase fouling
deposition but asymptotically approaches an upper limit [56]. In the early stages, high
roughness may accelerate crystalline fouling deposition [35]. Conversely, Yang et al. [57]
reported that greater roughness shortens the fouling induction period but reduces total
fouling accumulation, while smoother surfaces exhibit the opposite trend. This is because
smoother surfaces require more fouling crystals to increase their roughness and reach a
stable state. Kaleemullah Shaikh et al. [42] observed that MWCNT coatings having lower
initial roughness had a much shorter fouling induction period than uncoated SS316L tubes
having higher roughness. Within the first 20 h, the fouling thermal resistance on MWCNT
coatings increased faster than that on SS316L surfaces. However, after 20 h, the fouling
thermal resistance on MWCNT coatings stabilized, while it continued to rise on SS316L
tubes, resulting in significantly higher total fouling thermal resistance for SS316L. The
authors attributed this to fouling adhesion increasing the surface roughness of MWCNT
coatings 15-fold during the induction period, which subsequently inhibited further fouling
deposition before negative thermal resistance occurred. This result demonstrated that high
surface roughness can suppress fouling behavior at certain stages.

Based on the research findings of the scholars mentioned above, a summary is pre-
sented in Table 1. As can be seen from the table, numerous scholars have conducted a series
of studies focusing on how surface roughness inhibits the attachment of fouling deposits.
These investigations primarily explore the influence of surface roughness on the patterns
of fouling attachment. Some researchers have proposed inhibition mechanisms by which
surface roughness affects the fouling attachment behavior. However, the related research
efforts cannot fully elucidate how surface roughness inhibits the fouling attachment process.
In particular, studies concerning the influence of heat exchanger surface roughness on the
entire fouling attachment process—including the underlying mechanisms—are relatively
limited at present. Further in-depth and systematic research is still required.
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Table 1. Research findings of the relationship between surface roughness and fouling.

Research
Date

Scholars and
Researchers

Research Findings Research Method

1994
2011
2005

Keysar, S. [51]
Lei, C. [52]
Zettler, H.U. [53]

The bonding strength between fouling
deposits and the heat transfer surface
increases with surface roughness, and the
attachment exhibits regional selectivity.

Experimental research

2008

Zhang, Z. [54]

Surface roughness influences the fouling

. . . Theoretical research
induction period.

2011

Liu, Y. [55]

A critical surface roughness promotes the
formation of a “transition interface” between
the heat transfer surface and fouling deposits,
inducing fouling attachment.

Experimental research

2012

As surface roughness increases, the amount

Mayer, M. [56] of fouling attachment asymptotically Theoretical research

approaches an upper limit.

2015

Hui, L. [35]

In the early stages of fouling, higher surface

. E i 1 h
roughness accelerates fouling attachment. Xperimental researc

2015

Yang, D. [57]

1. High surface roughness on the heat
transfer surface leads to a shorter fouling
induction period, but the attached fouling
layer tends to be stable, resulting in a lower
total fouling accumulation.

2. Low surface roughness on the heat transfer
surface results in a longer fouling induction
period, but the fouling deposits may develop
greater surface roughness, leading to higher
total fouling accumulation.

Experimental research

2018

Song, J. [36]

The “Roughness Coefficient I” describes the Experimental research,
characteristics of an ideal anti-fouling surface. theoretical research

2023

At certain stages of fouling attachment, high

Shaikh, K. [42] surface roughness can exhibit an inhibitory Experimental research

effect on fouling deposition.

In summary, while macro-scale surface roughness influences fouling crystal adhesion
and may temporarily increase deposition rates during specific phases, no simple linear
relationship exists between surface roughness and fouling accumulation. At micro scales,
the effect of surface roughness on fouling behavior must be considered alongside other sur-
face properties, such as surface energy, wettability, and corrosion resistance. Additionally,
the scale effect between surface roughness and fouling crystal size may help explain these
phenomena [36,42,51-57].

3.2. Surface Free Energy

Fouling ions/crystals are mixed within the heat transfer medium. When the medium
comes into contact with the heat exchange surface, the fouling ions/crystals also interact
with the surface. Consequently, the energy state at the interface between the heat exchange
surface and the fouling ions/crystals significantly influences fouling adhesion behavior.
Extensive research has been conducted to investigate this interfacial energy state. Generally,
a lower surface free energy of the material correlates with reduced fouling deposition on
the surface, a conclusion supported by studies on the anti-fouling properties of various
materials [7,53,58-61]. Based on these findings, researchers suggest that enhancing the
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hydrophobicity of coatings or employing hydrophobic materials can help elucidate the
interfacial forces between deposits and coatings [10].

Professor Cheng et al. [23,24] demonstrated through research on Ni-based anti-fouling
coatings that fouling resistance correlates with surface energy rather than surface roughness.
Their works further revealed that anti-fouling coatings exhibit optimal fouling inhibition
within a specific surface free energy range, rather than relying solely on low surface free
energy properties. Al-Janabi et al. [19,20,62] systematically reviewed prior studies and
developed a numerical model analyzing the surface free energy—fouling relationship. This
model indicates that higher electron-donating components (Lewis base) generate repulsive
energy between anti-fouling coatings and fouling crystals, with this parameter being more
critical than surface free energy itself in determining fouling deposition trends and coating
performance. Their experimental observations on SiC surfaces [63] and nanostructured
coatings (K-5S1 and K-52) [64] confirmed similar phenomena: modified surface free energy
reduces fouling adhesion energy, enabling effective foulant removal through fluid shear
stress, while micron-thick coatings achieved 40% surface free energy reduction. Notably, the
deposition process showed no direct correlation with total surface free energy or Lifshitz—
van der Waals energy. However, Al-Janabi acknowledged that current findings cannot
fully explain the underlying mechanisms, warranting further theoretical investigation. To
elucidate the surface free energy—anti-fouling relationship, most researchers employ DLVO
theory and its extensions [28,29,65,66], establishing an optimal surface free energy formula
(static) for minimal particulate fouling adhesion, as shown in Equation (1) [25,67].

V7B = 5 (VY ) 0

In Equation (1), \/%LW , \/ﬁiw ,and \/'ylLiw represent the Lifshitz—van der Waals (LW)
non-polar components of the heat transfer surface, particulate fouling, and water, respec-
tively. This formula explains why the same type of fouling exhibits significant differences
in adhesion amounts on different material surfaces. When the surface free energy of the
coating is lower than this critical value, the adhesion behavior of particulate fouling is
suppressed; conversely, when the two values are similar, the coating surface becomes prone
to fouling adsorption. This indicates that there is no simple correlation between surface free
energy and fouling behavior, and interfacial energy similarity between the heat transfer
surface and fouling crystals may even increase fouling deposition rates. However, Cheng
et al. [23,24] argue that for different types of fouling and anti-fouling coatings, the surface
free energy of anti-fouling coatings exhibits optimal fouling inhibition within a specific
range, suggesting that merely reducing surface free energy does not inherently enhance
anti-fouling performance.

Thus, the influence of material surface energy on fouling adhesion follows complex
mechanisms. The research approach on the influence of surface free energy on the adhesion
behavior of foulant deposits is illustrated in Figure 3. Here, the components of surface
free energy are key to revealing variations in the deposition rate and quantity of foulant
attachment. A major research challenge lies in the significant differences in the surface free
energy of various foulant types, which makes it difficult to establish a unified model that
accurately reflects the impact of surface free energy components on foulant attachment
behavior [68]. Low surface free energy reduces fouling adhesion, particularly during
the early stages of fouling formation, but its effect diminishes in later stages. The polar
component of surface free energy demonstrates more pronounced inhibition on fouling
adhesion than the non-polar component, though the synergistic mechanism between these
components requires further clarification.
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Figure 3. Research approach on the influence of surface free energy on the adhesion behavior of
foulant deposits.

3.3. Wettability

Wettability characterizes the hydrophilic/hydrophobic properties of coating surfaces.
For anti-fouling coatings, surface wettability influences the interaction behavior of fouling-
containing media. Hydrophobic coatings can delay fouling adhesion [69], effectively
prolong the fouling induction period on heat exchange surfaces, and significantly reduce
the asymptotic value of fouling thermal resistance [10]. Moreover, hydrophobic surfaces
restrict the size and quantity of crystalline fouling particles adhering to heat exchange
surfaces [12]. Further, hydrophobic properties can be utilized to modulate the crystal
structure of adhered fouling, thereby preventing the attachment of specific fouling crystal
types [70].

For fouling media on heat exchange surfaces, when the surface exhibits hydrophobicity,
according to the Cassie-Baxter model theory, the hydrophobic surface “traps” abundant air
pockets within its micro-nano hierarchical structure, preventing the heat transfer medium
from contacting the surface [71,72]. Conversely, when the surface is hydrophilic, fouling
nuclei in the heat transfer medium can directly contact surface crevices and adhere, sub-
sequently growing into large-scale fouling “crystal blooms” [73], eventually covering the
entire heat exchange surface with a thicker fouling layer. On the other hand, anti-fouling
coatings having superior hydrophobic properties can also enhance pool boiling heat trans-
fer [74,75]. Micro/nanostructures on the heat exchange surface generate numerous bubble
nucleation sites and rising bubbles. These nucleation sites and detaching bubbles synergis-
tically induce vibrations that dislodge loosely adhered fouling crystals from the surface,
achieving anti-fouling effects [76,77], as shown in Figure 4. Nevertheless, in areas lacking
boiling bubble nucleation sites, fouling will still occur. As the service time of the heat trans-
fer surface increases, the accumulated fouling will gradually increase. Eventually, only the
regions having active bubble nucleation sites will exhibit relatively less fouling deposition.

Furthermore, with the introduction of amphiphobic (hydrophobic/oleophobic) coat-
ings into anti-fouling applications, novel coatings leveraging dual repellency have emerged.
Examples include superamphiphobic coatings for oil-water mixed environments [78],
bioinspired long-term oil collectible mask (BLOCK) coatings [79], and durable bioinspired
organogel coating (BIO coating) [80]. These coatings isolate fouling crystals from the
material surface through their exceptional hydrophobicity and oleophobicity, preventing
stable attachment and subsequent aggregation into dense fouling layers, thus achieving
anti-fouling in complex multiphase environments.
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Figure 4. Schematic diagram of the influence of wettability of anti-fouling coating on fouling.

However, since these novel anti-fouling coatings are primarily tested under ambient
temperatures or non-heat-exchange experimental conditions, their applicability to heat
exchange equipment surfaces and high-temperature durability requires further explo-
ration [78-80].

3.4. Coating Corrosion Resistance

In heat exchangers, the heat transfer medium contains a substantial concentration
of ions, including fouling ions and those introduced by the process fluid. These ions
circulate through the tube and shell sides of the exchanger, simultaneously causing fouling
deposition and corrosion on heat transfer surfaces. Consequently, anti-fouling coatings
must be designed to address both challenges concurrently. Otherwise, fouling layers
adhering to the surface will corrode and degrade the coating, compromising its durability.

To address these issues, researchers have integrated under-deposit corrosion studies
with anti-fouling coating development. Zhao et al. [17] demonstrated that corrosion-
resistant coatings exhibit inherent potential to resist both biological and crystalline fouling.
Cheng et al. [81,82] proposed that fouling adhesion is not an isolated process but mediated
by surface oxides or corrosion products acting as a “transitional interface” that bridges
foulants and the substrate. Their findings revealed an intrinsic link between anti-fouling
performance and corrosion resistance, where corrosion-prone surfaces are more susceptible
to fouling. They also identified a nonlinear relationship between amorphous content in
modified coatings and microbial corrosion resistance, with corrosion mechanisms being
more complex than typical chemical interactions due to coating composition and microstruc-
ture. Zhang et al. [83] observed severe corrosion on anti-fouling coatings in geothermal
water environments, significantly reducing service life. Although the complex fouling ion
composition in geothermal water requires further mechanistic study, they emphasized
that enhancing coating corrosion resistance during design is critical for durability. Wang
et al. [72] developed an inorganic-filler-reinforced waterborne silicone resin coating that
outperformed both filler-free counterparts and smooth copper surfaces in anti-fouling
and corrosion resistance. The filler-modified coating achieved this through dual mecha-
nisms: (1) reduced surface free energy minimized contact between foulant solutions and
the coating surface, inhibiting foulant adhesion; (2) uniformly dispersed fillers created
a tortuous “maze-like” barrier that impeded ion diffusion into the substrate, preserving
coating—substrate adhesion and extending service life.

Thus, improving coating corrosion resistance mitigates damage from fouling crys-
tals/ions while concurrently inhibiting fouling adhesion, ultimately enhancing the
coating’s longevity.
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3.5. Anti-Fouling Through Multi-Factor Synergistic Effects

The attachment behavior of fouling deposits on heat transfer surfaces is influenced
by the synergistic effects of surface characteristics such as the coating material’s surface
roughness, surface free energy, wettability, and corrosion resistance, which collectively
inhibit fouling deposition. While the inhibitory mechanisms of individual surface proper-
ties have been relatively well described and theorized in previous sections, the synergistic
mechanism by which multiple factors jointly affect fouling attachment remains unclear.
Moreover, there is limited reporting on which factor plays a dominant role in the synergistic
anti-fouling process.

An increase in surface roughness can enhance pool boiling heat transfer by increasing
the density of bubble nucleation sites on the heat transfer surface under pool boiling
conditions [84,85]. This leads to the formation and detachment of numerous microbubbles
on the surface. During bubble detachment, these microbubbles exert a “scrubbing” effect
on the surrounding fouling deposits [78], which helps remove loosely adhered fouling
from the surface. This scrubbing effect is particularly pronounced during the initial stage
of fouling attachment when deposits are not yet firmly adhered. The vibration caused by
bubble detachment further loosens the initial fouling, reducing its adhesion strength and
promoting its removal. However, as fouling accumulation increases, it covers the heat
transfer surface, reducing the density of bubble nucleation sites originally promoted by high
surface roughness. Eventually, a dense fouling layer forms. Although surface roughness
does not reduce the maximum fouling thermal resistance, the scrubbing effect prolongs
the fouling induction period. Additionally, changes in surface roughness affect surface
wettability, altering the interaction mode between the fouling medium and the surface.
A hydrophobic surface can prevent complete contact between the fouling medium and
the surface. Thus, the synergy between surface roughness and wettability [86] influences
fouling attachment behavior and contributes to fouling suppression.

Surface free energy and wettability are closely interrelated factors. Among various
surface properties, the magnitude of surface free energy reflects the hydrophilic or hy-
drophobic tendency of the surface. A low surface free energy results in a hydrophobic
surface, which hinders contact between the fouling medium and the surface—a mechanism
similar to that influenced by surface roughness. Moreover, a surface having low surface
free energy exhibits weak adsorption toward fouling deposits due to the low interfacial
energy between them, inhibiting the attachment and growth of fouling nuclei. Therefore,
surface free energy and wettability exhibit a synergistic mechanism in affecting fouling
attachment behavior. Based on Cheng’s research [28,29], it is inferred that the synergy
between surface free energy and wettability may exhibit a threshold effect, which could
vary for different types of fouling. Thus, investigating the synergistic inhibition of fouling
attachment by surface free energy and wettability will be a key focus of future research.

The corrosion resistance of the coating protects it from corrosive ions in the fouling
medium, helping maintain desirable surface roughness, surface free energy, and wettability
over an extended period. During the interaction between the coating surface and the fouling
medium, improved wettability reduces the contact area between the fouling medium
and the surface, thereby preserving the coating’s corrosion resistance. Conversely, good
corrosion resistance ensures the structural integrity of the coating surface, maintaining
its wettability. Corrosive ions in the fouling medium cause damage in two ways: first,
by attacking the coating surface, which alters surface properties and reduces anti-fouling
performance; second, by corroding the substrate beneath the coating, which shortens the
coating’s service life. Thus, the corrosion resistance and wettability of the coating not only
synergistically inhibit fouling but also interact with each other, while also having a more
direct relationship with surface roughness.
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4. Conclusions

With the continuous expansion of industrial production scales, enterprise energy con-
sumption has gradually increased. Effectively controlling production energy consumption
is not only an important means to reduce production costs but also a crucial measure for
energy conservation, emission reduction, and reducing carbon emissions during industrial
processes. The attachment and accumulation of fouling deposits on industrial heat transfer
surfaces severely impair the efficiency of heat exchange equipment and significantly in-
crease energy consumption. Additionally, fouling escalates operational costs for enterprises.
Studies indicate that in highly industrialized nations, fouling-related economic losses can
reach 0.25% of GDP [87]. Anti-fouling coatings for industrial heat exchanger surfaces
represent one technical approach to address fouling issues. Compared to other anti-fouling
methods, coatings offer the advantages of lower investment, significant effectiveness, and
ease of implementation. However, several research challenges remain for the practical
application of anti-fouling coatings, as detailed below.

(1) Mechanism of multi-factor synergistic effects of coating surface characteristics. Previ-
ous research indicates that coating surface characteristics—such as surface roughness,
surface free energy, wettability, and corrosion resistance—can influence the attach-
ment behavior of foulants from the heat transfer medium. However, most studies
have focused on the effects of single factors. Research on the synergistic interactions
of multiple factors is lacking, and the inhibitory synergistic effects of various surface
characteristics on fouling attachment behavior are not yet fully understood, requiring
further extensive study [88].

(2) Theoretical and mechanistic research on fouling attachment behavior. The attachment
mechanism during the initial stage of fouling is still not clear. In-depth research in
this area could further explain the reasons for the different fouling induction periods
observed with different anti-fouling coatings and provide essential theoretical support
for developing new types of anti-fouling coatings.

(3) Development and research of anti-fouling coatings with new material systems. As
research progresses, composite anti-fouling coatings have become a hotspot, re-
placing single-type coatings. This is because single-type coatings often cannot per-
form effectively in diverse and complex fouling media environments, limiting their
application potential.

(4) Composite coatings are developed to handle such complex conditions by combin-
ing the advantages of multiple material systems, thus holding significant research
value. However, the complexity of composite coating material systems presents chal-
lenges in how to organically integrate different materials, which will be a focus of
future research. Additionally, the environmental friendliness of the material systems
and preparation processes will also be a characteristic of new anti-fouling coating
material systems.

(5) Limited variety and inadequate research on anti-fouling coatings for high-temperature
conditions. There are relatively few types of anti-fouling coatings suitable for high-
temperature conditions, and research on their high-temperature anti-fouling mecha-
nisms is insufficient. The attachment behavior of foulants in non-aqueous media is
also not well understood. Further in-depth research on anti-fouling coatings under
high-temperature conditions is necessary.

(6) Durability and service life of coatings in complex working conditions. The durability
and service life of anti-fouling coatings are significantly constrained under complex
working conditions, greatly limiting their industrial application. Enhancing coating
durability to meet the demands of various operational environments is one of the key
research priorities for anti-fouling coatings.
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(7)  Cost-effective, efficient, and large-area coating preparation. to meet the demands
of industrial application, developing methods for the low-cost, high-efficiency, and
large-area preparation of various types of anti-fouling coatings is a critical issue that
needs to be addressed.

In summary, anti-fouling coatings for industrial heat exchangers are an effective means
to address fouling problems in the field of industrial heat exchange. Conducting research in
areas related to anti-fouling coatings, refining coating anti-fouling mechanisms, elucidating
fouling attachment behavior, deeply exploring the advantages of traditional coatings in new
application scenarios, and developing new coating material systems to address evolving
fouling challenges hold significant scientific importance and application value.
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