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Thin Organic-Inorganic Anti-Fouling Hybrid-Films for
Microreactor Components
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Deposit formation and fouling in reactors for polymer production and
processing especially in microreactors is a well-known phenomenon. Despite
the flow and pressure loss optimized static mixers, fouling occurs on the
surfaces of the mixer elements. To improve the performance of such parts
even further, stainless steel substrates are coated with ultra-thin films which
have low surface energy, good adhesion, and high durability. Perfluorinated
organosilane (FOTS) films deposited via chemical vapor deposition (CVD) are
compared with FOTS containing zirconium oxide sol-gel films regarding the
prevention of deposit formation and fouling during polymerization processes
in microreactors. Both film structures led to anti-adhesive properties of
microreactor component surfaces during aqueous poly(vinylpyrrolidone)
(PVP) synthesis. To determine the morphology and surface chemistry of the
coatings, different characterization methods such as X-ray photoelectron
spectroscopy (XPS) and Fourier transform infrared (FTIR) spectroscopy as
well as microscopic methods such as field-emission scanning electron
microscopy (FE-SEM) and atomic force microscopy (AFM) are applied. The
surface free energy and wetting properties are analyzed by means of contact
angle measurements. The application of thin film-coated mixing elements in a
microreactor demonstrates a significant lowering in pressure increase caused
by a reduced deposit formation.
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1. Introduction

The production of poly(vinylpyrrolidone)
(PVP) mainly takes place in batch and semi-
batch process operations in tank reactors.
Since smart scale reactors such as tubular
reactors with static mixing elements are in
the focus of interest due to process inten-
sification and energy reduction, extensive
experimental investigations have been car-
ried out in such systems.[1,2] Continuous re-
actor operation allows for better controlla-
bility, larger volume to surface ratio, better
heat transfer, and good scalability from lab-
oratory to the production plant. The main
drawback in the application of continuous
reactors for PVP polymerization is the for-
mation of gel deposits. This results in block-
ing of the cross-sectional area, a strong in-
crease of pressure drop, and subsequently
in reactor shutdown.[2,3]

The formation of deposits and polymer
fouling is a known challenge in many in-
dustrial applications, such as membrane
and filtration technologies,[4,5] bio-fouling
in the context of silicon and silicon-based

materials,[6] and food engineering/protein fouling.[7–9] The for-
mation of polymeric deposits seems to take place especially
at the liquid/metal oxide interface, where the preferable ten-
dency of PVP to form complexes with proton donors could be
of importance.[10]

One of the main difficulties is to correlate the fouling char-
acteristics with the polymerization mechanism. In this regard,
it was shown that high molecular weight and branched or
crosslinked polymers are produced by side reactions and play
an important role in the occurrence of fouling.[11–13] However, a
systematic understanding of how polymer fouling contributes to
polymerization and vice versa is still lacking.

Most studies in the field of fouling mitigation focus on anti-
adhesive coatings and materials.[14–17] According to Malayeri
et al.,[18] besides an increase of the wall shear stress, which is
difficult to implement in most industrial processes, a reduc-
tion of adhesion work occurring between the surface and the
fouling agents can significantly influence fouling deposition
processes. Therefore, novel anti-adhesive films should reduce
surface roughness and decrease surface free energy.[19] Whereas
μm-scaled coatings based on metal-nitrides, such as CrxAlyON or
TixAlyON, are reported to combine enhanced wear resistance and
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thermal stability with anti-adhesive properties in injection mold-
ing processes,[20–24] other hydrophobic films with low surface en-
ergy are promising regarding anti-fouling properties during poly-
merization in reactors. In this regard, especially perfluorinated
organosilanes (FOTS) have received considerable attention lately,
not only because of the high thermal and chemical stability due
to the carbon (C)-fluorine (F) bond strength[25] (binding energy
485.7 kJ mol−1[26]) but also because of the reduced polarizability
of the C–F bond which limits their susceptibility of van der Waals
attractive interactions and finally results in low interactions with
other materials.[27]

A considerable amount of literature has been published on
coatings with perfluorinated molecules.[28–30] It is known that a
higher fluorine content, in general, leads to a higher chemical
and thermal stability, an increased resistance against solvents as
well as a lower surface water wettability. Some studies have in-
vestigated the interactions between the coating and functional
groups of a polymeric fluid. For instance, according to studies
from Al-Harbi et al.,[10] hydrogen bonds, formed between the
oxygen of the carbonyl group (C=O) of PVP and the hydrogen
of surface silanol groups, are responsible for binding onto OH-
terminated surfaces, such as silica. C–F bonds, and therefore
fluorine-presenting surfaces, are no good hydrogen bonding ac-
ceptors or 𝜋-donors and the interactions of fluorine with its envi-
ronment are mainly of electrostatic nature,[31] which makes them
suitable for PVP anti-fouling films.

Furthermore, water present at the solid/liquid interface is
suspected to support polymer adsorption onto metal oxides.[32]

Water-repellant characteristics are therefore of fundamental im-
portance for anti-adhesive coatings. In this regard, Zisman
et al.[33] showed the influence of the outermost surface structure
on the hydrophobicity and determined the surface tension to be
dependent on the constituent group, which makes the named
value to descend in the order –CH2, –CH3, –CF2, –CF3. These
observations explain the slightly lower water contact angle gener-
ally reported for PTFE coatings (for instance 108° on silica[34])
in contrast to comparable surfaces coated with perfluoroalkyl
silanes (for instance 121° on silica[35]). It is even reported that
a 2.5–3.3 times decrease of the surface energy is obtained by
coating a metal with a perfluoroalkyl silane in comparison to the
bare substrate.[36] Despite the length of the perfluoroalkyl chain,
where an increased chain length leads to a slightly increased wa-
ter contact angle as demonstrated by Hozumi et al.,[37] also a
highly ordered, close-packed array of –CF3 groups is largely re-
sponsible for lowering the surface free energy.[33,38]

Perfluorinated molecules offer several possibilities for appli-
cation methods.[30,39–41] Chemical and physical vapor deposition
techniques (CVD, PVD) leading to few nanometer thin films
are of particular importance, since tool surfaces with complex
geometries, such as components used in microreactors, exhibit
micro- or nanostructured surfaces that need to be preserved dur-
ing the coating procedure. In addition, coatings with a thickness
of several micrometers offer the risk for undesired film infiltra-
tion, which finally leads to delamination or peel-off within the
process. However, the sol-gel technology offers the opportunity
to deposit very thin films with high barrier properties. Advan-
tages such as low-temperature and simple processing are widely
reported for such films and enable the formation of smooth and
homogeneously coated multi-component surfaces[42,43] that com-

bine properties of the inorganic and organic components based
on the formation of a stable cross-linked structure.[44]

In this regard, Oldani et al.[19] presented a perfluoropolyether
coating on heat exchangers with an improvement of heat-transfer
properties ≈10% due to less CaSO4-fouling, in comparison to
the use of uncoated material. Further, Kwon et al.[45] demon-
strated considerable fouling mitigation against proteins and poly-
mer nanoparticles by applying a fluoropolymer coating on gold
surfaces. Lately, also hybrid or multilayer films formed by ce-
ramic oxides such as TiO2 and ZrO2

[25] or NiO[29] in combination
with fluoropolymers are reported with the aim of fouling pro-
tection or the use in injection molding tools, respectively. Zirco-
nium oxides exhibit inert properties with superior thermal stabil-
ity and large oxidation resistance[46] which makes them a promis-
ing candidate for hybrid anti-adhesive coatings in microreactors.
Indeed, anti-corrosion properties could be improved by incorpo-
rating poly(methylmethacrylate) into a ZrO2-network by sol-gel
method.[47]

Based on the necessity for economy and resource conserva-
tion, this research study examines the emerging role of the ap-
plication and the efficiency of two hydrophobic coatings regard-
ing polymeric fouling in real microreactor systems by using the
radical polymerization of N-vinylpyrrolidone to PVP in aqueous
solution. An ultra-thin FOTS coating is applied to industry rele-
vant 1.4404 stainless steel parts by CVD. Moreover, a thin organic-
inorganic hybrid film consisting of zirconium oxide and a FOTS
is employed by sol-gel method to combine the inert properties of
the metal oxide with the anti-adhesive characteristics of the per-
fluorinated compound. Surface characterizations by means of X-
ray photoelectron spectroscopy (XPS), Fourier transform infrared
(FTIR) spectroscopy, and microscopic methods such as field-
emission scanning electron microscopy (FE-SEM) and atomic
force microscopy (AFM) was performed. An analysis of the sur-
face hydrophobicity and the determination of the surface free
energy (SFE) was carried out by means of contact angle mea-
surements. The stability of the ultra-thin surface coatings and
the correlation of anti-adhesive properties depending on the sur-
face roughness and morphology could be shown for both pol-
ished and cold-rolled stainless steel substrates. The anti-adhesive
properties were tested in a lab-scale tubular reactor equipped with
untreated and coated stainless steel static mixers under reaction
conditions.

2. Experimental Section

2.1. Materials and Chemicals

Chromium-nickel-molybdenum stainless steel substrates (type
1.4404, X2CrNiMo17-12-2, cold-rolled 2B) (referred to as non-
polished stainless steel (nps) below) were supplied from Marce-
gaglia (Italy) and polished stainless steel sheets (type 1.4404,
referred to as polished stainless steel (ps) below) from Ullner
(Germany) were used. All substrates were subjected to solvent
cleaning, consistent of consecutively rinsing in tetrahydrofuran
(THF, p.a. grade, stabilized), acetone (p.a. grade), propan-2-ol
(p.a. grade), and ethanol (p.a. grade) in an ultrasonic bath for
30 min each. Afterward the samples were dried in a nitrogen
stream. All solvents for the cleaning procedure were sup-
plied from Sigma Aldrich (Germany). For the CVD-process

Macromol. React. Eng. 2023, 17, 2200043 2200043 (2 of 16) © 2022 The Authors. Macromolecular Reaction Engineering published by Wiley-VCH GmbH



www.advancedsciencenews.com www.mre-journal.de

Figure 1. Chemical vapor deposition (CVD) process to apply hydrophobic FOTS layer on 1.4404 stainless steel substrates A) includes hydroxylation by
plasma treatment (Step 1), condensation, and cross-linking (Step 2) as well as the principle of the dip-coating process to apply the ZrOx/FOTS film onto
1.4404 substrates B) via sol-gel method.

and generation of the hybrid coating 1H,1H,2H,2H-
Perfluorooctyltriethoxysilane (FOTS, 98%) from Sigma Aldrich
(Germany) was used. Zirconium(IV)-acetylacetonate (Zr(acac)4,
97%, for synthesis) was utilized as a metal-organic precursor and
butan-1-ol (anhydrous, 99.8%) was employed for the dip-coating
process, both purchased from Sigma Aldrich (Germany).

N-Vinylpyrrolidone (NVP) has been supplied by BASF SE
(Germany) in 30 kg barrels stabilized with 0.5% NaOH. The
monomer was distilled under vacuum at a temperature of 81–
83 °C in the column head to remove the stabilizer and high-
molecular components. Afterward the monomer was frozen. The
needed amount was defrosted again at the day of the experiment.

2,2’-Azobis[2-methylpropionamidine]dihydrochloride (V-50)
was used as an initiator and has been obtained from WAKO
chemicals (Germany). It was stored in a fridge and used as
delivered.

0.05 mol I2/l – 0.1 N Iodine solution was used as an indicator
for PVP on surfaces and has been obtained by Carl Roth GmbH
+ Co. KG (Germany).

2.2. Thin Film Deposition Processes

The described hydrophobic thin films were applied to: I) flat
1.4404 non-polished (nps), II) polished (ps) stainless steel sub-
strates and III) stainless steel mixing elements.

The hydrophobic FOTS layer was applied to the substrates by
means of CVD according to the procedure proposed by Hozumi
et al.[37] Therefore, a plasma cleaning step (Plasma Surface Tech-
nology, Diener electronic GmbH) was carried out by treating the
surfaces in an oxygen plasma (p < 0.6 mbar, >40 l h−1) for 5 min
(compare Figure 1A, Step 1). Due to the formation of ozone by
excitation of O2 molecules, a photochemical decomposition of or-
ganic surface contaminants occurs, which was reported in the
literature[48] and evident from XPS analysis, where a distinct de-
crease in the carbon to iron ratio as well as a decrease of the
nitrogen species was measured after the plasma treatment (Fig-
ure S1A,C, Supporting Information). Further, a hydroxylated sur-
face was slightly indicated by XPS analysis (Figure S1B, Sup-
porting Information) and was assumed with consideration of
the literature.[37,49] The water contact angles were determined di-
rectly after the plasma treatment and confirmed a comparable hy-
drophilicity of the surfaces. Therefore, this procedure leads to a
hydrophilic surface with a water contact angle below 10° for both
the non-polished and polished 1.4404 substrate. Subsequently,
the samples were placed in a PTFE container together with a glass
cup filled with 0.2 ml FOTS. The vessel was sealed with a cap and
placed in an oven maintained at 130 °C for 4 h. Afterwards the
container was opened and stored in the oven at 130 °C for 2 h
to allow condensation reaction (Figure 1A, summarized in Step
2). The successful deposition of the FOTS layer was verified by
water contact angle (Table 3) and XPS measurements (Figure 4).
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The FOTS-containing ZrOx films were applied to 1.4404 sub-
strates by sol-gel method, with the procedure being derived from
Izumi et al.[28] The coating solution for the dip-coating procedure
was prepared by dissolving the appropriate amount of Zr(acac)4
in butan-1-ol to give a final concentration of 50 mmol l−1. While
stirring, FOTS was added with a concentration of 5 mmol/l in the
final solution. Therefore the Zr(acac)4:FOTS ratio equals to 10:1.
The samples were immersed into the freshly prepared solution
with a speed of 30 mm s−1 without further surface pre-treatment
(Figure 1B, Step 1). After 24 h under stirring at room tempera-
ture, the samples were pulled out with a velocity of 100 mm s−1.
After drying, a 2 h heat-treatment, performed in an oven main-
tained at 130 °C, completed the surface modification (Figure 1B,
Step 2). By using a dip-coater (DC Multi – 8, Nima Technology
Ltd) for the overall coating procedure, constant immersion and
pull-out rates were ensured. All described sample analysis were
performed subsequently after the sample preparation for both de-
scribed coating procedures and surfaces.

2.3. Surface and Thin Film Analysis

2.3.1. X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was performed using
an Omicron ESCA+ system (Omicron NanoTechnology GmbH)
equipped with a hemispherical energy analyzer at a base pres-
sure of <1 × 10−9 mbar. Spectra were recorded at pass energies
of 100 eV for survey spectra and 20 eV for element spectra. A
monochromatic Al K𝛼 (1486.3 eV) X-ray source with a spot di-
ameter of 0.6 mm was used. The take-off angle of the detected
photoelectrons was set at 30° in relation to the surface plane.
Spectra were internally calibrated to the C1s peak (binding en-
ergy 285.0 eV). Peak fitting and data analysis were performed
with CasaXPS software (V 2.3.23, Casa Software Ltd.). Quantifica-
tions were performed through the integration of the peaks with
respect to the corresponding relative sensitivity factor values. A
Shirley type background correction and a Gaussian Lorentzian
peak shape (70%/30%) were used to fit the measured peaks.

2.3.2. Microscopic Analysis

AFM imaging was performed using a JPK Nanowizard (Bruker
Optics GmbH) equipped with an acoustic enclosure in alter-
nating contact mode operating in ambient air conditions at a
scan rate of 0.5–1.2 Hz. To this end, HQ:NSC18/AlBS can-
tilevers (75 kHz and 2.8 N m−1, nominal radius of 8 nm, Mikro-
Masch) were used. For subsequent data processing and calcula-
tion of root-mean-square (rms)-values for determination of sur-
face roughness, the Gwyddion open source software[50] (V 2.56,
Gwyddion) was employed. For the calculation of roughness pa-
rameters, at least one position on three distinct, but identically
prepared surfaces were analyzed.

Field-emission scanning electron microscopy (FE-SEM) im-
ages were obtained by means of a NEON 40 FE-SEM microscope
(Carl Zeiss SMT AG), which was equipped with an InLens detec-
tor and a SE2. Images were recorded with different magnifica-
tions and a tilt angle of 0° and 36° as indicated under the respec-
tive figures.

2.3.3. Ellipsometry

The determination of the coating layer thicknesses was per-
formed by using an ellipsometer Accurion Nanofilm EP3 (Ac-
curion GmbH) equipped with a xenon lamp and a mounted 5x
objective. Two-zone measurements were performed in a wave-
length range from 363.7 nm to 905.9 nm by using a 0–40 filter
range with a measurement every second filter. All measurements
were performed under ambient air conditions. Data fitting was
carried out using the EP4 software. Optical model systems con-
sisting of two consecutive layers were constructed. In the case of
the metal oxide, a solvent cleaned 1.4404 ps substrate was mea-
sured and served as a reference as underlying reflecting material.
Si(100) was selected from the software library for the coating de-
position on the silicon wafer. The FOTS-film and the native SiO2
layer are assumed to be transparent at the wavelength with the
same refractive index of 1.46.[37] While this allows direct determi-
nation of the FOTS layer thickness on 1.4404 ps, the FOTS-layer
thickness on the silicon wafer was achieved by subtracting the
native oxide thickness, which was defined to be constant at 1.5 ±
0.1 nm according to prior measurement, from the total.

A root-mean-square error (rmse) value of <2 was obtained for
all measured samples.

2.3.4. Contact Angle Measurements

Static contact angle and free surface energy measurements were
carried out with an OCA 15 plus (Dataphysics) at 25 °C us-
ing the sessile drop method. For each measurement 5 μl wa-
ter droplets were dispensed onto the respective surface using a
motor-driven syringe, followed by an evaluation with the Lauren-
tian method. Ultrapure water (Carl Roth GmbH) with a disper-
sive component (ɣd) of 21.8 mN m−1 and a polar component
(ɣp) of 51.0 mN m−1[51] was used for the determination of the
static contact angle. As not stated elsewhere, three distinct but
identically prepared surfaces were measured for statistical er-
ror calculation. Additional liquids with known surface tensions,
namely Diiodmethan (for synthesis, Merck, ɣd: 50.8 mN m−1, ɣp:
0 mN m−1[51]) and Dimethyl sulfoxide (DMSO, >99.9%, Sigma-
Aldrich, ɣd: 34.9 mN m−1, ɣp: 8.7 mN m−1[52]) were selected in
order to estimate the total surface free energy (composed of polar
and dispersive components) of the coated samples. The OWRK
method[53] was applied for evaluation. The standard error was cal-
culated from measuring three drops on three distinct, but identi-
cally prepared surfaces each. The sessile drop needle-in method
was employed for the dynamic measurements. A volume of 8 μl
was placed on the surface and the advancing and receding contact
angles were determined by subsequently increasing and decreas-
ing the volume by 5 μl for five times.

2.3.5. Fourier Transform Infrared (FTIR) Spectroscopy

A Vertex 70 spectrometer with an attached Hyperion 1000 mi-
croscope (Bruker Corporation) was used for the FTIR measure-
ments. All spectra were recorded in a wavenumber range from
4000 cm−1 to 600 cm−1 with a resolution of 4 cm−1 and a mounted
15x objective in 90° reflection. For a good signal-to-noise ra-
tio, 512 individual spectra were recorded and averaged for each
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Figure 2. Flow chart of the experimental setup with the Fluitec ContiPlant half-shell reactor.

Table 1. Mass fluxes and composition for the reference case conditions
and a superficial velocity of 5 mm s−1 in the Fluitec ContiPlant half-shell
reactor.

Feed pump Mass flux/g min−1 Weight fractions (NVP/water/initiator)

P1 6.2 1 / 0 / 0

P2 9.3 0 / 1 / 0

P3 9.3 0 / 1 / 0

P4 6.2 0 / 0.999 / 0.001

spectrum. Appropriate 1.4404 stainless steel substrates served as
reference and the OPUS software (V6.5 Bruker Optics GmbH)
was used for further data treatment. The latter includes a 1st-
order polynomial baseline correction with 6 user-defined base-
line points positioned at the same wavenumbers in all cases.

2.4. Experimental Setup for Polymerization in Microreactor

The experimental setup for testing the new coatings on static mix-
ing elements under reaction conditions is shown in Figure 2.
Four storage containers named B1 to B4 (Figure 2) were pre-
pared with the degassed monomer, the solvent, and an initiator
solution as specified in Table 1. The feed streams were pumped
by Knauer HPLC piston pumps P1 to P4 and controlled by em-
ploying Bronkhorst Coriolis mass flow meters and PI controllers.
The mass flow rates are given in Table 1 for the reference con-
ditions, which results in a superficial velocity of 5 mm s−1. The
feed streams of P1 and P2 as well as those of P3 and P4 have been
premixed using 1/16″ HPLC T-connectors and are mixed again

with a 1:1 mass flux ratio in a second 1/16″ HPLC T-connector
to ensure a good micro-mixing quality.

The reactor system was heated using a water circuit including
the circulation pump P5 and a coiled pipe heat exchanger, which
has been placed in an oil bath thermostat (T3). A circulation flux
between 7 and 8 l min−1 and an oil bath temperature of 100 °C
was chosen to adjust a temperature of the heating medium of
86 °C at the reactor inlet. The temperature drops in the water
circuit ≈1 °C due to heat losses. At the start of the experiment
the reactor was flooded with the monomer-water solution, then
the initiator-water solution was added.

The reactor system consists of one Fluitec ContiPlant half-shell
reactor with an internal diameter of 12.3 mm and a length of
495 mm. The tested geometry of the static mixing elements is the
flow and pressure-loss optimized Fluitec CSE-XD6 (Figure 3).

In each experiment 7 coated or uncoated static mixer elements
were placed into the reactor, respectively. In the reactor outlet, a
small flat plate with the same surface composition as the static
mixers was mounted for offline characterization. The operation
time of each run was 10.25 h. Due to the appearance of deposits
only after a certain time on factory-fresh uncoated mixers, each
experiment was carried out several times.

3. Results and Discussion

3.1. Surface and Thin Film Characterization

3.1.1. Surface Composition

XPS measurements were carried out to analyze the reference
surface states and coatings on a molecular level as well as to
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Figure 3. Single static mixing element with the Fluitec CSE-XD6 geometry.

Figure 4. A) XPS survey and B) high-resolution core-level spectra of C1s region of thin FOTS coated 1.4404 nps surface directly after CVD process and
C) after 1 h immersion into electrolyte solution at 80–85 °C and pH 4.2 as well as peak fitting. The concentrations in at.% of the assigned components
are given as calculated from the HR-XPS spectra in the C1s peak region.

demonstrate their chemical resistance under process-related con-
ditions, which is 80–85 °C and pH 4.2.

The concentrations in at.% of all detectable atoms were calcu-
lated based on the XPS spectra (Figures 4 and 5) allowing conclu-
sions about the molecular surface composition. The values both
for the FOTS and ZrOx/FOTS coating as well as for the bare sub-
strate are depicted in Table 2 for comparison.

From the concentrations presented in Table 2, it becomes ob-
vious that carbon builds up the largest part of the surface with
values between 34 and 45 at.% dependent on the surface coating
as expected from FOTS as a film-forming compound.

The higher surface concentration of carbon and oxygen ob-
served for the ZrOx/FOTS coated substrate is assigned to partial
adsorption of adventitious carbon and to residual ligands of the
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Figure 5. A) XPS surveys and B) high-resolution core-level spectra of C1s region of thin ZrOx/FOTS film deposited onto 1.4404 nps surface by sol-gel
method before and C) after immersion into a pH 4.2 solution at 80–85 °C with respective peak fittings and the atomic concentrations (at.%) of the
assigned components as calculated from the HR-XPS spectra. The spectrum in the Zr3d region D) represents the as-deposited surface state.

Table 2. Chemical composition of 1.4404 nps as well as FOTS and ZrOx/FOTS modified substrates before and after immersion at pH 4.2 and 80–85 °C
based on XPS analysis. All values are given in at.% as calculated from XPS spectra.

Stainless steel (1.4404) C1s O1s F1s Si2p Zr3p Fe2p Cr2p Ni2p N1s

Bare substrate 40.2 41.9 – <1 – 13.4 3.1 <1 1.2

+ FOTS coating 34.3 7.2 53.2 5.3 – <1 < 1 <1 <1

as-deposited

1 h pH 4.2, 80 °C 33.9 7.8 53.0 5.2 – <1 < 1 <1 <1

+ ZrOx/FOTS coating 44.5 28.5 17.0 4.1 3.7 <1 < 1 <1 1.2

as-deposited

1 h pH 4.2, 80 °C 44.4 33.8 13.4 1.8 3.8 <1 < 1 <1 1.8

used zirconium precursor. The varying amount of detected flu-
orine can be explained by using different FOTS concentrations
during film preparation. The XPS spectra further show a small
amount of nitrogen, which is present on all analyzed surfaces
in a similar amount and can be assigned to adventitious surface
contamination. Based on the XPS probing depth[54] and the used

take-off angle of 30° the minor characteristic signals of the under-
lying 1.4404 nps substrate, namely for Fe2p (≈ 710 eV) and Cr2p
(≈ 575 eV), indicate a FOTS layer thickness in the low nanome-
ter range. This assumption is supported by performed ellipsom-
etry measurements of FOTS deposited onto 1.4404 ps substrates
and conventional silicon wafers (Siegert Wafer, see Supporting
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Information Section 2 for details), which revealed layer thick-
nesses of 3.8 ± 0.2 nm and 4.0 ± 0.1 nm, respectively. The ob-
served film thickness is in good agreement with literature for
FOTS deposited onto SiO2.[37] Likewise, the sol-gel film thickness
on the 1.4404 ps substrate was determined to be 5.1 ± 0.1 nm.

As evident from similar percentage areas before and after the
treatment at low pH and elevated temperature, both applied sur-
face films are assumed to be stable under process-like conditions.
The Fe:Cr:Ni ratio of the bare 1.4404 nps substrate was deter-
mined to be 11:4.7:1.

To underpin the observations and to receive further informa-
tion on the chemical surface structure, XPS survey and high-
resolution (HR) core-level spectra of the modified surfaces at the
two different surface states were analyzed in detail.

Figure 4 shows survey spectra, recorded in the 1350–0 eV
range as well as core-level spectra in the C1s region of a FOTS
modified 1.4404 nps surface directly after CVDdeposition as well
as after a 60 min process-related exposure for comparison. The
peak assignment in the deconvoluted C1s was possible due to
characteristic shifts of the components based on distinct chemi-
cal environments.

As evident from Table 2, the presented survey spectra are sim-
ilar for both analyzed surface states with expected photoelec-
tron signals for carbon, oxygen, fluorine, and silicon (Figure 4A).
The shown C1s core-level spectra exhibit the characteristic shape
of a perfluorinated surface both before and after immersion at
acidic pH and elevated temperature.[37,38,49,55] The deconvolution
divides the recorded spectra into seven main peaks, six of which
can clearly be assigned to the organosilan surface modification
(Figure 4B,C) with some minor adventitious carbon. As can be
seen from the STDRes values, good fits to the C1s envelopes
are achieved. The components centered at 284.8–285.0 eV and
285.9–286.0 eV correspond to mainly C*H2-Si and C*H2-CF2, re-
spectively, with little CH2, CH3, and C–O atmospheric contribu-
tions as depicted in Figure 4B,C. Due to the fluorine environ-
ment, the C*F2-CH2, CF2-CF2, and C*F2-CF3 components are
shifted to higher binding energies namely 290.7–290.8 eV, 291.4–
291.5 eV, and 292.0–292.1 eV, respectively, while the CF3 func-
tional group gives rise to a peak at 293.6 eV. The broad peak cen-
tered at 288.2 eV or 288.6 eV, respectively, is attributed to some
adventitiuous carbonyl and carboxyl as surface contamination.[56]

Further, the percentage area ratio of all appearing components
within the resolved C1s spectra were calculated and depicted in
the spectra (Figure 4B,C).

The presented atomic concentrations are in good agreement
with the expected theoretical values according to the perfluori-
nated surface depicted in Figure 1 and FOTS stoichiometry. How-
ever, it is known from the literature[55] that the CF2:CF3 area ratio
from fits is generally below the expected theoretical value.

The (similar) values confirm both the presence of a perfluori-
nated film on stainless steel and the integrity of the surface even
after exposure to an aqueous solution under acidic pH and ele-
vated temperature.

Complementary XPS measurements were carried out of the
ZrOx/FOTSmodified 1.4404 nps substrates. Survey and HR-
spectra in the C1s region of the as-deposited surface state and
after immersion into an aqueous solution under process-like con-
ditions are presented in Figure 5 together with the HR-core-level
spectrum recorded in the Zr3d region.

Table 3. Water repellency of the pure, CVD and dip-coated 1.4404 stainless
steel surfaces, respectively.

Substrate Applied coating Water contact angle/°

Non-polished stainless steel (nps) – 81 ± 3.8

FOTS 128 ± 3.1

ZrOx/FOTS 117 ± 2.4

Polished stainless steel (ps) – 73 ± 2.1

FOTS 107 ± 3.9

ZrOx/FOTS 104 ± 1.3

Both, before and after immersion in the electrolyte solution
at pH 4.2 and 80–85 °C, the shown XPS survey spectra of the
ZrOx/FOTS films exhibit peaks assigned to carbon, oxygen, flu-
orine, and silicon in a similar magnitude, which suggests film
stability under process-like conditions (Figure 5A). This is fur-
ther supported by a deconvolution performed in the C1s peak
region for both surface states, where similar atomic percentage
values were derived (Figure 5B,C). Like for the FOTS coating
in Figure 4B, both the C*F3-CF2 and C*F2-CF3/CF2-CF2 com-
ponents could clearly be distinguished from the rest due to its
characteristic chemical shift to higher binding energies. The sig-
nal at 288.9 eV is presumably an overlap of the C*F2-CH2 com-
ponent and the carbonyl group (C=O), which is present because
of Zr(acac)4 as a precursor. Likewise, the main component cen-
tered at 284.9 eV is composed of C=C contributions from the
organometallic compound, C*H2-Si from the FOTS molecule,
and CH2/CH3 from the atmosphere. The component at 286.3 eV
could be assignable to the C*H2–CF2 and adsorbates such as C–
O. Additional signals attributed to the zirconium species were
observed at 433 eV (Zr 3s), 331 eV (Zr 3p), and 180 eV (Zr 3d)
in the survey spectra (Figure 5A). The Zr 3d5/2 and Zr 3d3/2 spin-
orbit split components were detected at 182.8 eV and 185.2 eV.
These peak positions indicate zirconium to be present in its fully
oxidized Zr4+-state[57] (Figure 5D).

3.1.2. Water Contact Angles and Wetting

The surface hydrophobicity was analyzed by performing water
contact angle (WCA) measurements of the pure surface states
and after the FOTS and ZrOx/FOTS coating, respectively. The
results are presented in Table 3 for both employed types of 1.4404
stainless steel substrates.

Both the 1.4404 ps and nps substrates exhibit hydrophilic char-
acteristics (water contact angle <90°) at the pure surface state but
became clearly hydrophobic after application of the FOTS con-
taining films. Both films applied to the 1.4404 ps substrate show
almost identical water contact angles with regard of the stated er-
rors. In contrast, the measured contact angle is reduced by 11°

for the hybrid coating deposited onto the 1.4404 nps substrate
in comparison to the FOTS film by CVD, which could be a re-
sult of the lowering of the surface roughness by the application
of the sol-gel films. This is supported by FE-SEM images (Fig-
ure 8). It is further noticeable that the water contact angle shows
consistently smaller values for the ZrOx/FOTS than for the pure
FOTS coating independent of surface roughness. The lower fluo-
rine surface concentrations in the ZrOx/FOTS film, as measured
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Figure 6. Dynamic water contact angle of FOTS and ZrOx/FOTS coated polished A) and 1.4404 nps substrates B) with contact angle hysteresis for all
coatings.

by means of XPS (see Table 2), and different molecular orienta-
tions of the F-species could provide an explanation.[38]

Dynamic water contact angle measurements were performed
to investigate possible changes in the wettability due to potential
inhomogeneities of the surface (Figure 6). Subtraction of the re-
ceding contact angle (𝜃r) from the advancing contact angle (𝜃a)
provides information about the contact angle hysteresis (𝜃H), the
origin of which is detailly discussed by Eral et al.[58]

The water contact hysteresis observed for the FOTS and
ZrOx/FOTS coating exhibit values between 19 and 26° on
both examined stainless steel surfaces, which is in a typi-
cal range for hydrophobic coatings such as fluorosilanes[59] or
poly(tetrafluoroethylene) (PTFE).[60] On both surfaces, the hys-
teresis for the CVD coating is smaller than for the hybrid-coating,
which is in accordance with the previously discussed (static) wa-
ter contact angles and the statements regarding roughness and
surface inhomogeneities.

By measuring the contact angles on thin films coated 1.4404 ps
substrates with liquids of varying polar and dispersive compo-
nents, the total SFE was calculated to be 14.6 mN m−1 (ɣd:
11.8 mN m−1, ɣp: 2.8 mN m−1) for the FOTS and 20.3 mN m−1

(ɣd: 18.9 mN m−1, ɣp: 1.4 mN m−1) for the ZrOx/FOTS coating.
This is significantly lower than the SFE of the used 1.4404 ps
surface, which was experimentally determined to be 41 mN m−1.
The value lies in the expected range for polished stainless steel.[61]

It is slightly lower than the SFE reported for PTFE[61,62] and in
the range of other fluorine-incorporated organosilicon[63] or hy-
drophobic copolymer coatings.[38] However, it is not as low as
6 mN m−1, which is the lowest SFE reported in the literature for
a surface carrying a uniformly organized crystalline array of CF3-
groups.[33] This suggests a less ordered structure of the F-moiety
on the solid surfaces in this study.

3.1.3. Surface Morphology of Thin Films

The surface morphology was analyzed by employing FE-SEM and
AFM imaging. High-resolution AFM images of the 1.4404 ps

substrate before and after modification with the FOTS and
ZrOx/FOTS coating are shown in Figure 7. Roughness param-
eters, such as the root-mean-square roughness (rms(sq)) values
were calculated to characterize the surface topography.

The AFM image of the FOTS coated 1.4404 ps surface (Fig-
ure 7B) implies a defect-containing multilayer film with islands
up to a height of ≈ 14 nm. The presence of smaller surface
defects was proven by cyclic voltammograms. Further details
are given in the Supporting Information, Section 3, Figure S3B.
The island-like film structure leads to an increase of the sur-
face roughness from ≈ 1.0 nm on the bare substrate to about
1.7 nm on the FOTS modified surface. In contrast, the sur-
face roughness of the substrate after applying the ZrOx/FOTS
film (Figure 7C) is slightly lower than on the bare surface, as
evident from the rms(sq) value of 0.7 nm. Even though small
island-like formed structures could be detected, the surface is
homogeneously covered by the film. Full surface coverage could
be confirmed by cyclic voltammetry (Supporting Information,
Section 3, Figure S3C). It can further be concluded that the depth
of the grooves and minor surface irregularities, obvious from
Figure 7A, are reduced. This is supported by FE-SEM images,
recorded of the bare 1.4404 nps surface as well as after the
deposition of the ZrOx/FOTS hybrid film, which are shown in
Figure 8.

From the FE-SEM image shown in Figure 8A it is obvious
that the topography of the employed 1.4404 nps substrate ex-
hibits a structure with trenches of a depth of ≈300 nm up to
≈1.6 μm (Figure 8C). In addition, small troughs could be ob-
served on the plateaus, which further increase the roughness
(Figure 8A, top left, and right). From the images shown in Fig-
ure 8B,D it is evident that the ZrOx/FOTS film fills these inden-
tations. Less amount of the film is deposited on top of the sur-
face, as confirmed by Electron Dispersive X-ray analysis (EDX)-
measurements (Figure S4 and Table S1, Supporting Informa-
tion). This leads to a partial smoothening and a decreased surface
roughness, which confirms the observation made from AFM-
images and is both characteristic and one advantage of a coating
applied by the sol-gel method.[43]
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Figure 7. A) (2 × 2) μm2 AFM images of bare 1.4404 ps substrate, B) the latter after FOTS deposition by CVD and C) after ZrOx/FOTS coating applied
by sol-gel method. The rms-value given is the root-mean-square roughness of the respective surface with standard deviation.

4. Performance of Thin Film Coated Microreactor
Components

In the following, the results of the fouling experiments per-
formed in the microreactor (see Section 2.4 for details), are pre-
sented for the previously described uncoated and FOTS as well
as ZrOx/FOTS coated mixing elements. To analyze changes in
surface properties after exposition to reaction conditions, flat un-
coated and coated 1.4404 nps plates were placed into the microre-
actor outlet for each experiment. These plates were subsequently
analyzed by FTIR spectroscopy.

4.1. Evolution of Pressure Drop During Operation Time

Figure 9 shows a comparison of the pressure drop evolution dur-
ing operation time using coated and uncoated mixer elements.
After the startup of the polymerization the pressure drop in-
creases in all experiments due to an increase of viscosity (first
30 min). Then the pressure stays constant for roughly 8 h in all
cases. The small recurring peaks in the pressure signal are due
to sampling extraction from the reactor. The measured monomer
conversion is in the range of 7%–15%. No significant differences
in the conversion rate were found between uncoated and coated
mixers.

Uncoated mixers: After eight hours of operation, the pressure
drop starts to increase for the uncoated stainless steel mixing ele-
ments and becomes more and more volatile (Figure 9). This can

be attributed to the accumulation of an insoluble polymer gel,
which adheres to the casted steel mixer elements and blocks the
free volume in the reactor. The pressure increases continuously
until the end of the experiment, where the absolute pressure loss
is ≈150 mbar compared to the reactor inlet. Then the reactor is
rinsed with water (Figure 9, grayed area). Part of the clogging is
removed by water flushing, however, the pressure does not return
to the initial value. This indicates persistent adherence of gel on
the uncoated mixers.

FOTS coated mixers: The operation of the reactor over 10 h us-
ing FOTS coated mixers does not lead to an increase of pressure
drop (Figure 9). Thus, employing FOTS coated mixing elements
leads to a significant increase of operation time in the radical
polymerization of PVP. Small fluctuations in the pressure profile
(for instance after 4 h) may be due to locally increased viscosity
in the outlet of the reactor, which is an uncoated stainless steel
element. After the end of the polymerization experiment, the re-
actor is rinsed with water. Contrary to the uncoated mixers, the
pressure signal returns to the initial state (Figure 9, colored gray).
This clearly indicates, that either no gel deposits are formed, or
they are weakly bound to the surface and can be removed easily.

ZrOx/FOTS coated mixers: The second hydrophobic coating
is the ZrOx/FOTS coating on factory fresh stainless steel mix-
ing elements. Figure 9 shows the pressure drop for the coated
mixing elements. The pressure profile increases initially due to
viscosity changes and then stays constant. After flushing with wa-
ter (Figure 9, colored gray), the initial pressure is reached again.
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Figure 8. A) FE-SEM images of solvent cleaned 1.4404 nps surface with 2500 x magnification and B) the comparable surface after applying the ZrOx/FOTS
film by sol-gel method as well as C) the bare substrate with 5000 x magnification with 36° tilt and D) the latter after application of the ZrOx/FOTS film.
The hydrophobic coating fills up surface rifts which could further be confirmed by Electron Dispersive X-ray (EDX) analysis as presented in Figure S4
and Table S1, Supporting Information.

Figure 9. Comparison of the normalized entry pressure evolution in experiments with and without the hydrophobic coating. The experiments have been
conducted as described in Section 2.4 and Table 1 with a superficial velocity of 5 mm s−1. p0 = p(0 h).
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Figure 10. A) PVP gel fouling on a casted steel static mixer element and B) swollen PVP gel on a casted steel static mixer element as well as C) a water
jet cleaned uncoated mixing element, which was additionally placed in an iodine-water solution. The experiment has been conducted as described in
Section 2.4 and Table 1 with a superficial velocity of 5 mm s−1.

Compared to uncoated mixing elements, the operation time can
be significantly increased.

4.2. Gel Formation on Dismounted Mixing Elements

After completion of the experiments, the mixing elements
are dismounted. In order to visualize the residual gel, the
dismounted mixing elements are placed in deionized water
overnight. In the second step, the mixers are cleaned with a wa-
ter jet until all visible polymer is removed. Then they are placed
in a 0.1 N iodine-water solution for 5 min, which allows to detect
of residual gel deposition on the surface. The PVP-Iodine com-
plex formation (Supporting Information, Figure S5) results in a
red-brown coloration of the polymer.[64–66]

Uncoated mixers: An uncoated mixer element is shown in Fig-
ure 10A. The polymer gel has accumulated and blocked most of
the free volume in the reactor.

By placing the dismounted mixer elements in deionized water
overnight, the accumulated gel could be swollen. The result is a
mixer, shown in Figure 10B, which is no longer visible due to the
swollen gel.

While only small amounts of polymer gel accumulated at
the beginning of the run with factory-fresh mixer elements, the
amounts increased to the state that is shown in Figure 10A over
time.

While in the entrance region of the reactor only a small amount
of fouling occurs, the amount increases along the reactor length.

This insight can be explained by the initial heating distance in
the reactor.

After the experiment, the mixer elements are cleaned with a
water jet. Figure 10C shows the uncoated mixing element after
the cleaning procedure and exposition to the iodine-water solu-
tion. Even after cleaning with a water jet the whole surface of the
mixing element is coated with a PVP layer.

4.3. Initial State with Applied Thin Films

Since the adhesion of macromolecules seems to be an important
part of the fouling mechanism, experiments with different sur-
face modifications have been carried out.

FOTS coated mixers: A mixer element from the experiment
described above is shown in Figure 11A. Minor fouling can be
observed in regions close to the metal reactor walls. These fouling
deposits could easily be removed by rinsing with water.

By placing the dismounted mixer elements in water overnight,
the accumulated gel becomes visible. Figure 11B shows that only
small amounts of swollen PVP gel are attached on the coated mix-
ing element.

Figure 11C shows the FOTS coated static mixer element af-
ter the cleaning procedure and complexing reaction with iodine.
Clearly, on the most part of the surface, no PVP can be seen.

It can therefore be concluded that a FOTS coated surface not
only significantly reduces the amount of fouling, but also en-
hances the cleaning process drastically.
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Figure 11. A) Minor fouling due to hydrophobic coatings (FOTS) on casted steel static mixer element and B) small amounts of swollen PVP gel on hy-
drophobic coatings (FOTS) on casted steel static mixer element as well as C) the water jet cleaned coated (FOTS) mixing element, which was additionally
placed in an iodine-water solution. The experiment has been conducted as described in Section 2.4 and Table 1 with a superficial velocity of 5 mm s−1.

Figure 12. A) Minor fouling due to hydrophobic coatings (ZrOx/FOTS) on casted steel static mixer element and B) small amounts of swollen PVP gel
on hydrophobic coatings (ZrOx/FOTS) on casted steel static mixer element as well as C) the water jet cleaned coated (ZrOx/FOTS) mixing element,
which was additionally placed in an iodine-water solution. The experiment has been conducted as described in Section 2.4 and Table 1 with a superficial
velocity of 5 mm s−1.

ZrOx/FOTS coated mixers: Figure 12A shows the coated mix-
ing element after the operation time with a small amount of gel
deposits.

The mixer elements are again dismounted and placed in wa-
ter overnight to make accumulated gel better visible. Figure 12B

shows that only small amounts of swollen PVP gel have been at-
tached on the coated mixing element.

Figure 12C shows the ZrOx/FOTS coated mixing element after
the cleaning procedure and complexing reaction with iodine. It
is clearly visible that the surface is colored brown-red by iodine,
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Figure 13. A) FTIR spectra of the as-prepared FOTS and B) ZrOx/FOTS
film coated 1.4404 nps surface as well as C) FOTS and D) ZrOx/FOTS
modified substrate after contact with PVP in the microreactor for one re-
action cycle and subsequent water cleaning process in comparison to E)
analogously treated bare nps surface. A solvent cleaned nps substrate
served as reference.

so PVP deposits on the surface of the mixing element are clearly
visible. Nevertheless, it should be mentioned that much less gel
forms on the mixers due to the coating compared to the uncoated
mixers.

In the Supporting Information, a blank sample (ZrOx/FOTS
on a 1.4404 nps plate) is shown after iodine treatment (Figure S6,
Supporting Information) to exclude a possible complexation re-
action of iodine with the ZrOx complex.

4.3.1. Post FTIR-Analysis of In-Process Prepared Samples

In order to further analyze the microscopic effectiveness of the
described FOTS and ZrOx/FOTS films, bare and modified 1.4404
nps substrates with flat geometry were placed at the reactor out-
let during one reaction cycle, followed by a 24 h water bath treat-
ment. Afterward, FTIR spectra were recorded. The obtained spec-
tra are shown in Figure 13, along with spectra recorded of the bare
1.4404 nps substrate after contact with a polymer solution and a
subsequent water bath treatment and the as-prepared FOTS and

ZrOx/FOTS hybrid films. In all cases, a solvent-cleaned 1.4404
nps substrate served as a reference.

The FOTS modified substrate shows characteristic IR-signals
for a FOTS film (Figure 13A). The CH-deformation modes from
CH2-groups produce a conspicuous band at 1389 cm−1,[67] while
the peaks located at 1225 cm−1 and 1170 cm−1 correspond to
the asymmetric and symmetric stretching frequency of the CF2-
groups,[68,69] respectively. The peak at 1133 cm−1 can be as-
signed to Si—O–C bonds.[70] The signal at 1049 cm−1 can be at-
tributed to the characteristic siloxane bonds (𝜈a Si—O–Si)[70,71]

and the Si–OH bending gives rise to a well-developed peak
≈988 cm−1.[72] In addition to the OH-band of adsorbed water,
which can be distinguished into “liquid” (≈3400 cm−1) and “ice-
like” (≈3200 cm−1),[73] another weak band was detected in the
spectrum at wavenumbers >3600 cm−1. This band can be at-
tributed to isolated or terminal silanol groups.[73] It was pre-
viously observed on FOTS modified surfaces and could be ex-
plained by the possibility of water adsorption into nanoscopic sur-
face defects.[74]

Even though the absolute structure of the hybrid film is
not completely clarified in this study, the major bands appear-
ing in the FTIR spectrum of the ZrOx/FOTS coated 1.4404
nps substrate can be identified (Figure 13B). A distinctive OH-
absorption band appears above 3000 cm−1,[75] while the band be-
low 3000 cm−1 can be related to CH-stretching of CHn-groups
present in both the FOTS molecule and metal-organic precur-
sor with corresponding CH-deformation vibrations at 1402 cm−1.
Another characteristic peak at 1613 cm−1 can be attributed to a
CO-stretching vibration of the Zr(acac)4 complex[76] with a shoul-
der appearing at higher wavenumbers, which suggests an over-
lap with 𝛿(HOH)-bending vibrations of water molecules in the
mentioned region.[76,77] The C–C-stretching vibrations produce
peaks at 1509 cm−1 and 1271 cm−1 with the latter probably be-
ing affected by contributions from Si-CH2 vibrations from the
FOTS.[72] While the presence of CF2– and CF3-groups is con-
firmed by a signal at 1224 cm−1,[70] peaks located at 1183 cm−1,
1014 cm−1, and 928 cm−1 can most probably be attributed to a
combination of bending 𝛿(CCH) with C–C-stretching, originat-
ing from the ligands of the Zr-complex.[76] Bands corresponding
to the stretching of Zr-Oacac or Zr–F should appear at wavenum-
bers below 500 cm−1,[76,78] but were not observed in this study
due to the use of a mid-infrared IR-spectrometer.

In the case of the unmodified stainless steel substrate af-
ter contact with the polymeric media (Figure 13E), the FTIR
spectrum exhibits distinctive stretching bands at 1645 cm−1

and 1416 cm−1 corresponding to the pyrrolidone C=O group
as well as hydrocarbon absorption of PVP.[67] Two bands lo-
cated at 1280 cm−1 and 1497 cm−1 can be ascribed to the C–N-
stretching.[79] In addition, the CH2-stretching vibrations of the
pyrrole ring and chain produce well-defined local peak maxima at
2949 cm−1 and 2980 cm−1 (asymmetric) as well as 2880 cm−1 and
2918 cm−1 (symmetric). In this region, another minor maximum
is located at 2858 cm−1 corresponding to ternary CH-stretching
vibrations.[67,80] Overall, the mentioned peaks clearly confirm the
presence of PVP on the substrate. Further, the strong absorption
band at wavenumbers above 3400 cm−1 corresponds to the OH-
stretching of adsorbed water which indicates hydrogel formation.

In contrast to this, the PVP characteristic bands are only
slightly developed on the FOTS modified surface after contact
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with the polymer (Figure 13C), which underlines the strong anti-
fouling properties of the thin film.

The ZrOx/FOTS coated 1.4404 nps substrate after contact
with the polymeric media (Figure 13D) shows marginally PVP-
characteristic signals in comparison to the uncoated nps refer-
ence substrate (Figure 13E). Although the peaks corresponding
to the CH2-stretching vibrations of the pyrrole ring and chain
(2800–3000 cm−1) can still be assigned, especially the distinctive
band of the C=O-group is clearly reduced, which supports the
previously shown results regarding anti-adhesive properties of
the hybrid film.

5. Conclusions

Coatings with the aim of deposit-reducing effects are widely
discussed in the literature for various systems where fouling
occurs.[8,14,19,25,45] However, regarding the desired anti-fouling ef-
fect in microreactors for polymerization processes the preserva-
tion of microstructures through the application of ultra-thin films
is decisive.

Within this study, two films with low surface free energy
and nanometer-scale thickness, namely a FOTS and a FOTS-
containing zirconium oxide sol-gel film on 1.4404 stainless steel
substrates, were comparatively investigated.

FOTS CVD films with an average thickness of 3.8 nm showed
a rather island like-structure however, led to a very low surface
energy of 14.6 mN m−1. In comparison, the sol-gel deposited
ZrOx/FOTS films were quite smooth even at a film thickness
of 5.1 nm. Based on the lower concentration of FOTS in the
surface near region as measured by XPS, the ZrOx/FOTS films
showed a slightly higher surface energy. However, the sol-gel ap-
plication even led to a smoothening of rough technical substrates.
XPS data proved the stability of the applied films under process-
relevant conditions.

The analysis of static stainless steel mixing elements employed
during the radical polymerization of NVP to PVP in an aque-
ous solution in real microreactors allowed us to visually and,
by recording pressure profiles, also physically detect the widely
discussed phenomenon of fouling,[2,3,12] caused by polymers in
(micro)reactors. By application of the coatings to the static mix-
ing elements, the amount of polymeric deposit could signifi-
cantly be reduced. In this regard, the low polar components deter-
mined for both coatings are presumably responsible for reduced
interactions appearing at the solid/liquid interface. On the one
hand, the FOTS applied by CVD in particular showed outstand-
ing anti-adhesive properties with almost no PVP-deposit forma-
tion, as further demonstrated by FTIR analysis. On the other
hand, the ZrOx/FOTS film led to the desired reduction of the sur-
face roughness and an improved lateral surface homogeneity. In
addition, the sol-gel film showed higher barrier properties than
the FOTS-CVD films.

Even though long-time experiments are still pending, both
films allow the microreactor for the polymerization process to
be used for longer periods without the need for time and cost-
consuming rinsing steps in between. Due to their low surface
energy and the chemical inertness of the deposited films the pre-
sented strategy could be transferred to other water-soluble poly-
mer systems synthesized in a similar process.
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Supporting Information is available from the Wiley Online Library or from
the author.
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