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ABSTRACT: To inhibit the metal catalytic coking and improve the oxidation
resistance of TiN coating, rutile TiO2 coating has been directly designed as an
efficient anticoking coating for n-hexane pyrolysis. TiO2 coatings were prepared
on the inner surface of SS304 tubes by a thermal CVD method under varied
temperatures from 650 to 900 °C. The rutile TiO2 coating was obtained by
annealing the as-deposited TiO2 coating, which is an alternative route for the
deposition of rutile TiO2 coating. The morphology, elemental and phase
composition of TiO2 coatings were characterized by SEM, EDX and XRD,
respectively. The results show that deposition temperature of TiO2 coatings has a
strong effect on the morphology and thickness of as-deposited TiO2 coatings. Fe,
Cr and Ni at.% of the substrate gradually changes to 0 when the temperature is
increased to 800 °C. The thickness of TiO2 coating is more than 6 μm and
uniform by metalloscopy, and the films have a nonstoichiometric composition of
Ti3O8 when the deposition temperature is above 800 °C. The anticoking tests
show that the TiO2 coating at a deposition temperature of 800 °C is sufficiently thick to cover the cracks and gaps on the surface
of blank substrate and cut off the catalytic coke growth effect of the metal substrate. The anticoking ratio of TiO2 coating
corresponding to each 5 cm segments is above 65% and the average anticoking ratio of TiO2 coating is up to 76%. Thus, the
TiO2 coating can provide a very good protective layer to prevent the substrate from severe coking efficiently.
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1. INTRODUCTION

Titanium dioxide (TiO2) has three polymorphs in nature:
anatase, rutile, and brookite. In the past three decades, TiO2
coatings have been widely studied in dye-sensitized solar cell,1

photoelectrochemistry,2 photocatalysis,3 and thin film elec-
tronic devices,4 etc. In these applications, an anatase TiO2 is
often broadly used thanks to its chemical stability, excellent
mechanical durability, high refractive index, and transparency
over the wide spectral range. Rutile is the only stable phase at
high temperature, whereas anatase and brookite are metastable
at all temperatures and transform to rutile if they are heated.
Rutile TiO2 coating is seldom investigated although it exhibits
thermal stability, high hardness, and high Young’s modulus
value as compared with anatase and brookite. Yin et al. reported
the rutile TiO2 coating layer on lamellar sericite surface by the
chemical deposition method starting from TiCl4 in the
presence of Sn4+ which induced the TiO2 phase transformation
of amorphous to rutile.5 Luo et al. studied the structure and
mechanical properties of thick rutile TiO2 films under different
coating treatments.6 Recently, there is increasing interest in the
use of various thin films or coatings as anticoking coatings
during hydrocarbon pyrolysis at high temperature, such as glass
coating,7 Al2O3 coating,

8,9 SiO2/S coating,
10−12 Ta2O5 coating,

9

and TiN coating.13 Anticoking coating is to solve the metal
dusting and coking problems, wherein metal dusting is a serious

carburization of Fe-, Ni-, and Co-base alloys which not only
leads to disintegration of the metal substrate to small metal
particles leaving pits and grooves, but also causes severe
catalytic coking further. This phenomenon often occurs in the
process of hydrocarbon pyrolysis at high temperature,
accompanied by the formation of carbonaceous solid deposits
(also known as coke) on the metal surface, thereby worsen the
heat transfer process by sharply increasing heat resistances and
weaken the substrate. In our previous works, TiN coatings has
been designed as anticoking coatings during hydrocarbon fuels
pyrolysis under high temperature and pressure, and the results
have shown that TiN coating provides a good protective layer
to prevent the substrate from severe coking.13−15 However,
there is often dozens to hundreds of parts per million dissolved
O2 in hydrocarbon fuels,16 which will cause the formation of
oxygenated products and the oxidation of TiN coating. On the
other hand, the oxidation resistance of TiN is very poor under
the high temperature, and the oxidation of TiN into rutile TiO2
often starts between 500 and 600 °C.17−20 Therefore, in this
work, a stable phase of rutile TiO2 coating has been directly
considered as anticoking coating during hydrocarbon pyrolysis.
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Several techniques have been used for the synthesis of TiO2
coatings including sol−gel synthesis,21 hydrolytic precipita-
tion,22 spray coating,23 sputtering,24 and chemical vapor
deposition (CVD) method.25 Wherein CVD method is one
of the most popular synthesis methods due to the easily
controlled of processing and high-quality crystalline thin films.
Kaliwoh et al.26 prepared anatase TiO2 thin films on crystalline
Si and quartz by photoinduced CVD method. Lei et al.27

reported that two kinds of metal organic CVD approaches were
employed for the preparation of the photocatalyst of TiO2
supported on alumina. Guo et al.28 employed laser CVD
method to prepare TiO2 coating on Pt/Ti/SiO2/Si substrate.
Nevertheless, only a few studies were found on the deposition
of TiO2 coatings by thermal CVD. Typically, Sun et al.29

prepared TiO2 films on glass in a vertical quartz glass chamber
at deposition temperature between 300 and 600 °C under
atmospheric pressure by thermal CVD where TiCl4 was used as
the precursor to react with H2O vapor. Fredriksson and
Carlsson30 investigated the thermal CVD deposition of TiO
and Ti2O3 from TiC14/H2/CO2 gas mixtures under 1000 °C
and pressures in the range of (13−6.7) × 103 Pa. In this paper,
to obtain a good anticoking coating without affecting the
performance of substrate, TiO2 coating was prepared on
nonplanar metal substrate at relatively low temperature (below
900 °C) by thermal CVD.
We will present in this paper an alternative route for the

preparation of rutile TiO2 coating. The microstructure,
elemental, and phase composition of TiO2 coatings will be
examined. Then we will show how the coking activity can be
suppressed by rutile TiO2 coating during the hydrocarbon fuel
pyrolysis process under high temperature and pressure, and
how these observations can help to obtain the optimal
deposition conditions for anticoking rutile TiO2 coating.

2. EXPERIMENTAL SECTION
2.1. Preparation of Rutile TiO2 Coating. TiO2 coatings were

prepared on the inner surface of stainless steel 304 (SS304) tubes (3
mm o.d., 2 mm i.d. and 700 mm long) in a horizontal hot-wall type
chamber (uniform temperature zone of 1000 mm) at atmospheric
pressure using TiCl4−H2-CO2 system. Titanium tetrachloride (TiCl4)
with a purity of 99.0% was used as the precursor which was purchased
from Chengdu Kelong Chemical Reagent Company. The main
elemental composition in atomic percentage (at.%) of SS304 substrate
used in this study is 20.8% for Cr, 7.4% for Ni, and 71.8% for Fe, and
more details were described elsewhere.14 The thermal CVD deposition
process of TiO2 coatings from TiC14/H2/CO2 gas mixtures comprises
two homogeneous gas-phase reactions that can be described by the
following chemical reactions

+ → +CO (g) H (g) CO(g) H O(g)2 2 2 (1)

+ → +2H O(g) TiCl (g) TiO (s) 4HCl(g)2 4 2 (2)

Where the (s) means solid phase and (g) means gas phase. Eq 1 is the
homogeneous “water gas shift” reaction to in situ produce the water
used in the hydrolysis reaction. This reaction was investigated
comprehensively by Tingey,31 who even gave the following water
formation rate above 800 °C

= × −t ed[H O]/d 7.6 10 [H ] [CO ]RT
2

4 78000/
2

1/2
2 (3)

Then TiCl4 reacted with H2O vapor as shown in eq 2.
The apparatus of thermal CVD TiO2 coatings is schematically

described in Figure 1. Before deposition, the SS304 tubes were washed
in soap solution, rinsed with acetone and ethanol, and then dried in a
vacuum drying oven at 120 °C for an hour. In the process of heating
period (usually 2.5−3 h), high purity (HP) N2 mixed with a small

amount of HP-H2 was passing through the reaction system to purge
the air inside and protect the substrate. After reaching the designed
temperature, the TiCl4 vapor with an equilibrium vapor pressure of
1.33 KPa at 21 °C was carried by purified HP-H2, then through the gas
mixing vessel to mix with H2 and CO2 fully, and eventually reached the
surface of the substrate in sedimentary chamber where the deposition
experiments were started. In this study, various substrate temperatures
ranging from 650 to 900 °C were employed for TiO2 coatings, and the
deposition time was fixed at 3 h in each deposition. The flow rates of
the carrier gas H2, reactant H2 and CO2 were 1200, 1100, and 50 mL/
min, respectively. The estimated TiCl4 flow rate was 16 mL/min. To
get a rutile TiO2 coating, the as-deposited TiO2 was annealed for 30
min in air conditions after cooling down to 700 °C. The annealing
process can make the metastable phase of titanium oxides transform
into thermodynamically stable phase of rutile TiO2.

2.2. Anticoking Performance of TiO2 Coating. The thermal
cracking of n-hexane under high temperature and pressure was
employed to evaluate the anticoking performance of TiO2 coating. The
experiments were carried out in a self-made supercritical cracking
device which is shown in Figure 2. Unlike previous work,14 here we
made slight changes that two sections of heating mode were employed,
which included a preheating section and an isothermal section (As
shown in Figure 3). The outlet oil temperatures for both preheating
section and isothermal section were controlled exactly the same. The
main purpose of the added preheating section was to distinguish
deposits formation between thermal oxidation coking and cracking
coking. The coke formed by thermal oxidation can be removed in the
preheating section so that only cracking coke formed in the isothermal
section. The thermal cracking experiments were conducted in bare and
annealed TiO2-coated SS304 tubes (Both preheating section and
isothermal section were 2 mm inside diameter and 700 mm long), and
the conditions are given in Table 1 which included the cracking
temperatures and pressures. The reactor was heated directly by
electricity under the fixed pressure of the system with the aid of a
backpressure controlling valve that was used to keep the system
pressure constant. The fuel outlet temperature was measured by K-
type thermocouples, and the wall temperatures were also measured by
K-type thermocouples welded outside of the tube. At the end of the
reactor, the cracking products were first cooled in the condenser and
then flowed into a gas−liquid separator through the backpressure
controlling valve. After thermal cracking experiments, the residual fuel
in system was removed by HP-N2, and the reactors were dried in a
vacuum oven at 120 °C for 1h.

2.3. Analysis Method. The morphology and elemental
composition of as-deposited TiO2 coatings were characterized by
scanning electron microscopy (SEM, Hitachi-S-4800, Japan) and
energy dispersive X-ray spectroscopy (EDX, Oxford-IE-250, Ger-
many), respectively. The thickness of TiO2 coatings was measured by
metalloscopy after embedding the TiO2-coated tubes into resin and
then cutting into slices, and the cross sections of 100 mm away from
the gas inlet of TiO2-coated tubes were typically chosen. The phase

Figure 1. Schematic diagram of thermal CVD apparatus: 1, drying
tube; 2, needle valve; 3, gas flowmeter; 4, union joint; 5, ball valve; 6,
temperature controller; 7, TiCl4 evaporator; 8, gas mixing vessel; 9,
reaction chamber; 10, purification plant.
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composition of as-deposited and annealed TiO2 coating was
investigated by using X-ray diffraction (XRD). XRD experiment of
the TiO2 coating was carried out in a DX-2500 rotating anode X-ray
diffractometer (Dandong Fangyuan Instruments Co., Ltd., China)
using Cu Ka (λ = 0.15406 nm) radiation. The tube voltage and current
were 40 kV and 100 mA, respectively. The X-ray diffractogram was
recorded at 0.03 o/s intervals in the range of 20−80 o.
The coked bare and TiO2-coated tubes were cut into 2 cm segments

and three split segments were sampled: 100, 350, and 600 mm along
the axial length of bare or coated tubes (see Figure 3), and the
corresponding morphologies and micro zone amounts of carbona-
ceous deposits were characterized by SEM and EDX, respectively. The
mass of coke on the surface of bare and TiO2-coated tubes were
obtained after thermal cracking of n-hexane at 600 °C and 3.3 MPa for
1h by temperature-programmed oxidation (TPO) in a CO2 infrared
analyzer. Before the TPO tests, the coked tubes were washed 3 times
with pentane to remove any residual fuel, and then cut into 5 cm
segments, washed again with pentane, and dried in a vacuum oven at
120 °C overnight to ensure the complete removal of the residual
pentane. In the infrared analyzer, the coke was oxidized to CO2 by HP-
O2 in a furnace and over a Pt/Al2O3 oxidation catalyst bed at 300 °C

(CO was completely converted CO2). The coked tube samples were
loaded in a quartz reactor with flowing O2 (2400 mL/min) and then
burned at a fixed temperature of 900 °C. The product CO2 was
quantitatively measured by a calibrated infrared detector and used to
calculate the carbon mass of coke. The anticoking ratio of the TiO2
coating was calculated as follows

= −M m
M

anticoking ratio 100%
(4)

Where the M is the carbon mass of coke on the bare tube and m is the
carbon mass of coke on the TiO2-coated tube. The total carbon mass
of coke measured on different tube surfaces is reproducible to within 3
wt % deviation of the deposit mass.

3. RESULTS AND DISCUSSION

3.1. Morphologies of As-Deposited TiO2 Coatings.
SEM images (2000:1) of as-deposited TiO2 coatings (100 mm
away from gas inlet) produced by thermal CVD at various
deposition temperatures are shown in Figure 4. The apparent
result is that the morphologies of as-deposited TiO2 coatings
are significantly changed as the deposition temperatures
increased. Small particles and island structures with many
cracks and gaps can be seen on the surface of as-deposited TiO2
coating at a deposition temperature of 650 °C (Figure 4a).
Irregular platelike crystals appear at the deposition temper-
atures of 700 and 750 °C (Figure 4b, c). Rice-shaped crystals
with irregular arrangement appear at a deposition temperature
of 800 °C (Figure 4d). Between 850 and 900 °C, the
morphology of as-deposited TiO2 coatings alters to smooth
strips and presents the interwoven structures (Figure 4e, f). In
addition, the grain size is gradually increasing when the
deposition temperature is between 650 and 750 °C, whereas
the grain size is not obviously changed between 800 and 900
°C. This demonstrates that deposition temperature has a

Figure 2. Flow reactor device for thermal cracking experiments with fuels: (1) N2 cylinders; (2) relieve valve; (3) drying tube; (4) needle valve; (5)
storage tanks; (6) high-performance liquid chromatograph; (7) filter; (8) nonreturning valve; (9) mass flowmeter; (10) pressure gauge; (11)
thermocouple; (12) transformer; (13) condenser; (14) back-pressure valve; (15) gas/liquid separator; (16) ball valve; (17) liquid collector; (18) wet
type gas flowmeter; (19) gas chromatograph (GC).

Figure 3. Schematic diagram of the electric heat tube reactor for n-hexane thermal cracking (conditions: temperature, 600 °C; pressure, 3.3 MPa;
flow rate, 40 mL/min).

Table 1. Conditions Used to Thermal Cracking Experiments
of n-Hexane

bare tube TiO2-coated tube

sample
preheating
section

isothermal
section

preheating
section

isothermal
section

fuel outlet
temperature/Tout
(°C)

600 600 600 600

reactor pressure
(MPa)

3.3 3.3 3.3 3.3

flow rate (mL/min) 40 40 40 40
heating rate
(°C/min)

100 100 100 100

experimental period
(min)

60 60 60 60
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stronger effect on the morphology or granular shape than the
grain size.
It is generally accepted that there are three possible modes of

crystal growth on surfaces: (i) the island, or Volmer−Weber
mode; (ii) the layer, or Frank-van der Merwe mode; (ii) the
layer plus island, or Stranski−Krastanov mode.32 The
morphology of TiO2 coating growth can be explained by
Volmer−Weber mode which happens when the atoms (or
molecules) of the deposit are more strongly bound to each
other than to the substrate while Frank-van der Merwe mode
displays the opposite characteristics. At low deposition
temperatures, the growth rate of TiO2 coating is relatively
slow and causes that those cracks and gaps on the SS304
substrate are still visible, and the island structures survive after
deposition period of 3 h at 650 °C. At high deposition
temperatures, atoms (or molecules) of the deposit are enough
activated and nuclei of crystals grow up fast. In this case, the
island structures can combine quickly and form a continuous
film that leads to the disappearance of the cracks and gaps
ultimately. Furthermore, the TiO2 coatings are more
homogeneous and compact above 800 °C. This may indicate
that the TiO2 coatings can cover the SS304 substrate surface
completely when the deposition temperature is above 800 °C.

3.2. Elemental Composition of As-Deposited TiO2
Coatings. Figure 5 presents the EDX spectra of elemental
composition evolution of TiO2-coated tube inner surfaces (100
mm away from gas inlet) with the deposition temperature
increasing. All the elemental data are within ±3% percentage
error. It can be observed that Fe, Cr and Ni at.% of the
substrate gradually changes to 0 when the deposition
temperature is up to 800 °C. It is possible that the surface of
the substrate cannot be covered by TiO2 coating completely
until the deposition temperature is above 800 °C, or these
metal atoms could migrate away from the cracks and gaps
under the impetus of temperature gradient. Because of TiO2
coatings with the same deposition time, it could be also
attributed to the thickness of TiO2 coatings is relatively thin at
lower deposition temperatures, therefore, the EDX signal can
penetrate the TiO2 coatings. Further, this clearly indicates these
metallic elements are gradually covered by TiO2 coatings as the
deposition temperature increases to 800 °C, which means TiO2
deposition efficiency is different at different CVD temperature.
The higher temperature used the better CVD efficiency.
Moreover, the as-deposited TiO2 coatings show a non-
stoichiometric composition and the Ti/O ratio is seldom
changed (Ti/O ratio is close to 3:8) when the deposition
temperature is above 800 °C. In this regard, the deposition

Figure 4. SEM images of TiO2 coatings at various deposition temperatures: (a) 650, (b) 700, (c) 750, (d) 800, (e) 850, and (f) 900 °C.

Figure 5. EDX spectra of TiO2 coatings at different deposition temperatures: (a) 650, (b) 700, (c) 750, (d) 800, (e) 850, and (f) 900 °C.
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temperature has little influence on the chemical composition of
TiO2 coating at high temperature range. This is further
evidence that the TiO2 coatings can cover the SS304 substrate
surface completely when deposition temperature is above 800
°C, which is consistent with the SEM results.
3.3. Uniformity and Thickness of As-Deposited TiO2

Coatings. Previous morphologies and elemental composition
analysis of TiO2 coatings by SEM and EDX were employed the
position of 100 mm away from gas inlet. As shown in Figure 6,
to illustrate the uniformity of TiO2 coatings throughout the
inner surface of tubes, three split samples of TiO2 coated tube
at a deposition temperature of 800 °C, for example, were
chosen for morphology and elemental composition analysis:
100, 350, and 600 mm along the axial length of the tube.
Apparently, rice-shaped crystals with irregular arrangement
morphology are exhibited at the whole regions for all parts of
as-deposited TiO2 coating, which also show a nonstoichio-
metric composition of Ti3O8. The results clearly demonstrate
that TiO2 coating is uniform along the tube.
Because of the thermal cracking of hydrocarbon fuels under

high temperature and pressure, coating thickness is an
important index for anticoking coating applications. Here we
only considered the TiO2 coatings at deposition temperature
above 800 °C, which shows no metallic elements detected by
EDX to avoid the metal catalytic coking. Figure 7 displays the
thickness of TiO2-coated tube fracture cross sections at the
deposition temperature between 800 and 900 °C by metal-
loscopy. It is clear that TiO2 coating has a clear interface and
uniform thickness at each deposition temperature. The average
thickness of TiO2 coatings is 6.77 μm for 800 °C, 11.62 μm for
850 °C, and 16.43 μm for 900 °C, respectively. This implies
that the deposition rate of TiO2 coating increases linearly from
2.26 μm/h to 5.48 μm/h as the deposition temperature
increases from 800 to 900 °C. Kuo et al.33 have also studied the
crystalline titanium oxide films with a thickness of 0.09−0.55
μm at temperatures below 500 °C by means of the TiCl4/CO2/
H2 process. In their report, they proposed a growth mechanism
and showed that the film thickness decreased with increasing
substrate temperature and CO2/H2 input, and they attributed
this to considerable desorption instead of deposition at higher
temperature which can be explained by the weak bonding of the

film to the substrate. In contrast to their results an increscent
film thickness takes place at the higher deposition temperatures
in this work. As is known to all, reactions between metal
chlorides and water are very fast. In the case of higher
deposition temperature, the homogeneous water gas shift
reaction (eq 1) in the gas phase has commonly been accepted
as the rate-determining step in this process.34,35 According to
eq 3, water formation rate increases as the temperature rises;
therefore, the deposition rate also inevitably increases with the
increase in temperature.

3.4. Phase Composition of As-Deposited and An-
nealed TiO2 Coatings. The crystal phase structures of as-
deposited and annealed TiO2 coatings deposited at 800 °C
were analyzed by XRD and shown in Figure 8. It is observed
that the as-deposited TiO2 coating consists of Ti2O3 and Ti3O5

phases, whereas the annealed TiO2 coating consists of only
rutile TiO2 (JCPDS card number 21−1276). The (110), (101)
and (211) reflections of annealed TiO2 coating at 2θ angles of

Figure 6.Morphology and elemental composition of different parts of TiO2 coating at a deposition temperature of 800 °C: (a) 100, (b) 350, and (c)
600 mm.

Figure 7. Thickness of TiO2-coated tube fracture cross-section with different deposition temperature: (a) 800, (b) 850, and (c) 900 °C.

Figure 8. XRD patterns of (a) as-deposited and (b) annealed TiO2
coatings deposited at 800 °C.
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27.6, 36.1, and 54.3° are more pronounced than other
diffraction peaks. When the as-deposited TiO2 coating was
annealed at 700 °C for 30 min, a series of obvious diffraction
peaks of TiO2 coating became more relatively narrow and
acuity. This implies that the crystal phase structures of annealed
TiO2 coating are relatively complete with a high crystallinity
compared to as-deposited TiO2 coating. Nevertheless, because
of the strong penetrating of X-ray, some additional reflections
corresponding to the substrate such as Cr2Ni3 (JCPDS card
number 65−6291) were observed in both as-deposited and
annealed TiO2 coatings. In summary, these results suggest that
the as-deposited TiO2 coating is oxidized completely and
obtained a rutile TiO2 coating after annealing. It is noteworthy
to point out that the annealing process changes the phase
composition of as-deposited TiO2 coating but does not change
its morphology.
3.5. Anticoking Performance of TiO2 Coating. Because

of the TiO2 coatings at low temperature with some detected
metal atoms, while the thickness of TiO2 coating is more than 6
μm at a deposition temperature of 800 °C, which is enough to
cut off the catalytic coke growth effect of the metal substrate,
the anticoking tests were carried out in bare and annealed
TiO2-coated tubes at a deposition temperature of 800 °C.
Figure 9 presents SEM images (2000:1) of the carbon deposits
on different parts of isothermal section inner surface of SS304
tube and TiO2 coating after n-hexane pyrolysis at 600 °C and
3.3 MPa for 1 h. The morphology evolution of carbon deposits
which formed by severe catalytic coking along the axial length

of SS304 tube can be clearly seen in Figure 9a−c: (i) a large
number of granular deposits which consist of crystallites with
sharp edges and 0.2−1 μm sizes appear on 100 mm zone of
bare tube. As previous studies,14,36,37 it is a possibility that these
granular deposits belong to metal carbides, such as Fe3C and
Cr3C; (ii) there are numerous granular deposits on 350 mm
zone of bare tube, and Figure 9b is very similar to Figure 9a.
Differently, the high-magnification images of the particles show
that some whiskers of carbon deposition appear under these
granular deposits. This can be attributed to carbon precipitation
from metal carbides in the process of the formation of
filamentous coke.38 (iii) As shown in Figure 9c, a lot of
interwoven filamentous coke cover cracks and gaps of the
substrate completely, and the high-magnification images of the
filamentous coke show that the coke diameter is about 316 nm
with a coarse skin, which because of the coke precursors in the
gas phase react with the coke surface through radical reactions
and lateral growth of the filament begins.39,40 Comparing
Figure 9e with f, the morphology of TiO2 coating along the
tube has little changed before and after n-hexane pyrolysis at
600 °C and 3.3 MPa for 1 h. However, a lot of amorphous
carbon deposits adhere to the surface of TiO2 grain under high
magnification. It suggests that the surface reaction of metal
catalytic coking is fully cut off when the surface of metal
substrate is completely covered by TiO2 coating, then the free
radical and olefin condensation coking in the bulk phase are
dominant in this case. As a conclusion, compared with the
corresponding SEM images of bare and TiO2-coated tube after

Figure 9. SEM images of the carbon deposits on different parts of isothermal section inner surface of SS304 bare and TiO2-coated tube: (a) 100 mm
of bare tube; (b) 350 mm of bare tube; (c) 600 mm of bare tube; (d) 100 mm of TiO2-coated tube; (e) 350 mm of TiO2-coated tube; and (f) 600
mm of TiO2-coated tube.

Figure 10. Different magnification SEM images of the partial loss of TiO2 coating after coking test at the position of 600 mm: (a) 250:1, (b) 2000:1,
and (c) 50000:1.
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coking, it can visually see that the coke on the surface of TiO2
coating are far less than that on the surface of bare tube. Thus,
TiO2 coating provides a very good protective layer to prevent
the substrate from severe coking.
Unfortunately, partial loss was observed at the 600 mm zone

of TiO2 coating surface after coking test, as shown in Figure 10.
This may due to the rapid cooling and the weak bonding of the
TiO2 coating to the substrate. Nevertheless, no filamentous
coke was observed in the region of the partial loss (see Figure
10b, c). This result implies that the partial loss of TiO2 coating
takes place after coking test instead of in the process of the
experiment.
To further illustrate the morphology evolution of coke

formation and anticoking performance on TiO2 coating, the
fluid and wall temperatures were measured as Liu et al.41

described and the carbon in atomic percentage (C at %) of the
SS304 substrate and TiO2 coatings along the tube after coking
tests were analyzed by EDX. Figure 11 presents the fluid and
wall temperature (Tf and Tw) profiles and C at. % along the
reactor tube of isothermal section after n-hexane thermal
cracking at 600 °C and 3.3 MPa. It can be observed from Figure
11a that the Tf is almost changed and keep at 600 °C while the
Tw is gradually increased from the fuel inlet to outlet. The
difference between Tf and Tw is less than 110 °C. Figure 11b
shows that C at % along the SS304 tube is also gradually
increased as the Tw increases, but C at % along the TiO2-coated
tube has little change. On the one hand, it demonstrates that
the morphology evolution of coke formation and C at % are
closely related to the Tw rather than Tf due to the filamentous
coke growth belong to the surface reaction. On the other hand,
the results again indicate that TiO2 coating can play an
important part in preventing the metal substrate from catalytic
coking effectively.
The carbon mass distribution of coke along the axial length

of isothermal section of the tube and the anticoking ratio
(calculated by eq 4) of TiO2 coating are compiled in Figure 12.
It is clear that the carbon mass of coke on the surface of bare
tube is higher than that on the surface of TiO2-coated tube.
Due to some coke formation and accumulation in the joint of
two ends, carbon mass of the two 5 cm segments at both ends
of the joint is not the true carbon mass of coke on the inner
surface of reaction tubes (denoted as ellipses). Generally, the
carbon mass of both bare and TiO2-coated tube roughly
increases gradually along the axial length of tube, which is
consistent with the results of the Tw. In addition, the results of

the anticoking ratio of TiO2 coating corresponding to each 5
cm segments show that the anticoking ratio of TiO2 coating is
above 65% and the average anticoking ratio of TiO2 coating is

Figure 11. (a) Fluid and wall temperature (Tf and Tw) profiles and (b) C at. % along the reactor tube of isothermal section after n-hexane thermal
cracking at 600 °C and 3.3 MPa.

Figure 12. (a) Carbon mass distribution of coke along the axial length
of isothermal section of the bare and TiO2-coated tubes, and (b) the
anticoking ratio of TiO2 coating along the tube.
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up to 76% (Figure 12b). Therefore, the results further confirm
that TiO2 coating displays a good anticoking performance and
provides a good protective layer to prevent the substrate from
metal dusting and severe coking.

4. CONCLUSIONS

TiO2 coatings were prepared on the inner surface of SS304
tube in a horizontal hot-wall reactor at atmospheric pressure by
thermal CVD method using the TiCl4/CO2/H2 process at
various substrate temperatures ranging from 650 to 900 °C.
The rutile TiO2 coating was obtained by annealing the as-
deposited TiO2 coating, which is an alternative route for the
deposition of rutile TiO2 coatings. The deposition temperature
has a strong effect on the morphology and thickness of as-
deposited TiO2 coatings. In particular, small particles and island
structures with many cracks and gaps can be seen on the surface
of as-deposited TiO2 coating at a deposition temperature of 650
°C. Irregular platelike crystals appear at the deposition
temperatures of 700 and 750 °C. Rice-shaped crystals with
irregular arrangement appear at a deposition temperature of
800 °C. Between 850 and 900 °C, the morphology of TiO2
coatings alters to smooth strips and presents the interwoven
structures. The grain size is gradually increasing when the
deposition temperature is increased from 650 to 750 °C,
whereas the grain size is not obviously changed between 800
and 900 °C. When the deposition temperature is above 800 °C,
the thickness of TiO2 coating is more than 6 μm and uniform,
and the films have a nonstoichiometric composition of Ti3O8.
The anticoking performance of rutile TiO2 coating was

evaluated by n-hexane pyrolysis at 600 °C and 3.3 MPa for 1 h.
The TiO2 coating at a deposition temperature of 800 °C is
sufficiently thick to cover the cracks and gaps on the surface of
the substrate and cut off the catalytic coke growth effect
resulting from the metal substrate. As a conclusion, compared
with the corresponding SEM images of bare and TiO2-coated
tube, it can visually see carbon deposits on the surface of TiO2
coating are far less than that on the surface of SS304 tube. The
anticoking ratio of TiO2 coating corresponding to each 5 cm
segments is above 65% and the average anticoking ratio of TiO2
coating is up to 76%. Thus, the TiO2 coating can provide a very
good protective layer to prevent the substrate from severe
coking efficiently.
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