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Abstract

Understanding reaction kinetics can provide valuable information for the design and optimization of a reaction process. In
this study, the reduction degree and carbonitriding ratio of TiO, in the CH -H N, system were investigated to understand
the kinetics of carbonitriding reduction. The experimental results revealed the following important findings. The reduction
degree of TiO, increased significantly within the temperature range of 1000 °C to 1200 °C. At the same time, the duration
of complete carbonitride time decreased with increasing temperature. However, it was found that excessively high
temperatures (1200 °C) had a detrimental effect on the degree of reduction. Consequently, the optimal reduction
temperature was set at 1100 °C, in order to achieve a balance between reduction degree and reaction time. The process of
carbonitride reduction of TiO, in the CH-H -N, system corresponded to the unreacted nuclear model, where the process
was mainly controlled by chemical reactions. A calculated apparent activation energy of 99.35 kJ/mol was obtained for the
carbonitriding reduction process. The identification of the optimal reduction temperature and the dominant role of chemical
reactions provide valuable insights for the design and optimization of carbonitriding processes with titanium compounds.
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1. Introduction

Titanium, as a very active lithophile element, is
widely distributed in the crust and lithosphere in the
form of oxides [1, 2]. Titanium dioxide is the main
oxide of titanium (commonly known as titanium
white), which is widely used in chemical, textile,
medical, food and other fields [3]. Meanwhile, as the
end product of smelting most titanium-bearing
minerals, TiO, is also an important raw material for
the production of other titanium products.

Titanium carbides and nitrides, as advanced
engineering ceramics, are widely used in coating
materials, medical instruments, aerospace parts and
other fields, while their solid solutions Ti (C, N) have
similar excellent properties such as high hardness, high
wear resistance, high chemical stability, high oxidation
resistance, and high thermal conductivity [4-6]. Ti (C,
N) can be used as metal-based ceramics and coating
material, as well as a potential raw material (soluble
anode) for electrolytic production of titanium sponge
[7-9]. There are many production methods for titanium
carbonitride, and the specific method varies depending
on its intended use. At present, the main preparation
process of powder titanium carbonitride includes
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carbothermic nitride, high temperature diffusion, high
temperature nitride and so on [10-12], while the main
preparation process of titanium carbonitride for coating
includes ion plating, magnetron sputtering and vapor
deposition [13-15]. Titanium dioxide is the main raw
material for industrial production of titanium
carbonitride by carbothermic nitride. TiO, powder and
carbon powder were used as raw materials to generate
titanium carbonitride powder by carbothermal
reduction at a high temperature and in nitrogen
atmosphere. The high production costs of titanium
carbonitride, such as high reaction temperature, long
reaction time, and expensive raw materials, pose
challenges for its widespread application.

In recent years, hydrogen metallurgy, as a green
and low emission smelting process, has attracted the
attention of researchers, while hydrogen energy is also
regarded as a green renewable energy with the greatest
development potential in the 21st century [16-18]. As
a typical hydrogen energy resource, methane gas has
been shown to reduce metal oxides, such as MnO and
NiO, at lower temperatures [19-22]. Zhang’s group
conducted a reduction study of titanium-bearing
minerals using CH,-H,-Ar mixture and confirmed that
titanium dioxide can be reduced to titanium
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oxycarbide at 1300 °C [23, 24]. And our team also
have proposed the CH,-H,/CH,-H,-N, gas mixture
reduction method, which proves that titanium-bearing
minerals can be reduced and carbonized at a low
temperature compared with the commercial process [2,
25-29]. Meanwhile, the previous experiments also
confirmed that adding N, to the reduction gas
containing methane could further reduce the reduction
temperature and promote the reaction rate.

However, the kinetics of the reduction of TiO, in
the CH,-H,-N, system remains unclear at present.
Reaction kinetics plays a crucial role in the design of
reactors and the selection of reaction parameters in
practical production. Building upon our previous
work [28], in which the synthesis of Ti(C, N, O),
reaction mechanism, and the composition of the
product have been investigated, we conducted
investigations into the effects of time and temperature
on the reduction rate and degree. Furthermore, we
discussed the reduction kinetics and calculated the
activation energy of the reduction reaction. Based on
the experimental results, we also explored the
reduction mechanism of TiO, in the CH,-H,-N,
system.

2. Experimental
2.1. Materials

The TiO, and Fe,O, powders used in the present
work were both analytical reagent with 99% purity
(Chengdu Kelong Corporation, China). The CH,, H,
and N, gases employed in this study were all with
99.999% purity (Chongqing Ruike Corporation, China).

2.2. Experimental procedure

TiO, and Fe,O, powders were mixed in a certain
proportion, and then dried at 200 °C for more than 12
h to remove the water in the raw materials. Around 0.5
g mixed powders were loaded in a corundum crucible
(diameter 30 mm, height 5 mm), and then placed
inside the vertical tube furnace. The furnace was first
heated to the desired temperature in flowing N, at a
rate of 10 °C /min, while the flow rate of gas was
controlled by gas flow controllers (Alicat, Model MC-
500SCCM-D, and MC-1SLPM-D). Then CH,-N,-H,
gas mixture was introduced into the furnace from the
top at a rate of 500 sccm/min. The experimental
apparatus employed in this study has been described
elsewhere [2].

3. Result and Discussion
3.1. The reaction sequence at
temperatures

different

In our previous studies, the phase transition
process of TiO, during the reduction process at

different temperatures has been studied. However, the
obtained research data did not provide sufficient detail
for the study of kinetics. In order to address this gap,
a more comprehensive experimental study was carried
out on the phase transition process of TiO, with
adding 10 wt.% Fe,O, at 1000 °C, 1100 °C and 1200
°C based on our previous research. The reason for
adding 10 wt.% Fe,O, is that its reduction product
metal iron will act as a catalyst in the following
reductions, including methane pyrolysis [30], water-
gas shift reaction [31], and Boudouard reaction [32],
which is beneficial to reduction of TiO,.

Figure 1 shows the XRD patterns of samples
reduced at 1000 °C at different time. It can be found
that a large amount of TiO, was converted to Magnéli
phase in the first ten minutes of reaction, while all the
iron oxide in the sample was reduced to metallic iron.
With the reduction time increasing to 20 minutes, a
large amount of Ti,O, and Ti,0, was generated in the
sample, accompanied by the disappearance of
Magnéli phase. Meanwhile, the generation of Ti(C, N,
O) can be also found in the sample, indicating that
TiO, could be reduced to Ti(C, N, O) by CH,-N,-H,
gas mixture at 1000 °C. With the prolongation of
reduction time, the Ti,O, phase in the sample
increased significantly, while the Ti,O, phase
decreased significantly. However, there were still a
large amount of Ti,O; and Ti,O, in the samples after
90 minutes of reduction. It indicates that the
carbonitriding rate of the sample was relatively slow
at 1000°C. In addition, deposited carbon has been
formed in the sample after 30 minutes of reduction,
indicating that the pyrolysis rate of methane at this
time has been greater than the carbonitriding rate of
the sample.
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Figure 1. XRD patterns of TiO, - 10 wt.% Fe,O, reduced at

1000 °C for different time
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Meanwhile, in order to make more intuitive
statistics of the phase transformation of the samples,
X’pert Highscore software was used to Rietveld refine
the XRD patterns, which can semi-quantitatively
analyze the phase composition of the reduced sample.
Figure 2 shows the final fitting patterns of the
Rietveld refinement, and the relevant quantitative
analysis results are shown in Table 1 (eliminating the
presence of deposited carbon). For samples with a
single-phase composition, the requirements of the
X’pert Highscore software for Rietveld refinement are
a goodness of fit (R, ,) of less than 2% and an R-factor
of fit (GOF) of less than 10%, which means that the
results obtained are plausible. R and GOF can both
be seen in the corresponding dlff?actogram in Figure
2, which essentially match the requirements. In the
results in Table 1, the presence of deposited carbon
has been eliminated to allow a more intuitive

comparison.

As shown in Table 1, the first 10 minutes of
reaction are mainly the reduction of ferric oxide,
while about half of the TiO, was converted to Magnéli
phase. With the prolongation of reduction time, TiO,
was rapidly reduced to Magnéli phase, while the
Magnéli phase was first reduced to Ti,O,, then to
Ti,0,, and final to Ti(C, N, O). Ti,0, and Ti,O,
increased first and then decreased in the sample, while
the Ti(C, N, O) was constantly being formed.
However, there were still a large amount of low
titanium oxides (Ti,0, and Ti,0,) in the samples after
90 minutes of reduction, and the ratio of Ti(C, N, O)
in the sample was only 37.6 wt.%.

Figure 3 illustrates the XRD patterns of samples
reduced at 1100 °C for different time. It can be found
that there has been obvious Ti(C, N, O) formation
after reduction for 10 minutes, while the main phases
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of the sample are TiO,, Ti,O,, Ti(C, N, O) and Fe.
After 40 minutes of reduction, almost all TiO, in the
sample has been reduced to Ti(C, N, O), with only
trace amounts of TiO, and Ti,O, remaining. It
indicates that TiO, can be rapidly carbonitrided to
Ti(C, N, O) at 1100 °C. The content of Ti,O, in the
sample is almost non-existent throughout the
reduction process, indicating that the increase of
temperature will greatly promote the reduction rate of
Ti,0, to Ti(C, N, O), which is consistent with
previous studies [28]. It is worth noting that the
deposited carbon was already produced in the early
stages of the reaction, which increased significantly
with the increase of reduction time.

As shown in Figure 4 and Table 2, the original X-
ray diffraction patterns and Rietveld refinement
patterns are in good agreement for all samples. About
15.03 wt.% Ti(C, N, O) was formed in the sample
after 10 minutes of reduction, which was much better
than the reduction result at 1000 °C. With the
reduction time increasing to 40 minutes, the content
of Ti(C, N, O) in the sample exceeded 90 wt.%. This
means that the carbonitriding process was basically

Table 1. Phase content of TiO, - 10 wt.% Fe,O, reduced at
1000 °C for different time (wt.%)

(Tn‘::; TO, |Magnéli Ti,O; | Ti,0, | E o e
10 | 4472|5056 | - | 1.44 - 3.18
20 | 863 | - [50.73|31.87| 556 | 321
30 | 427 | - |28.04|49.95 | 14.13 | 3.61
40 | 697 | - |2345|4159 | 23.01 | 4.98
60 | 544 | - 2329|3040 | 3529 | 5.8
90 | 394 | - |1929)3248 | 37.60 | 6.69
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Figure 3. XRD patterns of TiO, - 10 wt.% Fe,O, reduced at
1100 °C for different time

complete. However, trace amount of TiO, and Ti,0,
still remained in the samples as the reduction time
continued to extend. It is preliminarily inferred that
this was caused by the poor kinetic conditions of the
sample at the bottom of the crucible.

Furthermore, the XRD patterns and Rietveld
refinement patterns of samples reduced at 1200 °C for
different durations are presented in Figures 5 and 6,
respectively. The corresponding quantitative analysis
results are summarized in Table 3. It is evident that
nearly all of the TiO, in the sample underwent
carbonitridation after a reaction time of 30 minutes.
Carbon deposition occurred in the early stages of the
reaction, but its production was significantly lower
than that at 1100 °C, suggesting that the increase of
temperature has a greater promotion effect on the
reduction rate than on the methane pyrolysis reaction.

However, residual traces of TiO, and Ti,O, are
still observed in the samples as the reduction time is
prolonged, which is consistent with the observations
at 1100 °C.

The morphologies of samples reduced at three
temperatures for different time are shown in Figure 7.
It can be seen that with the progress of the reaction,
the microstructure of the solid material has a great
change. The powder samples used in this study are
easy to form clusters due to its small particle size and
high specific surface area. At the early stage of
reduction at 1000 °C, TiO, was reduced to a low
valent oxide of titanium, and the particles change
from dense to porous coral, while the surface is very
smooth. With the subsequent generation of Ti(C, N,
0O), the surface of the porous coral-like sample
becomes rough, while some small granular phases are
formed. When the reduction temperature is increased,
the sample is sintered at the early stage of reduction.

3.2. Reduction degree and carbonitriding ratio

According to the content of titanium phase in each
sample based on Rietveld refinement, the
carbonitriding ratio (CR) and reduction degree (RD)
of each sample can be calculated from equations (1)
and (2):

Table 2. Phase content of TiO, - 10 wt.% Fe,O, reduced at
1100 °C for different time (wt.%)

(Tn‘;f;‘; TO, | O, | TiO; | ;‘ o e
10 | 3260 | 43.09 | 497 | 1503 | 431
20 | 1985 | 2689 | 095 | 47.69 | 4.62
30 | 619 | 598 | 320 | 80.62 | 4.02
40 | 202 - 202 | 9098 | 4.99
60 | 138 - 149 | 9138 | 575
9 | 1.05 - 0.87 | 9199 | 6.09
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Figure 6. Final fitting patterns of the Rietveld refinement with the calculated XRD patterns of TiO, - 10 wt.% Fe,0,
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Table 3. Phase content of the TiO, - 10 wt.% Fe,0O, reduced
at 1200 °C for different time (wt.%)

(Tr;‘ﬂg To, | To; | TiO, E o Fe
10 | 2689 | 4328 | 294 | 2122 | 5.67
20 | 614 | 1289 | 242 | 7362 | 493
30 | 104 | - | 177 | 9135 | 584
20 | 102 | - | 205 | 9076 | 617
60 | 073 | - | 125 | 9125 | 677
9 | 075 | - | 043 | 9180 | 7.02

content as the reaction progresses, which aligns with
the thermodynamic calculation results.

Comparing the results of reduction-carbonitriding
at different temperatures, several observations can be
made. Firstly, during the initial 10 minutes of
reduction, the sample’s reduction degree increases

with the temperature: from 5.1% at 1000 °C to 23.2%
at 1100 °C, and 29.4% at 1200 °C. Additionally, the
time required for complete carbonitriding decreases
with increasing temperature: 40 minutes at 1100 °C to
30 minutes at 1200 °C. At 1000 °C, the reaction degree
and carbonitriding ratio are relatively low, resulting in
the maximum reaction value not being reached even
after 90 minutes of reaction. When the reaction
temperature is raised to 1100 °C, significant
improvements are observed. The carbonitriding ratios
for 10 minutes, 20 minutes, 30 minutes, and 40
minutes are 0.19, 0.55, 0.86, and 0.96 respectively,
indicating that the carbonitriding reaction has been
largely completed. However, due to the presence of a
certain amount of oxygen in the Ti(C, N, O) solid
solution, the maximum reduction degree reaches only
0.75. After 30 minutes of reaction at 1200 °C, the
carbonitriding ratio of TiO, reaches 0.97, confirming
that the reaction rate can be significantly improved by
increasing the temperature. However, the maximum
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reduction degree achieved is 0.73, slightly lower than
that at 1100 °C. This can be attributed to the increased
temperature leading to the sintering of solid materials,
which hinders gas transport within the solid.
Meanwhile, increasing deposited carbon with
increasing reduction time will adhere to the surface of
the sample particles, which again hinders the internal
diffusion of gases. Consequently, the titanium oxide
in the particle core cannot be fully reduced and
carbonitrided.

3.3. Reduction kinetics

Combined with our previous research results [2,
28], the reduction reaction of TiO, occurs from the
surface of the powder to the inside of the powder.
Therefore, the reduction process of TiO, in CH,-H,-N,
gas mixture can be described by the unreacted core
model. And the whole reaction process can be divided
into the following steps:

1. CH,, H, and N, molecules reach the gas phase
boundary layer through the gas phase body;

2. Gas molecules reach the reaction interface
through the porous product layer;

3. Physical adsorption of gas molecules at the
reaction interface;

4. Dissociation and chemisorption of gas
molecules at the reaction interface;

5. The adsorbed gas molecules react with the
matrix at the reaction interface;

6. The gas products diffuse through the solid
product layer;

7. The gas products pass through the gas phase
boundary to the gas phase body.

Usually, the limiting steps of the unreacted core
model includes three parts: external diffusion (steps 1
and 7), internal diffusion (steps 2 and 6) and
interfacial chemical reaction (step 5). The external
diffusion limit can generally be eliminated by
increasing the gas flow rate. Therefore, interfacial
chemical reaction or internal diffusion of gas is the
most likely limiting step for gas-solid reactions in

most cases. The experimental results indicate that the
initial stage of reduction involved the reduction of
iron oxide and the transformation of TiO, to a variety
of low valent titanium oxides. This transformation
follows the path of TiO, — Magnéli — Ti,0, —Ti,0,
— Ti(N, C, O), and the carbonitrided reaction of TiO,
can be described as follows:

TiO, +(2+x-z)CH,+0.5yN, =
TiC,N,0, +(2-2)CO + (4 +2x-22)H,

The increase in temperature significantly
accelerated the transition rate, suggesting that the
interfacial chemical reaction was most likely to be the
limiting step. The internal diffusion of gas was most
likely to be the limiting step at the late stage of
reduction due to dense product layer and excessive
deposition of carbon. The kinetic equations of
chemical reaction and internal diffusion control in the
unreacted core model are as follows [33, 34].

3

“
(6))

- (1 -a)’ =kt

2/3

1-2/30- (1 —a) =kt

where a is the reaction fraction; &, and k, are the
reaction rate constants; and ¢ is the reaction time.

Equations (4) and (5) were utilized to fit the
relationship between the reduction degree a and the
reaction time ¢, using the data from Figure 8. The
resulting fitting curve is depicted in Figure 9a. The
rate constant k value at each temperature was
determined from the slope of each fitting line in
Figure 9a, and the corresponding fitting results are
presented in Table 4. By comparing the goodness-of-
fit results for the two cases of rate-controlling steps, it
was observed that the equation 1-(1-a)"”® exhibited the
best linear relationship with time ¢ This finding
indicates that the carbonitriding reduction of TiO, in
the CH,-H,-N, system is primarily governed by
chemical reaction. When the reaction rate constant & is
known, the apparent activation energy E of the
reaction can be calculated by using the Arrhenius

(a) 0:6 —— 1000 °C experimental value (b)-3.5
—@®— 1100 °C experimental value
05 —A- 1200 °C experimental value 4.0} S ~
—— 1000 °C linear fitting y=0.0045x [N
0.4 F—— 1100 °C linear fitting y=0.0111x > \Rz =0.9887
@ . 5
—’Q —— 1200 °C linear fitting y= 0.0160x -45F ~ m
1 0.3 = N g
- = -
= =S50 ~
- 0.2 b N
h S
0.1 -55F
: B experimental value
— — linear fitting y = -11949.38x + 4.018
0.0 -6.0 | 1 1 1 1
6.5x10* 7.0x10™ 7.5x10* 8.0x10*
Time/min 1T (K

Figure 9. (a) Plots of reduction degree curve vs kinetic equation controlled by chemical reaction and (b) the Arrhenius
plot for TiO, - 10 wt.% Fe,O, samples reduced in CH -H,-N, gas mixture
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equation:

(6)

In the formula, /nk is the natural logarithm of
reaction rate constant; £ is the apparent activation
energy (J-mol™!); 4 is the pre-exponential factor; R is
the gas constant (8.314x107 kJ-mol!- K!); and T is
the reaction temperature (K).

The relationships between Ink and 1/7 at 1000 °C
~ 1200 °C are shown in Figure 9b. The results show
that there is a good linear relationship between Ink and
1/T: Ink =-11949.38/T+4.018, and the goodness of fit
is 0.9887. The apparent activation energy of
carbonitriding reduction of TiO, in CH,-H,-N, system
is 99.35 kJ/mol.

Table 4. The summary of kinetic model fitting results for
TiO, - 10 wt.% Fe,O, samples reduced in CH -H,-
N, gas mixture

lnk:—E" -l+lnA
R T

. 1-(1-a)” 1-23a-(1-ap?
k, R? k, R?

1000 °C | 0.0045 | 0.9784 | 0.0005 | 0.9514

1100°C | 0.0111 | 09996 | 0.0025 | 0.9085

1200°C | 0.0160 | 0.9911 | 0.0034 | 0.9454

4. Conclusions

In this study, the degree of reduction and the
carbonitriding ratio of TiO, in the CH,-H,-N, system
were investigated, and the kinetics of carbonitriding
reduction were analyzed. The following conclusions
can be drawn from the study:

(1) The reduction ratio of TiO, sample showed a
significant increase when the temperature increased
from 1000 °C to 1200 °C. At the same time, the
complete carbonitride time decreased with increasing
temperature. However, it was found that extremely
high temperatures (1200 °C) can affect the degree of
reduction. Therefore, the optimal reduction
temperature was set at 1100 °C, at which a balance
between reduction degree and reaction time was
achieved.

(2) It was found that the carbonitriding reduction
process of TiO, in the CH,-H,-N, system follows the
unreacted nuclear model, and is mainly controlled by
chemical reactions. The apparent activation energy of
the carbonitriding reduction process was determined
to be 99.35 kJ/mol.

Overall, these results improve our understanding
of the kinetics of carbonitriding reduction of TiO, in
the CH,-H,-N, system.
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KARBONITRIRAJUCA REDUKCIJA TiO, U SISTEMU CH -H,-N,: EFEKAT
TEMPERATURE REDUKCIJE I KINETIKA
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Apstrakt

Razumevanje kinetike reakcije moze pruziti dragocene informacije za dizajn i optimizaciju procesa iste. U ovom
istrazivanju, ispitivan je stepen redukcije i odnos karbonitriranja TiO, u sistemu CH -H,-N, kako bi se razumela kinetika
karbonitrirajuce redukcije. Eksperimentalni rezultati otkrili su sledece vazne nalaze. Stepen redukcije TiO, znacajno je
povecan u temperaturnom opsegu od 1000 °C do 1200 °C. Istovremeno, trajanje potpune karbonitrirajuce reakcije
smanjivalo se sa povecanjem temperature. Medutim, ustanovljeno je da previsoke temperature (1200 °C) imaju Stetan uticaj
na stepen redukcije. Stoga je optimalna temperatura redukcije postavijena na 1100 °C, kako bi se postigao balans izmedu
stepena redukcije i vremena reakcije. Proces karbonitriranja TiO, u sistemu CH -H -N, odgovarao je modelu jezgara koja
nisu reagovala, gde je proces uglavnom kontrolisan hemijskim reakcijama. Izracunata prividna aktivaciona energija
iznosila je 99,35 kJ/mol za proces karbonitrirajuce redukcije. Identifikacija optimalne temperature redukcije i dominantne
uloge hemijskih reakcija pruzaju dragocene uvide za dizajn i optimizaciju procesa karbonitriranja sa titanijumovim
Jedinjenjima.

Kljucne reci: Ti (C, N, O); TiO,; Kinetika, Smesa gasova CH-H-N,
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