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Abstract: Titanium hydride (TiHj) is one of the basic materials for titanium (Ti) powder metallurgy.
A novel method was proposed to produce TiH; from the reduction of titanium tetrachloride (TiCly)
with magnesium hydride (MgH)) in the hydrogen (H;) atmosphere. The primary approach of
this process is to produce TiHj at a low-temperature range through an efficient and energy-saving
process for further titanium powder production. In this study, the thermodynamic assessment and
technoeconomic analysis of the process were investigated. The results show that the formation of
TiH, is feasible at low temperatures, and the molar ratio between TiCl4 and metal hydride as a
reductant material has a critical role in its formation. Moreover, it was found that the yield of TiH,
is slightly higher when CaHj is used as a reductant agent. The calculated equilibrium composition
diagrams show that when the molar ratio between TiCly and metal hydrides is greater than the
stoichiometric amount, the TiCl3 phase also forms. With a further increase in this ratio to greater than
4, no TiH, was formed, and TiCl; was the dominant product. Furthermore, the technoeconomic study
revealed that the highest return on investment was achieved for the production scale of 5 t/batch of
Ti powder production, with a payback time of 2.54 years. The analysis shows that the application of
metal hydrides for TiH, production from TiCly is technically feasible and economically viable.

Keywords: titanium hydride; process simulation; stability diagram; pilot production; equilibrium
composition diagrams; economic evaluation

1. Introduction

In the past decade, the rapid growth in aerospace, power generation, and biomedical
industries has resulted in significant attention on the industry of titanium (Ti) and its
alloys. Titanium can be used in severe conditions such as high temperature and pressure
and a corrosive environment. Moreover, it has high specific strength, toughness, and
biocompatibility in the human body, making it a unique choice for medical implants [1,2].
Unfortunately, the growth in the application of titanium and its alloys (compared to
similar metals such as aluminum and high-alloy steels) has been affected by its production
costs [3,4].

Since the invention of the Kroll process for the production of titanium, it has been the
primary practical production method in the industry [5]. However, this method has several
drawbacks, such as long production time, elevated production temperature, and significant
energy consumption [6]. Another major obstacle in producing low-cost titanium products
is that the Kroll process final output is titanium sponge. It was reported that the total cost
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of traditional titanium components includes about 38% for the Ti sponge production via
the traditional Kroll process, 15% related to Ti sponge refining, and the remaining 47% for
the machining step, which produced almost 75% of the Ti sponge scrap [7]. Therefore, it
was suggested to use powder metallurgy techniques such as additive manufacturing to
produce near-net-shape products. For this purpose, the Ti sponge should be converted to
Ti powder through other methods such as the hydride-dehydride (HDH) process, which is
also an expensive process for the production of titanium powder [8,9].

For the mentioned reasons, many studies were conducted to introduce new techniques
for Ti powder production. The two main precursors for Ti production are TiCl; and
TiO,. It is noteworthy that TiCly can be synthesized through the carbochlorination of
TiO,, which is a fundamental concept of the TiIRO method to produce Ti metal [10], or
the ADMA process to synthesize TiH, powder [9]. Other potential methods are the
Fray—Farthing—Chen Cambridge [11], Armstrong [12], Council for Scientific and Industrial
Research Ti process [13], direct reduction of titanium slag process [14], and hydrogen-
assisted magnesiothermic reduction (HAMR) [15]. Moreover, a molten salt method using
TiS; and TiO; via the Ono and Suzuki process led the way to cheaper Ti metal powder
production [16-18]. It was reported that the recently reported HAMR process could reduce
energy consumption to about 62% of the Kroll process [11]. It should be noted that Ti has
a high chemical affinity with oxygen, and it is more difficult to remove the oxygen from
TiO, compared to reducing chlorine from TiCly. Furthermore, during the reduction of TiO,
to Ti, the synthesized byproducts of oxides are challenging to remove due to their high
melting point. On the other hand, the chloride species formed as byproducts during the
reduction of TiCly can be easily removed. Therefore, TiCly is more favorable as a precursor
for continuous production.

One of the primary mineral sources for the production of Ti is ilmenite, which is a
titanium-iron oxide with the main chemical phase of FeTiO3. Ilmenite minerals represent
the most available Ti resources, with about 90% of world consumption of Ti mineral [19]. It
was reported that the earth’s resources of ilmenite, rutile, and anatase are more than 2 billion
tons. Traditionally, ilmenite is used to produce upgraded TiO; [19]. However, previous
studies [20,21] have shown that high-quality TiOxCyN, could be produced from ilmenite
through low-temperature chlorination. In this method, FeTiO3 is reduced to TiOxCyN,
under a mixture of Hy—N; gas and is subsequently purified via aeration leaching (Becher
process) with ammonium chloride (NH4Cl) lixiviant to remove metallic iron. The obtained
TiOxCyNy is then chlorinated at 400 °C to produce TiCly gas [22,23]. The author proposed
directly reacting the obtained TiCly gas with metal hydrides such as MgH, to produce
TiH, powder at low-temperature ranges under the hydrogen (H;) atmosphere [24-26]. The
TiH, powder can then transform into Ti powder through the dehydrogenation process in
a vacuum. The primary benefit of producing TiH; as an intermediate component is that
the Ti powder can be produced with shallow oxygen content [27]. This phase is insoluble
in water and diluted acid, which allows it to be separated from other products via acid
leaching [28].

The feasibility of the proposed method was analyzed through chemical reactions in-
volved in the production method and the obtained economic parameter. Technoeconomic
analysis was also carried out using the SuperPro Designer software. The purpose of such
analysis is to identify a production scale that has attractive economic performance. It is an
important step in process development and commercialization. Data of laboratory-scale
experimental may be used to perform process simulation study prior to pilot-scale testing.
In the process industry, various technoeconomic works have been reported with the use
of process simulation tools. For instance, Granjo et al. [29] made use of Aspen Plus and
Monte Carlo simulation to evaluate different manufacturing methods of sodium methox-
ide. More recent works on technoeconomic analysis based on Aspen Plus simulation
have been reported for supercritical CO, extraction of Eucalyptus globulus bark [30], chitin
nanomaterials production [31], and anaerobic digestion of sugarcane vinasses for biogas
production [32]. Moreover, there were authors who reported the use of SuperPro Designer
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Ilmenite

for technoeconomic analysis of various biochemical, pharmaceutical, and food processes.
Some of the early works were reported by Petrides and coworkers [33] for pharmaceutical
processes. Later works on SuperPro Designer were reported for debottlenecking studies,
for pharmaceuticals [34,35], and for fine chemicals [36]. More recently, SuperPro Designer
was used for technoeconomic analysis for various manufacturing processes of chemicals,
biochemicals, and food. These include the production of cocoa butter [37], monoclonal anti-
body [38], biodiesel [39], nanomaterials [40], catechin [41], biomass pyrolysis products [42],
and thorium extraction from monazite [43]. It is also worth noting that Monte Carlo simu-
lations were also reported for use in some of the above works where SuperPro Designer
was utilized (e.g., [38,40]). This allows for the identification of important parameters that
affect the economic characteristics of the process.

The current study attempts to address the thermodynamic, operational, and economic
evaluation of the TiCly reduction process with MgH, under H; atmosphere for the produc-
tion of TiHj, which could be further dehydrogenated to Ti powder. The thermodynamic
assessment was used to study the effect of temperature, partial pressure, and the molar
ratio of the TiCly to reductant on the formation efficiency of TiH,. Economic analysis
was investigated for several production scales in order to identify critical economic pa-
rameters such as production revenue and gross margin. Moreover, sensitivity analyses
were performed to evaluate the effect of different operating parameters on the economic
performances of the selected production scale.

2. Materials and Methods

The processing cycle in the present study, developed for the production of Ti powder
from ilmenite, is shown in Figure 1. In the first step, the ilmenite is reduced under H>-N,
atmosphere to convert iron oxides present in the ilmenite to metallic iron. In the subsequent
step, metallic iron is separated from the nitrided ilmenite through aeration leaching (Becher
process). Following the filtration process, the leftover powder is TiOxCyN, which can be
employed in the chlorination process. The product of the chlorination process is TiCly gas.
The complete explanation of the reduction and chlorination process of ilmenite is discussed
elsewhere [20-22]. The produced TiCly liquid is converted to gas above 150 °C and reacted
with MgH), to synthesize TiH; powder via Equation (1). The TiH, can be separated from
reaction byproducts through acid leaching and washing with distilled water to remove the
MgCl,. Next, the filtered TiH, powder is dried for 12 h in an oven, and it can be converted
to Ti powder via heating under Ar gas for dehydrogenation. Details of the latter process
are listed elsewhere [44,45].

TiCly(g) + 2MgH, = TiH, + 2MgCl, + Hy (g)AGO = —495.920 + 0.065T (kJ/mol) 1)
Aeration leaching Reduction with
(Becher process) MgH; under H; gas

Reduced Ti(O,C,N) : TiH,
Ilmenite powder T L2 powder Hpowie
Reduction in H>-N, Chlorination process Dehydrogenation

atmosphere

Figure 1. Schematics of a proposed process of Ti powder production from ilmenite.

2.1. Thermodynamic Calculation

Previous studies [46,47] have discussed the thermodynamic principles of iron removal
from nitride ilmenite. This study investigated the thermodynamic equilibrium of TiH,
synthesis from TiCly using MgH, as a reductant. This calculation was helpful for studying
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the possible species formation during the reaction. The HSC Chemistry v6.0.0 software
(Outokumpu Research Oy, Tornio, Finland) was used for thermodynamic analysis and
calculations. Thermochemical calculations are valuable tools for developing new chemical
processes and mechanisms. This software provides powerful calculation methods to
investigate different variables’ effects on the chemical system at equilibrium [48].

2.2. Synthesis Process

In previous studies [21,22], the preparation of TiCly gas from ilmenite was elaborated.
In the current study, the TiH, was synthesized from TiCly gas reacted with the MgH,
powder at 500 °C for 12 h at the lab scale. Our previous attempts to synthesize TiH, at
a temperature between 250 and 500 °C indicated that higher temperatures positively im-
pacted the formation of TiH, [24-28]. The reduction products were then washed with water
and diluted HCI to separate TiH, powder from the reaction byproducts. The X-ray diffrac-
tion (XRD) technique was employed for the study of phase evolution after the reduction
process using Cu-Ka radiation (A = 1.5404 A, Bruker D8-advance, Billerica, MA, USA). The
morphology and surface elemental analysis of the powder in each experimental step was
studied with a field emission scanning electron microscopy equipped with electron disper-
sive X-ray spectroscopy (FESEM/EDX, Leo Supra 35VP, Oberkochen, Baden-Wiirttemberg,
Germany).

2.3. Economic Evaluation

In order to investigate the commercialization potential of the proposed method for
the production of Ti metal powder, the technoeconomic assessment (TEA) was conducted
using the SuperPro Designer software v8.5 [49]. The TEA calculates the production ex-
penses, technology, and scaling-up issues of the product. The effect of individual economic
parameters, i.e., costs of raw material, equipment costs, and energy consumption, on the
capital cost investment of a pilot plant was evaluated. The economic performance was
investigated for the three production scales, i.e., 1000 kg (1 t/batch), 5000 kg (5 t/batch),
and 10,000 kg (10 t/batch) per batch of the final product (Ti powder).

3. Results
3.1. Thermodynamic Assessment

The standard change in Gibbs free energy of formation (AG}) of the chemical species
that were used in this study is listed in Table 1. The thermodynamic data were extracted
from Stull and Prophet (1971) [50] for the temperature range of 0-700 °C, except for MgHo,
which was extracted from Brain (1997) [51] for the thermodynamic data up to 700 °C. The
thermodynamics study on converting ilmenite to nitride ilmenite and subsequently TiCly
was published elsewhere [52,53]. The chemical potential diagrams (stability diagrams) of
the M-CI-H (M: Ti and Mg) systems at different partial pressures in Table 1 are illustrated
in Figures 2 and 3. The phase stability diagrams demonstrated the stability boundaries of
each phase in a ternary system as a function of temperature or in isothermal conditions.
The stability diagrams were calculated based on the Gibbs free energy minimization. The
partial pressure of gas species was calculated from the equilibrium constant and the activity
of the gas species.

In Figures 2 and 3, the effect of temperature, the partial pressure of H, (Py,), and
partial pressure of chlorine (Pcj,) on the stability of associated phases are illustrated.
Figure 2 illustrates the Ti-Cl-H diagrams with the change in the partial pressure of H, gas.
The values of the Pr;, were changed, starting from 1 atm until the appearance of TiH, phase
at Pp,= 1 atm below 500 °C. It was observed that for Pc;, <1 x 10730 atm, the TiH, phase
was stable within the specified temperature range. It can be seen from Figure 2a that in the
Ti-Cl-H system, the dominant solid phase at T < 350 °C and Py,= 1 atm was TiCl3, and at
the higher temperature range, the TiH, phase was more stable. Moreover, Figure 2b shows
that with additional decreasing in the Pc;, to 10~% atm, there was no presence of TiCly,
and the TiH} stability area increased to T > 250 °C. According to Figure 2a, the equilibrium
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interface between TiH; and TiCl; indicated that the stability area of TiH, started at a
temperature above about 150 °C and Py, = 20 atm, and with an increase in temperature, it
was expanded to Py, of 1 atm at a temperature around 300 °C. This particular distinction
between the two diagrams in Figure 2a,b represents the importance of the effect of Py,
and P¢;, on the stability diagrams. Hence, in the presence of H, atmosphere, it should be
possible to reduce the TiCly to TiH,.

log pH, (g) atm
20 T T T L T Ll T Ll T Ll Ll T log PCIZ (g) atm
40
15 ] 30
. 20
10 Tle E 10
5 g
TiCl, -10
0 -20
) '
- . 0 i " " " " " " n " i i
T1C13 1 0 100 200 300 400 500 600 700
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-15
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_ 20
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0
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'15 n ‘/)
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(b)

Figure 2. Ti-CI-H predominance diagram at a partial pressure of Cl, (a) Pc;, =1 x 10730 atm; (b) Pcp, =1 x 1073 atm.
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Figure 3. Mg-Cl-H predominance diagram at Pcj, =1 x 10~% atm.

Table 1. Standard Gibbs free energy of formation for the compounds in the investigated system from

0 to 700 °C.

Component Standard Gibbs Energy of Formation (AG;) (kJ/mol) Reference
HCl (g) AG; = —93.084 — 0.008T [50]
MgCl, AG; = —638.230 + 0.157T [50]
MgH, AG; = —78.504 + 0.139T [51]

TiCl, AG; = —512.330 + 0.158T [50]
TiCl, (g) AG; = —238.000 — 0.022T [50]
TiCl3 AG; = —716.800 + 0.212T [50]
TiCl3 (g) AG; = —539.510 + 0.049T [50]
TiCly (g) AG; = —762.400 + 0.119T [50]
TiH, AG; = —147.290 + 0.140T [50]
Ti,Clg (g) AG; = —245.430 — 0.018T [51]

In order to further highlight the effect of Py, on the phase stability, the Ti-Cl-H
predominance diagram was plotted for a constant amount of Py, at 1 atm in Figure 2a and
1 x 1073 atm in Figure 2b. As is illustrated in Figure 2a to obtain the TiH, predominance
area at Py, = 1 atm, the Pq;, in the system must be as low as 1x107°? atm for T = 350 °C
and 1 x 1073° atm for T = 250 °C. However, it can be observed from Figure 2b that at
constant Py, of 1 x 10730 atm, there was no presence of TiH,. This is the main reason
that there was a need to run the reduction process in the presence of H, gas instead of
an inert atmosphere. Basically, in Py, > 1 atm and very low amount of P¢;,, TiH; was a
predominant phase. Previous work by Udayakumar et al. [54,55] in producing TiH, in an
inert atmosphere showed a low yield and validating this thermodynamics analysis.

It should be emphasized that depending on the partial pressure of Cl,, the system may
enter the predominance area of TiClz and possibly TiCl,. This particular scenario indicates
a possible thermochemical mechanism that TiH, may produce from reactions between
TiCls or TiCl, and MgHj rather than the reaction via Equation (1) at a fixed temperature
and certain Py, and Pg;,. In this regard, the possible reactions in the system could be
followed as in Equations (2)—(5) for the TiCly-MgH, reaction system.

o

2TiCly(g) + MgH, = 2TiClz + MgCl, + H; (g)AG = —415.140 + 0.197T (kJ/mol) ©)
2TiCls 4+ 3MgH, = 2TiH, 4 3MgCl, + H, (g) AG = —576.700 — 0.066T (kJ/mol) (3)

2TiCl; + MgH, = 2TiCl, + MgCl, + H, (g)AG’ = —178.690 — 0.084T (kJ/mol)  (4)
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TiCl, + MgH, = TiH, + MgCLAG = —198.980 + 0.005T (kJ/mol) (5)

The predominance diagram for the Mg-CI-H system at Pcj, =1 x 1073? atm is shown
in Figure 3. The interface between MgH, and MgCl, indicated the stability of metal
chlorides at Py, = 1 atm and almost the whole temperature range, except for Mg, which is
more stable at a temperature above 600 °C, according to Figure 3. From the latter figure,
MgH, was a stable phase at a temperature above 350 °C and higher Py,. As a result, it is
possible to conclude that reducing TiCly with metal hydrides is possible, and the stable
phases were TiH; and MgCl, depending on the partial pressure of chlorine gas. On a side
note, this thermodynamics approach does not consider the possibility of simultaneous
formation of different species in the same system, as only one species, for example, TiCl3 or
TiHj, is described as a feasible component at a particular condition. Given this, the Gibbs
free-energy minimization method was carried out to evaluate the formation of various
phases simultaneously.

Phase Composition Diagrams

The objective of this section is to present the equilibrium composition diagrams as in
Table 1. Therefore, calculations were carried out for stoichiometric and nonstoichiometric
amounts of reactants for the temperature range of 0-700 °C as given in Equation (1). The
phase determination of the system at equilibrium condition was calculated with the help
of the equilibrium module of HSC Chemistry v6.0.0 (Tampere, Southern Finland, Finland),
which is based on the minimization of the Gibbs free energy [56]. The relevant elements
(Ti, Cl, Mg, and H) with an ideal behavior were used to determine the stable phases of the
system under the investigated conditions. It should be noted that a constant amount of
H; equaling 2 mol was considered in all the calculations for the effect of excess H in the
system since the reduction experiment suggested proceeding under H, atmosphere. The
molar ratio of TiCly:MgH, was 1:2 for stochiometric conditions according to Equation (1).
In this condition, the final equilibrium phases after reactions were TiH;, MgCl,, and H; in
all temperature range according to Equation (1).

Furthermore, the nonstochiometric conditions with increasing the molar ratio of
TiCl4:MgH, in Equation (1) were investigated with an increase in the latter molar ratio to
2:2 and 3:2, as shown in Figure 4. The changes in the molar ratio of the reactants affected
the final products available in the reaction. From Figure 4, TiH, was formed at its highest
amount of 0.6 mol below 100 °C. As the temperature raised to 700 °C, the TiH, molar
amount gradually dropped to 0.1 mol when the TiCl; molar amount increased to 2 mol,
as shown in Figure 4a. However, Figure 4b illustrates that with an additional increase in
TiCly to 3 mol, TiH; was not present above 100 °C.

mol mol
4.5 45
H,(2)
4.0 2 w4 =
35 / 35 (8
3.0 3.0
IiCl
25 s .
MgCl, .
2.0 — 2.0 - —
1.5 TiCl, 'I‘i(‘lz 15 MgC IZ
_— -~ TiCl,
LT - ~ 1.0 -
0.5 —><__ 0.5 TiCl, (g)
g — TiH, Ti.Cl (2)
. 0.0 - =
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature ("C) Temperature (°C)
() (b)

Figure 4. Theoretical equilibrium phase composition calculated for molar ratio of (a) TiCly:MgH, = 2:2 and (b)

TiClys:MgH, = 3:2.
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Furthermore, by increasing the TiCl;:MgH, molar ratio to 3:2, the TiCl; phase formed,
in addition to TiH;. At a TiCly amount of 2 mol, TiCl3 decreased continuously from
about 1.2 to 0.1 mol, with temperatures shown in Figure 4a. However, by increasing the
TiCly:MgH, molar ratio to 3:2, the change in the TiCls amount was different, as shown in
Figure 4b. It can be observed that the TiCl3 amount dropped to about 2 mol at 100 °C, and
there was no change up to 500 °C. Then, there was another decrease in the TiCl3 amount
from 2 to 1.3 mol above 550 °C. In addition, the amount of MgCl, as a final product in
the system was constant in all the diagrams. According to Figure 4, it was clear that with
increasing temperature, the molar amount of H, gas gradually increased up to about 4 mol
at a TiCly molar amount of 2 mol. It was also rapidly increased to about 4 mol when the
TiCl4 molar amount was 3 mol, and it was constant above 150 °C. Moreover, it shows the
formation of H gas in the system with an increase in a molar ratio of TiCly:MgHo,.

Another essential feature of diagrams in Figure 4 is the formation of the TiCl, phase as
a product with the reverse chemical behavior of TiCl3 and TiH;. While the molar amount
of TiCls and TiH, decreased, the molar amount of TiCl, began to increase. Since TiHj,
TiCl3, and TiCl, were behaving comparably, there should be a reaction to consuming the
first two phases to convert to a later one with increasing temperature. Moreover, at TiCly
molar amount of 3 and temperature range above 600 °C, interesting changes occurred as
new gas phases, namely TiCl3 (g), TiCl4 (g), and TixCl¢ (g), were formed, and the amount
of TiCl, started to increase. The main reason for these behaviors is the possibility of the
reaction between excess TiCly and the produced TiH; in the system as Equation (6), which
has negative AG® below 700 °C. In addition, the produced TiCl3 can be reacted with TiH,
to produce TiCl, as Equation (7). Moreover, the formation of TiCl; (g), TiCly (g), and TipClg
(g) are due to the transformation of TiCl; to the gas phase above 500 °C. Up to 500 °C, the
TiCl; is in the solid state, and with an increase in temperature, it is completely decomposed
to the gaseous state. Subsequently, the amount of TiCl; decreased above 500 °C. As a result,
TiCl, and TiCly (g) can be produced according to Equation (8). In addition, there is the
possibility that TiClz (g) transforms to TipClg (g) phase, whereas this reaction has negative
AG? according to Equation (9).

TiH, + 3TiCly(g) = 4TiCl; + H, (g) AG = —338.300 + 0.343T (kJ/mol)  (6)

TiH, + 2TiCl; = 3TiCl, + H, (g) AG = 20.490 — 0.091T (kJ/mol) @)
2TiCls(g) = TiCly + TiCly (g) AG = —145.890 + 0.184T (kJ /mol) ®)
2TiCl3(g) = TipClg (g) AG = —127.470 + 0.143T (kJ /mol) )

To put it briefly, the formation of TiHj is possible through a reaction between MgHj
or CaH; and TiCly; however, the ratio between TiCly and metal hydrides was critically
important to have TiH; following the completion of the reactions in the system.

The equilibrium molar amount and molar fraction of TiH; (XOTi Hz) as a function of the

molar fraction of TiCly (XOTiCl4) and temperature for the TiCl4-MgH, reaction system are
provided in Figure 5. X, was defined as Equation (10).

x = N (10)
|2 Z”;

where n: is an output mole of component i in the system (i.e., TiCly or TiH;), and n; is
the molar amount of all the products after the reduction process based on the equilibrium
composition calculation data from HSC software for Equation (2)—(9). For the sake of
simplification, the amount of MgH, was set to 2 mol, similar to previous calculations for
equilibrium compositions. It was evident from Figure 5a that TiH, formation started at
X OTz'Cl4 =0.1, and its equilibrium amount increased slightly with the molar fraction of TiCl4 to

reach its maximum of 1 mol when X, was almost 0.3. According to Figure 5b, for XOT:‘C14
between 0.1 and 0.3, the molar fraction of TiH, decreased with increasing temperature. In
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general, TiH, can be produced when XOTZ-CZ4 was between 0.1 and 0.5 for all temperature

range, and its equilibrium amount reaches the highest amount at XoTiCl4 between almost
0.3 and 0.4 in all temperature range. With more TiCly addition at a constant amount of
MgH),, the formation of TiH,; was impeded, while TiCl; or TiCl, phases began to produce,
as discussed in Figure 4. Needless to say, all the calculations are based on thermodynamic
data and minimization for the AG’ in the system.

Equilibrium amount of TiH, (kmol) X“(TiH‘)

1.000
" 0.8000

I~ 0.6800

t- 0.1800

I~ 0.5600 t 0.1500
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Figure 5. Effect of XOTz’Cl4 in TiCl4-MgH) reaction system on (a) equilibrium amount of TiH, and (b) equilibrium TiH,

mole fraction.

Since TiCly can be reduced to TiHj, TiCls, and TiCl, via Equations (6)—(9) solely based
on the molar ratio between TiCly and MgH),, it is of interest to know the optimum molar
fraction of TiCl4 to MgH,, which can reach the highest yield of TiHj. If TiH, production
efficiency was defined as the molar amount of produced TiH; as in Equations (2)—(9)
divided by the stoichiometric molar amount of TiH, from Equation (1), then Figure 6 could
be plotted for the TiCl;-MgH), reaction system. It can be observed from Figure 6 that the
TiH; efficiency reached the highest level of 100% for the amount of XOTI»CZ4 below 0.3 for
all temperature ranges. In this condition, no TiCls or TiCl, was produced, and TiCly; was
entirely transformed to TiH,. In addition, an excess amount of MgH) could be retained in
the system. Moreover, the calculated data showed that change in the temperature had no
significant effect on the TiH, formation efficiency, except a slight increase in TiH; efficiency
at a temperature below 250 °C and fraction between 0.4 < XOTiCl4< 0.5. It should be noted
that these calculations were based on the equilibrium assumption, and the situation in the
real system could be different.

3.2. Phase Analysis

The synthesis of TiH, was performed using MgH, powder as a reductant according to
the process of Figure 1. The phase analysis of the final reduction products was employed
to gauge the mechanism of the reaction according to Equations (1)—(9). Figure 7 represents
the XRD diffraction patterns for raw ilmenite, reduced ilmenite before and after the Becher
process, and the reduced powder with MgH, at 500 °C for 12 h. The ICSD reference
number of the studied phases are 98-003-5383 (FeTiO3), 98-001-7721 (FepTiOs), 98-008-9933
(TiOxCyNy), 98-008-7922 (Fe), 98-008-8801 (MgH>), 98-008-9526 (Mg), 98-001-1144 (TiCl),
98-009-6474 (MgCl,-(H20)4), 98-000-3817 (TiO;), and 98-006-5530 (TiHy). It is evident from
Figure 7 that the raw ilmenite mainly consists of FeTiO3 and pseudobrookite (Fe;TiOs).
All the ICSD# for phases detected were listed in Figure 7. Moreover, low-intensity peaks
related to titanium dioxide (TiO,) were also observed. It is shown in Equation (11) that
ilmenite can be converted to the TiN through the carbothermal reduction and nitridation
(CTRN) process. Previous studies by Rezan et al. [57,58] reported that the actual phase
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8C 4 4H,(g) + 2FeTiO3 + Ny(g) = 6CO(g) + 2Fe + 2CHy(g) + 2TiN AG~ = —285.012(k]J/mol) at 1250 °C

from the carbothermal reduction and nitridation of ilmenite was TiOxCyN; rather than
TiN. On the other hand, the Fe,TiOs phase was transformed to FeTiOj via the reaction of

Equation (12).

Fe,TiOs + TiO, + Ha(g) = 2FeTiO; + H,O(g)AG

700
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300
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Figure 6. Effect of XOTiCl4 on TiH; formation efficiency in the temperature range up to 700 °C for

TiCl4-MgH); reaction system.
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Figure 7. XRD analysis data for raw ilmenite, nitrided ilmenite before and after Becher process, and
reduction process of TiCly with MgH, at 500 °C for 12 h.
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2TiCly(g) +

Figure 7 shows that the reduced powder after nitridation was a combination of the
TiOxCyN; phase and metallic Fe as expected from Equation (11). This powder was later
leached according to the Becher process [20], and the metallic Fe was removed entirely,
as can be seen from the XRD data in Figure 7. The Fe particles can react with dissolved
oxygen as Equation (13) to form iron oxide hydrate (Fe,O3-xH,O).

2Fe +3/20; + xH,O = Fep,O3-xH,O (13)

Figure 7 it can be observed that in addition to the TiH; phase, other phases such as
TiClz, MgH,, and Mg were detected. Moreover, MgCl,(H;0O), was formed as a major
byproduct of the reaction system. This phase was produced due to moisture adsorption on
MgCl,. The formation of TiCl3 can be explained through Equation (14). It was reported
that in the Ti-Cl-H system, TiCly has a high tendency to reduce to TiCl; in the presence
of Hy gas [59]. Simultaneously, TiCl; can react with MgH, powder to produce TiH; by
Equation (15). Therefore, the possible chemical pathway for the production of TiH, from
TiCly reaction with MgH, could be from Equations (14) and (15). It should be noted that the
presence of Mg in the XRD data results from the partial dehydrogenation of MgH, powder.
Overall, the XRD patterns confirmed the formation of TiH; from the proposed method.

o

MgH, = 2TiCls + MgCl, + H, (g)AG = —419.390 + 0.213T (kJ/mol) (14)

2TiCls + 3MgH, = 2TiH, + 3MgCl, + H, (g) AG’ = —576.700 — 0.066T (kJ/mol) (15)

Figure 8a—c illustrate the as-received ilmenite morphology together with the reduced
ilmenite before and after the leaching process. Besides this, the morphology of the TiH,
powder after washing the reduction products with distilled water and diluted HCl is
illustrated in Figure 8d. Figure 8a—c indicates the formation of spherical-shaped particles,
which could be related to the formation of metallic iron, and it can be easily removed
from the system through the Becher process. The EDX analysis data of Figure 8c clearly
shows the high percentage of Fe content from nitrided ilmenite with a spherical Fe particle
forming due to the interaction of carbon saturated molten iron. Figure 8d demonstrates the
morphology of the final powder after the reaction between TiCly gas and MgH, powder. It
can be observed that irregularly shaped particles were formed during the reduction process.
The EDX analysis data of these particles demonstrated the presence of about 78 wt% Ti
with the balance oxygen. The presence of oxygen in the EDX analysis data should be the
result of the oxidation of TiH, surface, which was previously reported by Zhang et al.
(2017) [60] that an oxide layer could be formed on the TiH, surface. The phase analysis and
morphology study of the final powders indicated the formation of the TiH, powder with
irregularly shaped particles from the reduction of TiCly gas with MgH, powder.

3.3. Process Simulation and Economics Evaluation

In the previous section, the experimental results for the production of TiH, powder
via thermodynamic assessment (Section 3.1) and phase and morphology characterization
(Section 3.2) are presented. The results show that TiH, powder production from the
proposed method was feasible technically. However, to examine the cost-effectiveness of
the process, it is beneficial to investigate the economic behavior of the production process.
Thus, in this section, the TEA was performed for the production of TiH,; powder from
ilmenite and subsequently Ti metal powder from TiH, as a final product. It is necessary to
estimate the total production costs of the product before any financial investment is made
for a pilot production [61].
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Figure 8. SEM images for: (a) as-received ilmenite, (b) reduced ilmenite under H,-N; atmosphere, (c) reduced ilmenite
after leaching process with spherical Fe particles, and (d) TiH, powder after water washing and acid leaching. (Point (1) is
EDX analysis micrograph for raw ilmenite, point (2) is EDX analysis micrograph for spherical particles in reduced ilmenite,
and point (3) is EDX micrograph for obtained TiH, powder after water washing and acid leaching).

Figure 9 shows the simulation flowsheet developed using SuperPro Designer [49] for
Ti powder production from ilmenite ore. As shown, the ilmenite was grounded below
75 pum in procedure P-1 (Grinder GR-101), and it was mixed with coal in the procedure
P-1/2. Next, the mixture was subjected to the CTRN process in reactor P-2 (vessel R-101) at
1250 °C for 5 h in the presence of H, and N, gases [62]. In the proposed method, plastic
wastes such as polyethylene terephthalate (PET) can be used instead of coal since they are
valuable carbon resources. It has been reported that PET stands as 8 wt% of the global solid
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waste [23]. In our previous studies [22,23], it was shown that the ilmenite could be reduced
with PET via the CTRN process. Compared to the conventional method for the reduction
of ilmenite, this is a sustainable method for recycling waste plastics from economic and
environmental aspects.
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Figure 9. Simulation flowsheet for titanium powder production in SuperPro Designer.

As it was shown in Equation (11), the reduction products were the mixture of TiN and
Fe particles. After completing the reduction step, Fe particles were separated from TiN
through aeration leaching using the Becher process (procedure P-3) [63]. For this purpose,
air and ammonium chloride (NH4Cl 3.2 M) were injected into the leaching vessel AFR-101
for aqueous iron oxidation. The Fe particles can react with dissolved oxygen following
the reaction stoichiometry in Equation (13) to form an iron oxide hydrate (Fe;O3-xH,O).
Later, the mixture was sent for filtration in the filter unit MF-101 (procedure P-4). The
filtrate from the latter contains dissolved NH4Cl and aqueous Fe;,O3-xH,O, which can
be separated from each other through filtration (procedure P-4/MF-102). Although the
leaching process (P-3) was performed at 90 °C for 7 h to ensure complete oxidation of Fe,
there is the possibility that a small portion of Fe particles remains in the TiN filter cake [63].
Therefore, the filter cake was washed with hydrochloric acid (HCl; 1 M) in procedure P-5 to
remove all remaining Fe particles. The latter can be transformed into iron chloride (FeCly),
following Equation (16). The FeCl, residue is collected in tank P-5/1 (vessel V101), which
can be sold as a byproduct for the sewage treatment industry or recycled back to Fe,O3 for
the ironmaking industries [64,65].

A batch vessel reactor (P-6/R-102) is used to model the chlorination of TiN powder.
The chlorination process was performed at 400 °C for 5 h, in the presence of Cl, gas, which
converts TiN to TiCly gas following Equation (17) [66]. It is worth noting that the product
N, gas can be collected and reused in procedure P-2. The TiCly gas can be reduced with
MgH, to form a solid mixture of TiH, and MgCl,, following the reaction stoichiometry in
Equation (1). This process was carried out in the reduction reactor P-7 (R-103), in which the
MgH, powder was used as a reductant agent in the reduction of TiCly to TiH,. This mixture
is then subjected to water washing (P-8/WSH-101) for the removal of MgCl,, which is
water soluble. The solution residue from water washing is then sent to the electrolysis
(procedure P-8/1) for Mg metal production, which can later be reacted with H, gas to
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produce MgH for the reduction process. On the other hand, the TiH, powder is used as
a raw material for a dehydrogenation reactor (P-9) for Ti powder production [23,24]. It
should be noted that the H; gas emission from procedures P-7 and P-9 can be collected and
stored in vessel P-10/V-102 for further application in the ilmenite reduction process (P-2).

2HCI(g) + Fe = FeCly(aq) + H; (g) AG = —111.259(kJ/mol) at90 °C  (16)

TiN 4 2Cl, = TiCly 4+ 1/2N; (g) AG = —408.402(kJ/mol) at 90 °C (17)

The main benefit of the current method compared to the traditional Kroll process is
that the final product is TiH, or Ti metal powders rather than Ti sponge. Therefore, instead
of machining the Ti sponge to produce final products that generate a large amount of
scrap, the TiH, or Ti metal powder can be directly used in powder metallurgy techniques
to generate the final products with less scrap and reduce energy consumption related
to the machining step, resulting in an enhanced environmental impact. Moreover, the
reaction temperature in the reduction reactor P-7 (R-103) is 500 °C, which is much lower
than 900-950 °C in similar processes, where the TiCly reduction is performed with molten
Mg which requires a high temperature to melt Mg metal [9]. However, the current study
proposes to employ MgH, powder at a lower temperature with less energy consumption,
which is more environmentally friendly. Another major difference is that the reaction
byproducts from reactor P-7 (R-103) separated via hydrometallurgical technique in process
P-8 instead of using vacuum distillation at elevated temperature of 1000-1050 °C in similar
processes [67].

The production process simulation was performed for the annual operation time of
7920 h/year, plant construction duration of 6 months and project lifetime of 15 years. The
processing time and unit for the respective procedures of the model are summarized in
Tables Al and A2 in Appendix A. In addition, Table 2 summarizes the overall process
parameters for different production scales. It can be observed that by increasing the
production scale, the recipe batch time and recipe cycle time are increased, and the number
of annual batches dropped. However, due to larger process throughput, the total amount
of Ti product increases for the larger production capacity (e.g., 10 t/batch).

Table 2. Overall process parameters for process simulation for different production scales of Ti powder.

Parameter 1 t/batch 5 t/batch 10 t/batch
Utilized annual operation time (h/year) 7914.24 7898.54 7894.90
Recipe batch time (h) 60.24 83.45 124.09
Recipe cycle time (h) 14.00 31.26 61.19
Number of batches per year 562 251 128
Total amount of Ti produced (kg/year) 562,000 1,255,000 1,280,000

3.3.1. Raw Material and Installed Equipment Costs

The required amount of raw materials was estimated according to the stoichiometric
amounts given in Equation (1) and Equations (11)—(14). Table 3 indicates the amount of
required materials per batch with their unit price for economic evaluation for different
production scales. It should be noted that both HCI and NH4Cl streams contain water
in the mixture (see its mass % in Table 3). Furthermore, the required equipment details
were summarized in Table A3 in Appendix A. Moreover, Tables A4-A6 in Appendix B
list the equipment unit price, annual required materials price, and utility consumption,
respectively, for different production scales of the Ti powder plant. The annual materials
cost can be calculated from each material unit price and the annual amount per batch by
the number of batches per year in Table 2. Based on Tables A4—A6, it can be concluded that
raw materials have the highest impact on production costs, regardless of the production
scale. It should be noted that the SuperPro Designer software v8.5 (Scotch Plains, New
Jersey, USA) has a built-in model for the calculation of equipment costs [49], based on the
costs model in Peters et al. [68].
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Table 3. The required amount of raw material with their unit costs for different production scale.

Amount for Different Production Scales of Ti (kg/Batch)

Raw Material Unit Cost
1-t/Batch 5-t/Batch 10-t/Batch
NH,CI1 3.2 M (11% NH4Cl and 89% water) 0.11 $/kg 114,106.65 570,533.24 1,141,066.48
Carbon (C) 1.00 $/kg 1113.27 5566.37 11,132.74
Chlorine gas (Cl) 1.25$/kg 3282.68 16,413.43 32,826.87
HCI 1M (9.7% HClI and 90.3% water) (P-5) 0.097 $/kg 1873.64 9368.19 18,736.37
HCI1 1 M (9.7% HCI and 90.3% water) (P-8) 0.097 $/kg 351.91 1759.52 3519.05
H,; gas (P-2) 8.60 $/m> 93.25 466.27 932.55
H; gas (P-7) 8.60 $/m?3 0.21 1.04 2.08
Ilmenite (FeTiO3) 4.0%/kg 3519.04 17,595.23 35,190.45
Magnesium hydride (MgH;) 143.00 $/kg 1228.93 6144.66 12,289.32
Nitrogen gas (N3) 210 $/m3 323.75 1618.76 3237.52
Oxygen gas (O;) (from air) 0.0 529.32 2646.63 5293.26

Table 4 summarizes the purchase cost of major equipment according to the studied
production scales of Ti powder, calculated using the built-in model [49]. It should be noted
that the equipment capacity is directly related to the production throughput. As can be
seen, the highest equipment cost was associated with the TiCly reduction furnace (R-103)
and MgCl, electrolysis cell (R-104) for the Ti production scale of 1 t/batch, and ilmenite
reduction reactor (R-101) for Ti production scale of 5 t/batch and 10 t/batch.

Table 4. The total equipment cost per batch for different production scales of Ti powder in USD.

N 1-t/Batch 5-t/Batch 10-t/Batch
ame Number Total Costs Number Total Costs Number Total Costs
R-101 1 649,000 4 2,680,000 7 4,774,000
AFR-101 1 436,000 1 1,106,000 1 1,700,000
GR-101 1 105,000 1 174,000 1 260,000
ME-101 1 30,000 1 48,000 1 73,000
MEF-102 1 30,000 1 56,000 1 85,000
R-102 1 531,000 1 661,000 1 728,000
V-101 1 29,000 1 69,000 1 101,000
R-103 1 710,000 1 844,000 1 984,000
R-104 1 712,000 1 848,000 1 989,000
R-105 1 538,000 1 671,000 1 738,000
V-102 1 60,000 1 134,000 1 229,000
Total price 3,830,000 7,291,000 10,661,000

%)

3.3.2. Economic Analysis

Based on the economic model of Peters et al. [68], the built-in model of SuperPro De-
signer v8.5 (Scotch Plains, NJ, USA) [49] determines the production costs as a percentage of
the capital cost and operating costs, as summarized in Table A7 in Appendix C. It is evident
from Table A7 that the equipment purchase cost is the highest factor in the direct plant costs,
while the construction was a significant factor in indirect plant cost. Table 5 summarizes
the capital fixed costs for Ti production scales of 1, 5, and 10 t/batch. It is noteworthy that
the total equipment purchase cost, process piping, installation, insulation, instrumentation,
buildings, electrical, yard improvement, and auxiliary facilities are considered direct plant
costs. On the other hand, engineering and construction were categorized as indirect plant
costs. Other parameters such as start-up and validation, insurance, maintenance, a local
tax, and the factory expenses were included in calculating the capital investment in the
economic modeling by the SuperPro Designer [49]. It is evident from Table 5 that direct
and indirect plant expenses increase with an increase in production scale.



Processes 2021, 9, 1567

16 of 23

Table 5. Fixed capital estimate summary for different scale of Ti powder plant in USD.

Parameter 1-t/Batch 5-t/Batch 10-t/Batch

Equipment Purchase Cost 4,697,500 9,114,000 13,326,000
Total Plant Direct Cost (TPDC) 15,539,000 29,630,000 44,344,000
Total Plant Indirect Cost (TPIC) 9,323,000 17,778,000 26,007,000
Contractor’s Fee and Contingency 3,729,000 7,111,000 10,403,000
Direct Fixed Capital Cost 28,054,388 54,519,000 79,753,000

3.3.3. Unit Production Cost of Ti Metal Powder

The economic evaluation results for the investigated production scales were given in
Table 6. It was considered that the Ti metal powder price is 250 USD/kg. The two main
economic factors, i.e., return of investment (ROI) and internal rate of return (IRR) values,
were compared for all the production scales as reported in Table 6. In general, a positive
ROI value indicates that the net returns are positive since the total returns are higher than
the process costs. Moreover, a project is economically feasible with a higher IRR than the
minimum acceptable returns for investors [61,68]. The results in Table 6 demonstrated that
maximum ROI and IRR were 39.36% and 63.20%, respectively, which was obtained for
production scale of 5 t/batch. However, the ROI and IRR decreased to 35.18% and 53.83%
for 10 t/batch production scale, respectively. This is mainly due to a significant increase in
the total capital investment for 10 t/batch, with a marginal increase in its revenue. This
leads to lower ROI and IRR as compared to the 5 t/batch production scale. Overall, the
unit production cost for Ti powder ranges between 224.19 and 246.58 USD/kg Ti from
this study.

Table 6. Economic performance summary for different production scale.

Parameter 1-t/Batch 5-t/Batch 10-t/Batch

Total Capital Investment ($) 42,427,000 83,025,000 109,793,000

Operating Cost ($/year) 138,577,000 284,499,000 286,964,000

Revenues ($/year) 140,500,000 313,750,000 320,000,000

Net Profit ($/year) 4,523,000 32,675,000 38,630,000

Cost Basis Annual Rate (kg MP/year) # 562,000 1,255,000 1,280,000
Unit Production Cost ($/kg MP) 246.58 226.69 224.19
Unit Production Revenue ($/kg MP) 250.00 250.00 250.00
Gross Margin (%) 1.37 9.32 10.32
Return on Investment (ROI) (%) 10.66 39.36 35.18
Payback Time (year) 9.38 2.54 2.84

Rate of Return (IRR) after taxes (%) 9.77 63.20 53.83

2 MP = Total Flow of Stream “Ti powder”.

The Monte Carlo method was employed to quantify the uncertainty [69,70] for the
sensitivity analysis, using Crystal Ball v11.1.2.4 add-in function in Microsoft Excel. This
simulation determines which operational factors have the most significant impacts on
the economic efficiency of the process. According to Table 6, the ROI (39.36%) and the
unit production cost of the Ti powder ($226.69/kg) for the Ti powder production scale
of 5 t/batch were investigated for the sensitivity analysis. The distribution of model
variables was summarized in Table A8 in Appendix D. In general, triangular distribution
was applied for the time, and normal distribution with 10% standard deviation was used
for price fluctuations. The probability distribution of ROI and Ti unit production costs are
illustrated in Figure 10. It is evident from Figure 10a that the change in ROI from 10 to 70%
falls within the certainty of about 76.42%. Moreover, it was observed from Figure 10b that
the change in Ti unit production cost amounts from $205 to $250 correlated with a certainty
of occurrence of about 79.37%.
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Figure 10. Probability distribution diagram after 5000 trials for (a) ROI and (b) unit production costs.

The sensitivity analysis diagrams generated by the Crystal Ball (Figure 11) reveals
that the MgH, purchase cost was the most significant input variable on the unit production
costs and ROI, which is followed by the ilmenite purchase price. Overall, the MgH, price
has a negative impact on the economic analysis. Increasing the MgH, price results in lower
ROI and increased unit production cost.
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Figure 11. Contribution of uncertain parameters to the variance of (a) ROI and (b) unit production cost.
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4. Conclusions

Thermodynamic assessment of TiH; synthesized from TiCly was investigated between
MgH, with TiCly in the presence of H, atmosphere at a temperature range from 0 to
700 °C. The thermodynamic assessment revealed that the formation of TiH, was feasible
in the TiCl4-MgH), reaction system. However, the molar fraction of TiCly has a critical
role in the reduction process. With an increase in the molar fraction of TiCly above 0.4,
the TiH, formation was impeded, and the TiCl3 phase started to produce significantly.
According to the various amounts of TiCly:MgH, molar ratio, different products were
obtained. Experimental data confirmed the thermodynamic assessment on TiH, formation
from TiCly:MgH, were also extracted, and findings, and it was indicated that at the reaction
temperature of 500 °C for 12 h, TiH, powder was formed. Moreover, the TEA of Ti
metal powder production was conducted for 1, 5, and 10 t/batch production scales. The
modeling results indicated that the highest ROI of 39.36% with 2.54 years of payback time
was achieved at 5 t/batch production scale. Moreover, sensitivity analysis showed that the
MgH, and ilmenite purchase prices had the highest negative impact on the ROI and unit
production costs. The change in the raw materials by 10% resulted in the certainty of 76.42%
for ROI changing between 10% and 70%. Similarly, the certainty for the unit product cost
was achieved at about 79.37% for fluctuating between 205 and 250 $/kg. It has shown that
the production of Ti powder via the TiH, route from ilmenite at the low-temperature range
was economically feasible.
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Appendix A. Process Simulation Setting

Table A1. Scheduling summary for the simulation model of 1000 kg Ti/batch.

Procedure Operation Process Time ? (h) Start Time (h) End Time (h)
P-1 Grinding ilmenite below 75 um 1.25 0 1.25
P-1/2 Mixing ilmenite with coal 1.25 1.25 2.50
P-2 IImenite reduction with H-N, gases mixture at 1250 °C 12.31 2.50 14.81
P-3 TiN with Fe aeration leaching at 90 °C to remove Fe particles 9.00 14.81 23.81
P-4 Filtration to separate TiN from Fe particles 4.25 23.81 28.06
P-4/1 Filtration to separate Fe;O3 from NH4Cl solution 4.25 23.81 28.06
P-5 Acid washing at room temperature to remove any excess Fe particles 743 28.06 35.49
from TiN
P-5/1 FeCl, Storage for sewage treatment industries 7.32 32.85 40.17
P-6 TiN chlorination process at 350 °C 7.64 32.85 40.49
P-7 TiCly Reduction process in H, atmosphere at 500 °C 14.00 40.49 54.49
P-8 Water washing at room temperature to remove impurities from TiH, 1.25 54.49 55.74
P-8/1 MgCl, electrolysis to produce Mg metal 3.50 55.74 59.24
P-9 TiH, dehydrogenation to Ti powder at 700 °C 4.50 55.74 60.24
P-10 H; gas Storage 3.50 56.24 59.24

2 Processing time included the required time for charging and transferring out the materials.
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Table A2. Specifications of simulation model.

Description

heating for 3 h at 1250 °C, extent of reaction 100%
leaching at 90 °C for 7 h, extent of leaching 95%
filtration for 2 h with recovery yield of 90%
filtration for 4 h with recovery yield of 90%
washing for 30 min and separation for 1 h with 100%
recovery at room temperature
heating for 5 h at 350 °C, extent of chlorination 95%
heating for 12 h at 500 °C, extent of reaction 95%
washing for 1 h with 100% recovery after filtration
reaction duration for 1 h at room temperature, extent
of separation 100%
heating for 3 h at 700 °C, extent of reaction 100%

Process

Reduction reactor at P-2
Aeration leaching at P-3
Microfiltration at P-4
Microfiltration at P-4/1
Acid washing in P-5

Chlorination reaction at P-6
Reduction reaction in P-7
Acid washing and separation in P-8

Electrolysis in P-8/1
Dehydrogenation in P-9

Table A3. Equipment types and size for Ti powder plant for different production scale of Ti powder.

Production Scale

Name Type 1-t/Batch 5-t/Batch 10-t/Batch
R-101 Stirred Reactor 1.21m3 1.52 m° 1.73 m>
AFR-101 Air-Lift Fermentor 124,952.11 L 624,760.53 L 1,249,521.06 L
GR-101 Grinder 3519.05 kg/h 17,595.23 kg /h 35,190.46 kg/h
MF-101 Microfilter 2.15 m? 10.74 m? 21.48 m?
ME-102 Microfilter 2.80 m2 14.00 m?2 28.01 m?
SFR-101 Shake FlaskRack 222400 L 11,120.00 L 22,240.00 L
MX-101 Mixer 463232 kg/h 23,161.60 kg/h 46,323.21 kg/h
R-102 Stirred Reactor 277.62 L 1388.08 L 2776.15L
V-101 Horizontal Tank 1946.24 L 9731.18 L 19,462.35 L
R-103 Stirred Reactor 2312.99 L 11,564.93 L 23,129.86 L
WSH-101  SWasher (Bulk Flow) 5149.38 kg/h 12,873.45 kg/h 12,873.45 kg/h
R-104 Stirred Reactor 2361.94 L 11,809.69 L 23,619.38 L
R-105 Stirred Reactor 308.76 L 1543.78 L 3087.57 L
V-102 Horizontal Tank 321424 L 16,071.20 L 32,142.41 L

Appendix B. Process Costs

Table A4. Equipment unit cost and required number for different production scale of Ti powder.

1-t/Batch 5-t/Batch 10-t/Batch

Name Unit Cost ($) Number Unit Cost ($) Number Unit Cost ($) Number
R-101 649,000 1 670,000 4 682,000 7
AFR-101 436,000 1 1,106,000 1 1,700,000 1
GR-101 105,000 1 174,000 1 260,000 1
MEF-101 30,000 1 48,000 1 73,000 1
ME-102 30,000 1 56,000 1 85,000 1
SFR-101 0 1 0 1 0 1
MX-101 0 1 0 1 0 1
R-102 531,000 1 661,000 1 728,000 1
V-101 29,000 1 69,000 1 101,000 1
R-103 710,000 1 844,000 1 984,000 1
WSH-101 0 1 0 2 0 4
R-104 712,000 1 848,000 1 989,000 1
R-105 538,000 1 671,000 1 738,000 1
V-102 60,000 1 134,000 1 229,000 1
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Table A5. Annual materials cost for different production scale of Ti powder.

Material 1 t/Batch 5 t/Batch 10 t/Batch
Hydrogen (m3) 5,103,992 11,397,705 11,624,751
Nitrogen (m3) 309,694 691,576 705,352
Ammonium chloride (kg) 7,054,073 15,752,423 16,066,216
Water (kg) 0 0 0
Oxygen (kg) 0 0 0
IImenite (kg) 7,910,815 17,665,611 18,017,515
Hydrochloric acid (kg) 121,323 270,926 276,323
Carbon (kg) 625,660 1,397,160 1,424,992
Chlorine (kg) 2,306,088 5,149,716 5,252,300
Magnesium hydride (kg) 98,764,347 220,550,276 224,943,708
Total price ($) 122,195,993 272,875,393 278,311,158

NOTE: Bulk material consumption amount includes material used such as: raw material, cleaning agent, and
heat transfer agent (if utilities are included in the operating cost).

Table A6. Annual utilities cost for different production scale of Ti powder.

1 t/Batch 5 t/Batch 10 t/Batch
Parameter Unit Cost ($)
Amount Cost ($) Amount Cost ($) Amount Cost ($)
Std Power (Kwh) 0.100 249,994 24,999 558,261 55,826 569,382 56,938
Steam (MT) 4.200 7154 30,045 15,975 67,094 16,293 68,431
vt 0.400 4138 1655 9241 369 9425 3770
Steam (High P)
(MT) 20.000 10 197 22 441 22 450
TOTAL (%) 56,897 127,057 129,588
Appendix C. Percentage Coefficient for Capital Cost
Table A7. The percentage coefficient of direct plant cost factors.
Name Percentage Name Percentage
Piping 35% EPC ! Auxiliary facilities 40% EPC
Instrumentation 40% EPC Engineering fee 25% DC 2
Insulation 3% EPC Construction 35% DC
Electrical facilities 10% EPC Contractor fee 5% (DC + IC 3)
Building 45% EPC Contingency fee 10% (DC + IC)
Yard improvement 15% EPC

1 Equipment purchase cost, 2 direct plant cost, and 2 indirect plant cost.
quip: p p p

Appendix D. Sensitivity Analysis Assumptions

Table A8. Input parameters used for sensitivity analysis.

Variable Base Case Values  Distribution = Variation and Range

Reduction process in P-7 14 Triangular 12.60-15.40
Dehydrogenation process in P-9 4.5 Triangular 4.05-4.95
R-102 stirred reactor cost 661,000 Normal S.D.=0.1
R-103 stirred reactor cost 844,000 Normal S.D.=0.1
R-104 stirred reactor cost 848,000 Normal S.D.=0.1
Hydrogen price 11,397,705 Normal S.D.=01
Ammonium chloride price 15,752,423 Normal S.D.=0.1
Ilmenite price 17,665,611 Normal S.D.=0.1
MgH, price 220,550,276 Normal S.D.=0.1
Chlorine price 5,149,716 Normal S.D.=0.1

S.D.: Standard deviation.
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