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Pressure Behaviors and Isothermal Kinetics
of Magnesiothermic Reduction of Titanium
Tetrachloride in a Semi-batch Reactor

WENHAO WANG and FUZHONG WU

Reaction mechanism involved in mostly general titanium metallurgy books and literature differs
from some basics and is difficult to be understood for researchers and engineers. Although
various authors have proposed different types of theories to recognize this reduction process,
there is still no consensus on the reaction pathways and Kkinetic characteristics of
magnesiothermic reduction of TiCly in the semi-batch reactor, and the theoretical innovations
are required for further research of today’s titanium sponge metallurgy. To develop a better
understanding of the reduction mechanism of magnesiothermic reduction of TiCly in a
semi-batch reactor, the present study defined a minimum set of independent reactions via
generalized stoichiometry methodology, and proposed an innovative kinetic modeling approach
via the net chemical reaction rate models of the main components and the reaction rate models
of the independent reactions near the gas—liquid interfaces of magnesiothermic reduction of
TiCl;. We also established the overall chemical reaction kinetics model of magnesiothermic
reduction of TiCly via the isothermal reduction experiment in a prototype 12 tons Kroll reactor.
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I. INTRODUCTION

DUE to their excellent properties, titanium alloys are
widely applied to aecrospace, national defense, and
marine applications.") As the main material of the
titanium products value chain, the titanium sponge is
produced by magnesiothermic reduction of titanium
tetrachloride (TiCl), known as the Kroll process.*#
The magnesiothermic reduction of TiCly is a
high-exothermic reaction that sustains the overheating
near the reaction area,l>” and it causes rapid pressur-
ization and thermal runaway in a semi-batch reac-
tor.B 1% Thus, the reaction mechanism involved in
mostlly %eneral titanium metallurgy books and litera-
ture,l""'?! considering that the refined TiCl, is reduced
by pre-added liquid magnesium (Mg) at around
1073.0 K to 1123.0 K, differs from some basics and is
difficult to be understood for researchers and engi-
neers.!>!3 The insufficient theoretical understanding of
the pressure behaviors, reaction pathways, and kinetic
characteristics of magnesiothermic reduction of TiCly
may be a principal reason.
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Although various authors have proposed different
types of theories to recognize this reduction pro-
cess,"* 17! there is still no consensus on the reaction
pathways and kinetic characteristics of magnesiothermic
reduction of TiCly in the semi-batch reactor. In the
actual reduction process, the gas phase temperature in
the semi-batch reactor is about 873.0 K to 973.0 K,['®
which is higher than the supercritical temperature of
TiCl,." The liquid TiCl, would be heated to vaporize
completely and then reacted with Mg along the reaction
pathways:  TiCly(gas) — TiClz(gas) — TiCly(solid) —
Ti(metal),”® and the temperature in this reactor would
continuously increase with exothermic reactions and
pressure raised due to the various non-condensable
gaseous reactants, intermediate products, and by-prod-
ucts.”'*?) Meanwhile, the by-product magnesium chlo-
ride (MgCl,) would temporarily cover the free surface of
the liquid Mg and act as a barrier for the reactions of
this magnesiothermic reduction system. The formation
of the product Ti sponge should take place in stages
through multiphase reactions.'>*?! Thus, it is necessary
to understand comprehensively the pressure behaviours,
thermal hazard, reaction pathways, and kinetic charac-
teristics of magnesiothermic reduction of TiCly in a
semi-batch reactor, and the theoretical innovations are
required for further research of today’s titanium sponge
metallurgy by the Kroll process.
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In this work, we defined a minimum set of indepen-
dent reactions via generalized stoichiometry methodol-
ogy and proposed an innovative kinetic modeling
approach via the isothermal reduction experiment in a
prototype 12 tons Kroll reduction reactor, to develop a
better understanding of the reduction mechanism of
titanium tetra-, tri-, and dichloride with Mg near the
gas-liquid interfaces of magnesiothermic reduction of
TiCl, in a semi-batch reactor.

II. TECHNICAL BACKGROUND

A. Independent Reactions and Pathways

Near the gas-liquid interfaces of magnesiothermic
reduction of TiCly in the prototype Kroll reduction
reactor, there are six different chemicals presented as
eight different chemical species are considered in this
close-reacting system, regarding the Mg and MgCl, as
two distinguishable different species (see Table S1 in the
Section S.1.1 in the electronic Supplementary Material).
Except for chemical reactions that cannot take place
from viewpoints of kinetics, there are still many linearly
related non- independent reactions in this multi-phase
system. The minimum set of five 1ndependent I'CdCthIlS
via generahzed stoichiometry methodology, ! which
established in the Section S.1.2 in the electronic Sup-
plementary Material, is necessary and sufficient to
model the possible and efficient reaction pathways of
magnesiothermic reduction of TiCly near the gas—liquid
interfaces, which is detail described in Figure 1.

1. Step 1: Phase change near the gas—liquid interfaces
The latent heat of the exothermic reactions and the
electrical resistance furnace increases the temperature of
the gas—liquid interfaces of magnesiothermic reduction
of TiCly in the semi-batch reactor. The molten Mg near

Mg (g) MgCl, (g)

\\ /‘n

TiCl, (2) X

N
S

o Mg (1) MgCl2 )

—> Independent reaction

the interfaces is heated and partially vaporized (Chosen
independent pathway 1 in the Figure 1). And so did the
MgCl, (Chosen non-independent pathway 7). In addi-
tion, the liquid TiCly fed into the reactor, and it
vaporizes completely.

Mg(1)

— Mg(g) IR — 1]

2. Step 2: Homogeneous reaction in the gas phase

The gaseous TiCly and gaseous Mg would be fully
mixing in the upper space of the semi-batch reactor.
Gaseous TiCly is reduced to gaseous TiCl; by Mg in the
homogeneous phase (Chosen independent pathway 2).
Of course, the gaseous TiCly is not fully reduced in the
gas phase, and the unreduced gaseous TiCl; and the
intermediate product of the homogeneous reaction,
gaseous TiCls, transport to the gas—liquid interfaces.

TiCly(g) + 0.5Mg(g) = TiCls(g) + 0.5MgCl,(g)
[IR — 2]

3. Step 3: Heterogeneous reduction near the gas—liquid
interfaces

The gaseous TiCly and TiCl; transport to the free
surface of liquid Mg, and the multi-step reduction
pathways, chosen independent pathways 3 and 4, occur
via magnesiothermic reduction and lead to the forma-
tion of TiCl,. The reduction reaction of gaseous TiCly
with free liquid Mg also gives rise to the formation of
TiCl,, chosen non-independent pathway 6. Because the
solubility of TiCl, in liquid MgCl, is very large, about 40
pet at 1175.0 K,** a solution of TiCl,/MgCl, salt is
formed near the gas-liquid interfaces. The TiCl,/MgCl,
salt may be continuously swept toward the wall of the
reactor with the liquid MgCl, due to the convection
driven by the buoyancy and surface-tension forces.!!*>*

» TiCl, () > TlClz/MgCl (salt)
/ \, Mg ()

Mg (1)

MgClL, (1) -~ 5
o ¥ MgCl, (1)
MgCL (1) v
Ti (s)

- - - Non-independent reaction

Overall chemical reaction: TiCl,(g)+2Mg (g, )=Ti (s)+2MgCl, (g, )

Fig. 1—Reaction network of magnesiothermic reduction of TiCly in the semi-batch reactor.
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TiCly(g) + 0.5Mg(l) = TiCls(g) + 0.5MgCl, (1)
[IR — 3]

TiCl3(g) + 0.5Mg(1) = TiCla(s) + 0.5MgCl, (1)
(IR — 4]

4. Step 4: Like dissolves like of TiCl, and new-formed
Ti in the liquid phase

When the solution of TiCl,/MgCl, salt reaches an
active site where the nucleation and growth of Ti sponge
are favored, the geometric interfaces between the TiCl,
and new-formed Ti disappears due to their same lattice
and the similar lattice parameters, and the like dissolves
like of TiCl, and new-formed Ti occurs. Chosen inde-
pendent pathway 5 leads to the formation of Ti sponge
from TiCl,/MgCl, salt at any active site where the supply
of free liquid Mg can be ensured. Thus, the new-formed
sponge structure provides a react place for TiCl, and Mg,
not for TiCl, and Mg, and provides an active site for
nucleation and growth of the subsequent Ti sponge.

TiCly(s) + Mg(1) = Ti(s) + MgCl,(1) [IR — 3]

B. Isothermal Kinetic Modeling

An innovative kinetic modeling approach for magne-
siothermic reduction of TiCly will be proposed via the
net chemical reaction rate models of the main compo-
nents and the reaction rate models of the independent
reactions near the gas-liquid interfaces of magnesio-
thermic reduction of TiCl,, which are established in the
Sections S.2.2.1 and S.2.2.2 in the electronic Supple-
mentary Material.

1. Net chemical reaction rate of Ti sponge

According to the net chemical reaction rate models
for the main components and the reaction rate models
of the independent reactions, the net chemical reaction
rate of Ti sponge is equivalent to

~ dm(Ti)
T dr

= M(Ti) x [

r(Ti) = M(Ti) x rs = M(Ti) X rq

r(TiCly) ~ r(TiCly) ]

M(TiCly) ~ M(TiCly)

M(Ti . M(Ti

= M(T(iCL) x r(TiCly) + M(T(iCL)

~ 0.2525 x r(TiCly) + 0.3105 x r(TiCls)
dm(TiCly)

S dr

x r(TiCly)

—0.2525 x {qm M}

] - 0.3105 x { o
(1]

where r(J;) is the net chemical reaction rate of chemical
species J;, in unit of kg m 2 h~!, M(J) is the relative
molecular mass of chemical species J;, in unit of kg
mol ™', r; is the reaction rate of independent reactions
IR-/, in unit of molm >h~ ", m(J;) is the total amount of
chemical species J;, in unit of kg m ™2, ¢, is the feeding
rate of TiCly, in unit of kg m ™~ h™', respectively.
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Thus, we calculated the overall chemical reaction rate
of Ti sponge by the implied mathematical relations of the
total amount of gaseous TiCly and gaseous TiCl; near the
gas-liquid interfaces of magnesiothermic reduction of
TiCly in the prototype Kroll reduction reactor, which
derived in the Section S.2.4 and experimented in the
Section S.3 in the electronic Supplementary Material.

2. Overall chemical reaction kinetics modeling

We, therefore, conclude that for this complex reaction
system of magnesiothermic reduction of TiCly, the
overall chemical reaction kinetics model cannot be
inferred from the stoichiometric equation, but must be
determined experimentally. Let the overall chemical
reaction rate be the functional relationship between the
net chemical reaction rate of the Ti sponge product r(T1)
and the feeding rate of TiCly at a constant temperature
and a constant pressure, which is defined as

r(ri) = U k() 2

where m(Ti) is the total amount of new-formed solid
Ti sponge, in unit of kg m 2, k(T},) and f(Ap) are the
reaction rate constants that, respectively, be related to
the temperature and pressure of the gas-liquid inter-
faces in the prototype Kroll reduction reactor, Tj, is
the temperature of the gas-liquid interfaces in unit of
K, and Ap is the gauge pressure of the gas—liquid
interfaces in the prototype reactor, in unit of kPa. The
power « is called the overall reaction order of magne-
siothermic reduction of TiCly.

III. EXPERIMENTAL WORKS

Kinetics experiments by other researchers were usu-
ally carried out in a lab-scale batch reduction reactor,
consisting of the temperatures and pressure measure-
ments. The measuring equipment transferred most of
the latent heat released by exothermic reactions to the
environment. Thus, it is difficult to determine the
influences of the pressure behaviors and thermal hazard
on the kinetic modeling of magnesiothermic reduction
of TiCly, with low reliability of the experimental results.
The present isothermal experiment carried out in a
full-scale Kroll reduction reactor of a prestigious Ti
sponge plant in Zunyi City, Guizhou, China.

A. Feedstocks and Reactants

The feedstocks used in this isothermal experiment,
refined liquid TiCl,; with the minimum mass fraction
purity of 99.96 pct, Mg ingots with the minimum mass
fraction purity of 99.95 pct, and argon with the
minimum mass fraction purity of 99.99 pct, are pur-
chased by the Ti sponge plant, and the quality of the
reactants should meet the requirements of Chinese
standards, YS/T 655 for titanium tetrachloride!® and
GB/T 3499 for magnesium ingots,*® while the chemical
properties are presented in Tables S4 and S5 in the
Section S.3.1 in the electronic Supplementary Material.
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Table I. Initial Conditions of the Isothermal Experiment in the Semi-batch Reactor

Initial Conditions

Temperature® Feeding Rate of TiCl,® Gauge Pressure® Height leveld
Ty (K) ¢m (kg m”> h™") Ap (kPa) (//m)
1053.0 124.35 12.55 4.32
1063.0 126.69 12.08 4.12
1073.0 119.86 12.04 3.55
1083.0 134.13 12.28 4.20
1093.0 128.60 12.15 3.60
1103.0 129.50 12.12 3.60
1113.0 133.80 9.80 4.15
1123.0 119.00 10.34 3.65

“Relative standard temperature uncertainty is less than u,(T;,) = 0.00125 (k = 2).
PRelative standard pressure uncertainty is less than u,(Ap) = 0.005 (k = 2).

“Relative standard feeding rate of TiCl, uncertainty is less than u.(¢,) = 0.035 (k = 2).
dRelative standard height level uncertainty is less than u(/) = 0.0015 (k = 2).

B. Isothermal Experiment and Experimental Procedure

A prototype 12 tons Kroll reduction reactor system,
with a capacity to produce 12 tons of Ti sponge per
batch, is used to explore the pressure behaviors and
kinetic characteristics, and to establish the overall
chemical reaction kinetics model of magnesiothermic
reduction of TiCly, as shown in our previous work!?’ 2"
or in Figure Sla in the Section S.3.3 in the electronic
Supplementary Material.

The isothermal experimental system consists of a
heat-resistant steel reduction reactor, 2200 mm in inter-
nal diameter and 5200 mm in height, and an electrical
resistance furnace, measuring 3300 mm in internal diam-
eter and 6100 mm in height, with a maximum power of
1050.00 kW. Titanium tetrachloride is fed into the reactor
by nozzles on the lid of the reactor, and there are several
other nozzles for argon injection and pressure control.
The molten MgCl, is periodically drained by a drain pipe
at the bottom of the reactor. The gauge pressure inside the
reduction reactor is maintained with the ranges of 9.00 to
15.00 kPa with the help of the ingected argon and a bleeder
valve on the lid of the reactor.*?

The temperature of the gas—liquid interfaces is mea-
sured by the inner thermocouples (Typed K, class II,
ranges 298.0 K to 1273.0 K) with an accuracy of 0.01 pct
full scale that calibrated by the plant. The signals of the
inner thermocouples, flow transmitter of the feeding rate
of TiCly, and the differential pressure transmitter of the
gauge pressure are transferred to and recorded by the
DCS system of the plant. The experimental data could
be directly derived from the DSC system.

After each tapping of the molten MgCl,, the height
level of the liquid Mg surface is measured and recorded.
The gas—liquid interfaces of magnesiothermic reduction
of TiCly is heated to the predetermined temperature
quickly by the increased feeding rate of TiCly. We begin
the experiment. The initial conditions of the isothermal
experiment are listed in Table I.

Due to the high exothermicity of magnesiothermic
reduction of TiCly, its feeding rate is decreasing to
maintain the temperature 7, at each predetermined
temperature. During the isothermal experiments, the
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periodic bleed-off and tapping of molten MgCl, are not
observed, therefore, the gauge pressure inside the
reduction reactor is increasing. We terminate the
isothermal experiment when the gauge pressure inside
the reactor exceeded the threshold value, about 15.00
kPa, or the tapping of molten MgCl, is needed.

IV. RESULTS AND DISCUSSION

A. Preliminary Experimental Results

1. Product (Ti sponge)

The isothermal experiments are carried out on a
prototype 12 tons Kroll reduction reactor, while the
quality of Tisponge product can meet the requirements of
the Chinese standards, GB/T 2524.1”! The main element
analysis of Ti sponge product is obtained in percentage by
ICP-ASE, and the details of Ti sponge product could be
found in Table S7 in the Section S.4 in the electronic
Supplementary Material.

2. Pressure behaviors

The isothermal experiments are carried out at different
temperatures of the gas-liquid interfaces in the Kroll
reduction reactor, ranging from 1053.0 K to 1123.0 K.
Since all the chemical reactions of magnesiothermic
reduction of TiCly, TiCls, and TiCl, are highly exothermic,
the highest temperature is always close to the gas—liquid
interfaces that measured by the inner thermocouples.
There would be an obvious increase in the temperature of
the gas—liquid interfaces at an increased or fixed feeding
rate of TiCly, within a poor heat transfer in the Kroll
reactor and weak heat dissipation of the air-cooling system.
Meanwhile, a rapid rise in gauge pressure inside the
semi-batch reactor may be caused either by the escaping of
argon from the fed TiCly, or the progressively rising of the
height level of the gas—liquid interfaces due to the accu-
mulation of the agglomerated products, or the accumula-
tion of the unutilized gaseous TiCl, and TiCls in the gas
phase, showing in Figure 2(a). To stabilize the temperature
and pressure in the semi-batch reactor, we gradually reduce
the feeding rate of TiCl; to slow down the chemical

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 2—Preliminary experimental data of the isothermal experiment: (a) gauge pressure inside the reactor Ap and (b) feeding rate of TiCly ¢, at

different temperature of the gas-liquid interfaces.

reaction rate, which could be found in Figure 2(b). The
feeding rate of TiCly limits the chemical reaction process in
appearance, but the heat and mass transfer of the
TiCl,~Mg system limits that actually.”*®!

B. Isothermal Kinetic Characteristics

It is necessary to establish the kinetic model of
magnesiothermic reduction of TiCly, basing on the
elucidated reaction pathways and estimated kinetic
parameters, to recognize the reaction mechanism of
titanium tetra-, tri, and dichloride with Mg near the
gas—liquid interfaces. All the individual confidence
intervals of the estimated parameters are fitted at a
confidence level of 0.95 (k = 2) in this section.

1. Net chemical reaction rate of Ti sponge

The calculated results of the net chemical reaction rate of
Ti sponge at different temperatures of the gas—liquid
interfaces are provided in Figure 3. It could be found that
there is also a decreasing trend in the net chemical reaction

METALLURGICAL AND MATERIALS TRANSACTIONS B

rate of Ti sponge, which is similar to but differ from the
trend of the correspondent feeding rate of TiCly. The trend
of the net chemical reaction rate of Tisponge indicates that
it also affected by the gauge pressure inside the reactor. It
may be caused by the fact that the molar fraction of the
gaseous components affected by the gauge pressure. This
result also proves that the overall chemical reaction kinetic
model of magnesiothermic reduction of TiCly, Eq. [2], is
reasonable and acceptable.

2. Reaction rate constant related to pressure f(Ap)

The chemical reaction rate constant related to tem-
perature k(Tiy,) and the reaction order a could be
regarded as constants at a defined temperature of the
gas—liquid interfaces. The net reaction rate of Ti sponge
r(Ti) is equivalent to

In[f{Ap)] = In[r(Ti)] — In[k(Tin)] — aIn g, [3]

We calculate the chemical reaction constant related to
gauge pressure f(Ap), and plot the results in Figure 4.
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Fig. 3—Trend of net chemical reaction rate of Ti sponge r(Ti) at different temperature of the gas-liquid interfaces.
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Fig. 4—Reaction rate constant related to gauge pressure f{Ap) at different temperature of the gas—liquid interfaces.

To effectively evaluate the kinetic parameters and
model, we determine a function for the chemical
reaction constant related to gauge pressure, based on
the square root relationship between pressure and
feeding rate of TiCly in the Bernoulli equation, with
the brief format and a good fitness:

Ap

fAp) = e

[4]

where p, is the ambient pressure and equal to 92.26
kPa in this experimental work.
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3. Reaction rate constant related to temperature
k(T:)

Based on the net chemical reaction rate of Ti sponge
r(T1) and the chemical reaction constant related to gauge
pressure f(Ap), we estimate an exponential function,
r(Ti)f(Ap)~", with a feeding rate of TiCly ¢,, as an
independent variable at each temperature of the gas—liq-
uid interfaces, to obtain the reaction rate constant of
k(T;,) values. Figure 5 provides the values of the
exponential function, the reaction rate constant related
to temperature, and the reaction order at each temper-
ature. For each temperature, the experimental results
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are fitted quite well, suggesting that the chemical
reaction kinetics model of magnesiothermic reduction
of TiCly is reasonable and acceptable and describes well
the concentration dependence of the net chemical
reaction rate of Ti sponge and feeding rate of TiCly.
Thus, we have demonstrated that the established chem-
ical reaction kinetics model, Eq. [2], could explain the
reaction mechanism of magnesiothermic reduction of
TiCl, well at each temperature and gauge pressure.
The chemical reaction rate constants for the temper-
ature range of 1053.0 K to 1073.0 K are much higher
than ones for the temperature range of 1073.0 K to
1123.0 K. A similar conclusion that the exothermic
reactions are more favorable in lower temperatures.
Figure 5 also shows that the reaction order is & = 1.30
at temperature range of 1053.0 K to 1073.0 K, and the
reaction order is o = 1.50 at temperature range of
1073.0 K to 1123.0 K. By comparing the reaction order
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at different temperature ranges, it could be considered
that the exothermic reactions in magnesiothermic reduc-
tion of TiCly promote the temperature rising near the
gas—liquid interfaces, which accelerates the chemical
reaction and enhances its own exothermic effect.

4. Arrhenius equation and overall chemical reaction
kinetics modeling

A large portion of the field of the chemical reaction
kinetic modeling can be displayed by, or investigated in
terms of the Arrhenius equation that related the reaction
rate constant k(7;,) to the temperature 7},, and we have

K(Tn) = Aexp (- ) 5

where R is the gas constant, E, is the activation energy
with dimensions of kJ mol~', and A is the pre-expo-
nential factor, which has unit of k(7},).
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The goal of isothermal kinetic modeling is to calculate
the reaction rate constants or to establish the overall
chemical reaction kinetics equation, this is equivalent to
determine E, and A, which can yield from the slope and
the intercept of the straight line in an Arrhenius plot of
In[k(T;,)] against 1/T},, and are presented in Figure 6.
The activation energies, E,, and the pre-exponential
factors, A, are also summarized in Table II.

The activation energy for the temperature range of
1053.0 K to 1073.0 K is a little larger than that for the
temperature range of 1073.0 K to 1123.0 K. The energy
barrier is lower on the magnesiothermic reduction of
TiCl, within homogeneous reaction in higher tempera-
tures than that without homogeneous reaction. The
autocatalytic effect of the sponge structure of the
new-formed that provides more active sites for nucle-
ation and growth of the subsequent Ti sponge may play
an irreplaceable role.

Thus, the overall chemical reaction kinetic model of
magnesiothermic reduction of TiCl, can be expressed as:

For temperature range of 1053.0 K to 1073.0 K,

. 60.85x 101 [Ap s
Ti) = 161.16 —_—— — ,
r(Ti) X exp[ RT, } X e X q,,

[6a]
For temperature range of 1073.0 K to 1123.0 K,
-1.60 - y=-7319.11X+5.08, R?=0.994
-1.80 - "o,
° 1053.0K -
-2.00 e 1063.0K
o 1073.0K
~ 220 1083.0 K
) o 1093.0 K
2
= a0k 1103.0 K
- o 1113.0K
260 . 1123.0K
80 L .
-3.00 -y _6790.72Xx+3.39, R?=0.998
-3.20 L
88.00 90.00 92.00 94.00 96.00
10000/T;, (K™

Fig. 6—Arrhenius plot of In[k(7;,)] against 1/7;, for this isothermal
experiment.
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3
F(Ti) = 29.56 x exp {— M} SN AVSED

RT, pa

V. CONCLUSIONS

To develop a better understanding of the pressure
behaviors, thermal hazard, reaction pathways, and
reaction mechanism of magnesiothermic reduction of
TiCl, in the semi-batch reactor for today’s Ti sponge
metallurgy, we determined efficient and possible reaction
pathways firstly based on a minimum set of independent
reactions via generalized stoichiometry methodology,
which consisted of the phase change near the gas—liquid
interfaces, the homogeneous reaction in the gas phase, the
heterogeneous reduction near the gas—liquid interfaces,
and the like dissolves like of TiCl, and new-formed Ti in
the liquid phase.

Afterward, we carried out the isothermal experiments
at different temperatures of the gas-liquid interfaces,
from 1053.0 K to 1123.0 K, in a prototype 12 tons Kroll
reduction reactor. The feeding rate of TiCl, was
gradually reducing to stabilize the temperature in that
semi-batch reactor, and the gauge pressure inside the
Kroll reactor had a rapid rising. There is also a
decreasing trend in the net chemical reaction rate of Ti
sponge, which indicates that it also affected by the gauge
pressure inside the reactor.

Finally, we proposed an isothermal kinetic modeling
approach via the net chemical reaction rate models of
the main components and the reaction rate models of
the independent reactions near the gas—liquid interfaces
of magnesiothermic reduction of TiCly. The reaction
order and activation energy were oo = 1.30 and E, =
60.85 + 4.58 kJ mol~' at temperature range of 1053.0
K to 1073.0 K, respectively. The reaction order and
activation energy were o = 1.50 and E, = 56.46 £+ 1.31
kJ mol ™' at temperature range of 1073.0 K to 1123.0 K,
respectively. The self-heating of magnesiothermic reduc-
tion of TiCly causes its self-acceleration. The autocat-
alytic effect of the sponge structure of the new-formed
that provides more active sites for nucleation and
growth of the subsequent Ti sponge may play an
irreplaceable role.

VI. SUPPORTING INFORMATION

The details of possible reaction and independent
reactions via generalized stoichiometry methodology,
net chemical reaction rate modelling of main compo-
nents, reaction rate modelling pf independent reactions,
experiment of gaseous component near the gas—liquid
interfaces of magnesiothermic reduction of TiCly, and
the quality of Ti sponge product can be found in the
Supporting Information.
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Table II. Estimated Activation Energy and Pre-exponential Factor for this Isothermal Experiment
Temperature Reaction Order Activation Energy
Tin (K) () E, (kJ mol™") Pre-exponential Factor
1053.0 < T, £ 1073.0 1.30 60.85 + 4.58 161.16 + 1.68
1073.0 < T;, £ 1123.0 1.50 56.46 + 1.31 29.56 £ 1.15
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