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ABSTRACT

Computational thermochemistry is an essential tool when it comes to the design of new industrial pyrometallur-
gical processes. It also enables the optimization of existing processes by analyzing the effect of various operating
conditions on key indicators such as the metal recovery, the product composition, the direct emissions and the
process overall energy balance. The modeling of these complex processes requires the use of multiple streams
and equilibrium reactors in order to perform a large series of thermodynamic calculations. It also needs to
account for the kinetic limitations of key chemical reactions. Current thermochemical software restricts users to
single equilibrium reactor calculations or necessitates advanced programming knowledge to build customized
pyrometallurgical processes.

In this work, we introduce a new process simulation interface called FactFlow, a multi-stream/multi-
unit process simulator embedded in the FactSage package. It offers an intuitive and efficient interface for
handling streams, performing equilibrium calculations and allowing the use of stream recycling loops. It
also uses the extensive thermodynamic databases available in FactSage to describe the energetics of oxides,
sulfides, carbides, salts and metallic phases. This new process simulator interface enables the solving of mass
and energy balances of a wide range of pyrometallurgical processes related to the primary production of
iron and ferroalloys, copper, titanium and more. In this work, this new interface is used to describe four
pyrometallurgical processes, i.e. (i) ferrosilicon alloy production using a submerged arc furnace, (ii) the primary
production of copper and the impact of E-waste recycling using a Noranda-like process, (iii) the primary
titanium production via the Kroll process, and (iv) the production of direct reduction iron ore pellets via
the MIDREX process. Results of the simulations performed in this work are systematically compared to data
available in the literature.

1. Introduction

module in HSC Chemistry [10]. They are commonly used by engineers
and scientists to improve plant productivity. These process simulation

In the rapidly evolving landscape of industrial extractive metallurgy
and recycling operations, many numerical tools are used to design new
processes and to optimize existing ones [1-4]. They prove to be a
cost-effective approach for analyzing and optimizing pyrometallurgi-
cal operations when compared to expensive and time-consuming lab
experiments and pilot-scale trials. Numerical approaches which solve
overall mass and energy balances are typically deployed via flowsheet
interfaces which connect streams to unit operations to model various
processes. Such process simulation software include METSIM [5,6],
AVEVA [7], Aspen HYSYS [8], SysCAD [9], and the HSC-Sim
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packages typically require the explicit definition of the extent of re-
actions as well as the definition of equilibrium constants that need
to be respected in unit operations. They also have limited access to
thermodynamic models that describe relevant phases and solutions for
pyrometallurgical operations (such as slags, mattes, liquid metallic so-
lutions and molten salts). This is a major limitation when it comes to the
exploration of new operating conditions, for the accurate description
of energy balances and for the quantification of parasitic reactions of
pyrometallurgical processes. Currently, SysCAD can be coupled with
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ChemApp to access FactSage databases (as detailed in [11]); however,
this requires additional licensing.

Computational thermochemistry (CT) is an essential approach to
alleviate these shortcomings. It is based on the constrained Gibbs en-
ergy minimization of a system for given imposed equilibrium conditions
(typically temperature, pressure and mass balances) [12]. We presented
in a prior article the power of CT through a series of illustrative
case studies of high-temperature metallurgical unit operations [13].
CT has also been successfully used to determine optimal operating
conditions of existing ferrous processes such as blast furnaces [14],
electric arc furnaces [15] as well as many non-ferrous applications re-
lated to the primary production of nickel, aluminum [16], copper [17],
and lead [18]. In fact, CT is the most efficient predictive tool when
dealing with pyrometallurgical processes used to extract metals from
concentrate at high temperature [19]. FactSage is recognized as a
highly reliable CT package [20] and has demonstrated its strength for
accurately describing local/global multi-phase equilibria observed in a
multitude of pyrometallurgical operations [21]. As a consequence, it is
often linked to process simulation flowsheets to improve the accuracy
of their mass and energy balances [22-32].

At the moment, the FactSage interface is not designed to model
and describe entire processes. Such a task is currently laborious and
requires a unit-by-unit approach where streams are individually saved
and introduced in sequential equilibrium calculations. The presence of
recycling loops and the modification of operating conditions complexify
even more the overall simulation procedure. Specific macroprocessing
tools have been made available to partially overcome these interface
limitations [20]. ChemApp [33,34] is another tool that offers a solution
for modeling unit operations while exploiting the FactSage databases.
It requires programming skills and lacks graphical intuitiveness for
modifying entire process flowsheets. To overcome these challenges, we
developed here the FactFlow module, a multi-stream/multi-reactor sim-
ulator integrated within the framework of the FactSage software. This
thermochemistry simulation tool handles tasks such as solving mass and
energy balances, calculating phase equilibria while managing stream
recycling loops. It is designed to help engineers in easily deploying CT
for the exploration of a wide range of pyrometallurgical processes and
operating conditions.

This work (part II) extends the use of CT to the simulation of entire
pyrometallurgical processes using this new graphical interface. The
examples which are covered in this work are designed to demonstrate
various features of this new interface and to highlight the various ways
CT can be used to obtain useful information about a given process
such as (i) the metal recovery, (ii) the energy consumption, (iii) the
partitioning of valuable elements in various liquid phases formed in a
reactor, (iv) the identification of optimal conditions to run a process, as
well as (v) the quantification of direct emissions from pyrometallurgical
operations. The examples which are presented include a two-reactor
configuration for the modeling of ferrosilicon alloy production in a sub-
merged arc furnace (Section 3.1), the primary production and recycling
of Cu from chalcopyrite and E-waste (Section 3.2), the production of
titanium sponges from rutile (Section 3.3) and the modeling of the
MIDREX process using hematite pellets and methane as a source of
reducing syngas (Section 3.4).

2. FactFlow: A thermochemistry process simulator

The FactFlow interface was developed within the Qt Creator In-
tegrated Development Environment (IDE) [35], using the C++ pro-
gramming language [36]. FactFlow utilizes the ChemApp library to
perform equilibrium calculations, using the same backend as the Equilib
module of FactSage. The Git tool is used for version control, in combi-
nation with a remote repository hosted on GitHub. FactFlow provides
a user-friendly interface for building process simulation flowsheets
using modular nodes (Table 1). These nodes can be easily dragged
and dropped onto the flowsheet canvas. Connections between nodes
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allow for the representation of streams flowing in/out of Equilibrium
reactor nodes. Equilibrium calculations are performed in these nodes to
determine the chemical reactions which occur and the resulting phase
assemblages. Mass flows defined in the input streams sequentially move
from one node to another. As shown in Table 1, each FactFlow node
provides a unique set of functionalities for converting input streams
into output streams and simulating the various chemical reactions
occurring in a given equilibrium reactor.

Phases which are formed in a given equilibrium reactor can be
split (via the Splitter node) and individually sent to other equilibrium
reactors. Similarly, individual output streams from distinct equilibrium
reactors can be mixed together via the Mixer node. Among the other
features of the interface, the implementation of the recycling loop via
the use of a Recycle node stands out as a fundamental and essential tool
for process modeling. This is particularly remarkable when compared
to other CT-based approaches reported in the literature which require
users to apply macro-processing to solve continuous recycling loop
modeling using thermochemical packages [37-39].

FactFlow also provides functionalities for analyzing a process
through the exploration of a range of operating conditions and stream
compositions. Any numeric input field such as the temperature of
an equilibrium reactor node can be substituted with a range of val-
ues/operating conditions. For example, calculations can be performed
from an initial temperature “T;” to a final temperature “T,” by steps
of AT = (T, - T;)/(number of calculations - 1). This approach can be
extended to pressure and mass balance variations, allowing for the
calculation of an entire flowsheet as a function of a series of variable
process parameters.

3. Pyrometallurgical process modeling using CT

This section presents the design of four pyrometallurgical processes
through CT. Each pyrometallurgical process is modeled via the con-
struction of a complete flowsheet in the FactFlow interface. These
examples are selected to demonstrate how to determine the series
of pyrometallurgical unit operations which are required to extract
valuable metals from specific feed materials. These feed materials can
either be oxide-rich concentrates (such as the concentrate used for the
ferrosilicon production in example #1, TiO, used for the production of
titanium in example #3, and hematite-rich pellets used in the MIDREX
example #4) or sulfide-rich concentrates (such as chalcopyrite-CuFeS,
in example #2). The operating conditions of each specific unit op-
eration are modulated and their impacts on the overall process are
investigated. To do so, phase equilibrium graphs and thermodynamic
data are plotted and analyzed. Each example is outlined in a logical,
step-by-step approach, allowing for a comprehensive understanding of
the operating conditions of real pyrometallurgical processes.

Hypotheses and assumptions.

» Equilibrium is reached in any given unit operation. When
temperature gradients are experienced in a unit (3.1), multiple
counter-flow reactors are used.

Steady-state is reached. This implies that there is no accumula-
tion in the process and that the overall mass balances Y (m;,) =
>(m,,) are respected at the end of a simulation. This condition
is applied when Recycle nodes are used in the simulation.
Reaction kinetics are indirectly accounted for when industrial

data are available by applying virtual stream bypasses. This is
equivalent to the virtual element concept recently presented by
Pelton et al. [40].
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Table 1
Description of the different nodes available in FactFlow, along with their submenu and related features.
Node Submenu Functionality
Input e (L) 2000 « Provides an fnterface to define an }I}put
stream by setting the reactant quantities and
Pressure (bar) 1 their input temperature/pressure.
() Relative (%) Quantity (kg) 0 « The search toolbar allows users to locate
a s : species inside FactSage databases.
B Show active only. « The “Show active only” option displays a
1ame Clear summary of reactant quantities that are already
— present in the node.
Name Phase  Quantity « All input quantities belong to a phase, which
CuFeS2_Chalcopyrite(s) Solid 828 ensures that energy balances are maintained.
H20_liquid(lig) Liquid 72 This is equivalent to defining the mass balance
with “Initial conditions” enabled in FactSage.
Equilibrium « Offers the same functionality as the Equilib
Reactor No. of inputs 2 2 Apply module in FactSage. ie., determines the phase
equilibrium at user-defined temperature (T)
Resethlecion and pressure (P). Additionally, it enables
Temperature (°C) 1250 equilibrium calculations with imposed enthalpy
BT 6 change AH v1a' the pairs AH-T and .AH-P.. This
feature is particularly useful for adiabatic
2H () 2717512071.83 calculations, where AH=0.
« Accepts multiple input streams and produces
an output stream.
Mixer « Merges streams to produce a single output
No. of inputs 2 = Apply stream at a user-defined temperature and
pressure, without performing an equilibrium
Temperature (°C) 100 calculation.
Pressure (bar) 1 « Calculates a 4H associated with bringing
input streams to the temperature and pressure
AH0) g of the output stream.
Splitter « Enables the division of a given stream into a
No. of outputs 4 e Apply user-defined set of output streams based on
specified flow percentages.
SREUES Ehase v « Splitting modes include: by quantity, by states
Split settings of matter, and by phases indexed in FactSage.
Outl Out2 Out3 Out4
gas_ideal 100 0 0 0
Pb-lig 0 0 0 100
Fe-lig 0 100 0 0
Recycle « Enables mass stream recycling from an output
node Max iterations 100 = to an earlier stage in the process. This is
achieved through a loop convergence method,
[ihestokdon) 0001 constrained by a user-defined threshold error.
Tterations: 13 « In case the threshold error is not satisfied,
the maximum loop iterations that are permitted
are defined by the “Max iteration” setting.
Exit « Provides an interface for viewing and plotting
Temperature (°C) 1250 simulation results.
Pressure (bar) 2.6
Name Phase Quantity ;
gas_ideal Gas  568.67
> Slag-lig#1 Liquid 20.9923
v Fe-liq Liquid 0.00534145
Pb 0.00311191
Cu 0.00094115

3.1. Modeling of an electric arc furnace for the production of ferrosilicon

using recycling loops

Ferrosilicons are essential master alloys/reagents used in a wide
variety of applications. They can be used for instance:

1. As an alloying element in steel and cast iron: Ferrosilicon
is employed to increase the silicon concentration of various
steels to enhance their strength, wear resistance, elasticity and

scale resistance [41]. Silicon is also added to electrical steels 3.

(used to produce the core of electromagnetic devices) to reduce
their electrical conductivity and magnetostriction. Furthermore,
ferrosilicon is added to cast iron to act as inoculants in order to

favor graphite precipitation [42].

2. As a deoxidizing agent in liquid steels: Some ferrosilicon

alloys contain up to 75% silicon by weight (denoted as FeSi75)
and are used to deoxidize steel and other iron alloys [41]. In
liquid iron, dissolved silicon is oxidized (in the form of SiO,
particles, which float at the surface of the liquid metal and are
subsequently fluxed/dissolved into the slag) at a much lower
pO, than iron, allowing for the removal of dissolved monatomic

oxygen.

In magnesium primary production: Ferrosilicon is utilized to
reduce calcined dolomite (a reaction called silicothermic reduc-
tion) and facilitates magnesium production through the Pidgeon

process [43].
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The production of ferrosilicon involves the carbo-reduction of
quartzite inside a submerged electric arc furnace. This semi-batch
process requires the introduction of a mixture of quartzite, carbon-
rich reducing agents and iron-bearing materials into the top of the
furnace [39]. The molten metal produced from this carbo-reduction is
primarily composed of ferrosilicon. It is periodically collected in a ladle
for subsequent processing [39,44].

Machulec and Bialik [38,45] reported that the thermodynamic pro-
cess of ferrosilicon smelting in a submerged arc furnace can be rep-
resented by considering two virtual isothermal reactors: a top virtual
reactor equilibrated at a lower temperature (Reactor 1 in Fig. 1a), and a
bottom virtual reactor equilibrated at a higher temperature (Reactor 2
in Fig. 1a). This virtual representation of the electric arc furnace allows
for approximating the non-isothermal reaction zones which are formed
during its operation [38]. The optimizing of this pyrometallurgical
process is a complex and challenging task due to the virtual recycling
of the gas stream from the bottom reactor to the top reactor as shown
in Fig. la (stream R1). A CO/SiO gas mixture is exhausted by the first
reactor (stream O1) [38].

The numerical challenge of having to loop the gas stream between
these two virtual reactors is easily facilitated with the use of a Recycle
node in FactFlow (Fig. 1b). As shown in Fig. 1c, these two virtual
isothermal reactors (including the virtual recycling of the gas stream
R1) can be easily connected in the FactFlow interface to simulate this
process. In this flowsheet, stream I1 represents the reactant stream
introduced in the reactor at 20 °C, I2 is a partially reduced stream
coming from the top zone of the furnace (containing the condensed
phases formed in reactor 1), O1 is the output gas from the top virtual
reactor 1, O2 represents the slag phase which is discarded, and finally,
stream O3 is the liquid ferrosilicon alloy which is produced by this
furnace.

The virtually recycled gas (stream R1 in Fig. 1) contains CO(g) and
SiO(g) produced from the following reaction occurring in the bottom
virtual reactor:

Si0, (1) + C(s) — SiO(g) + CO(g) (€D)]

This gaseous stream promotes the following reactions which lead to the
production of a liquid ferrosilicon alloy [46]:

SiO(g) + 2C(s) — SiC(s) + CO(g) 2
2810, (1) + SiC(s) — 3SiO(g) + CO(g) 3
SiO(g) + SiC(s) — 2Si(l) + CO(g) “

The input composition used to simulate this ferrosilicon electric
arc furnace is presented in Fig. 1 (stream I1) and was taken from the
work of Machulec and Bialik [38,45]. This input stream is based on a
reference amount of 1 kmol of SiO, (in the form of quartzite), along
with solid iron, carbon-rich reducing material (which was defined as
pure C graphite), calcined dolomite and other minor oxide impurities.
The FTOxid database was used to describe oxide-based phases, while
the FSstel database (which is a specialized database for the steel indus-
try) was activated to describe the energetics of metallic phases of this
system. Additionally, the FactPS database was selected to define the
thermodynamic behavior of the gas phase, the pure liquid substances
and the pure compounds (including graphite). Reactors 1 and 2 were
set to 1665 °C and 1935 °C, respectively. Finally, the Recycle node
was configured to run 300 loop iterations. The explanation for this is
given in the following paragraphs.

Fig. 2 reports the Si recovery (defined here as the ratio between the
Si amount in the liquid metallic phase and the Si amount from the main
input stream) in the molten metal obtained in reactor 2 (representing
the FeSi75 alloy obtained from a typical submerged arc furnace [38]) as
a function of the recycling loop iteration. It indicates that a relatively
constant Si recovery is obtained after 50 loop cycles. These findings

Calphad 88 (2025) 102772

Table 2

Composition of the ferrosilicon alloy at 1935 °C (stream O3 in Fig. 1 before cooling at
1665 °C) obtained through a two-stage reactor configuration after 300 loop iterations.
Results are compared to the values reported by Machulec and Bialik at 1935 °C [38,45]
with 50 loop iterations.

Element Composition (wt%)
This work Machulec and Bialik [38,45]
(300 iterations) (50 iterations)

Si 73.99 75.00

Fe 23.89 23.80

Al 1.73 1.04

Ca 0.28 0.14

C 0.06 -

Mg 0.03 0.02

Ti 0.01 0.01

o 0.01 -

The symbol “~” indicates that the value was not disclosed in [38,45].

are consistent with the studies by Machulec and Bialik [45]. These
authors used the HSC software and Excel to solve the Gibbs energy
minimization problem needed to evaluate all the phase equilibria in
their flowsheet. Their simulations resulted in a converged Si recovery
of 0.88 after 50 iterations [45].

The asymptotic Si recovery reached after 50 iterations in the sim-
ulation performed by Machulec and Bialik [45] appears valid when
compared to the Si recovery curve presented in Fig. 2. A deeper analysis
of the phase assemblage as a function of the recycling loop iteration
shows however that the steady-state is not reached after 50 iterations
(see Fig. 3). According to this figure, the amount of gas exiting reactor
2, the SiC transferred from reactor 1 to reactor 2, and the slag amount
produced in reactor 1 (a miscibility is predicted to occur under these
equilibrium conditions in this zone) are not reaching their steady state
values after 50 cycles. Our simulations show that converged values are
reached after 250 iterations. In FactFlow, a threshold convergence error
is implemented in a holistic way, ie., for a given threshold “e;ge;”, the
algorithm scans the mass of each output component (m;) at iteration i
and compares it with the results from the previous loop iteration (m;_,)
using the formula e; = |(m; - m,_;)|/m; x 100. The loop continues
iterating until the condition €; < g is met for all output components,
ensuring that the convergence criterion is respected.

Table 2 summarizes the simulation results for the ferrosilicon alloy
formed after 300 iterations using FactFlow. The ferrosilicon alloy is
primarily constituted of Si, Fe, and Al, with the presence of minor
impurities (such as Ca, C, Mg, Ti and O). These findings are consistent
with the simulation data reported by Machulec and Bialik [38,45]. The
minor differences are mainly due to the difference in the accuracy of
the thermodynamic databases used by HSC and FactSage respectively.
As a striking observation, the thermodynamic model of the metallic
ferrosilicon liquid solution accounts for the solubility of both C and O in
FactSage. In the work of Machulec and Bialik [38,45] the concentration
of these two impurities is not reported.

FactFlow also enables the easy computation of the enthalpy change
of the entire system. In the context of the ferrosilicon production, the
evaluation of the variation of this state property enables the quantifica-
tion of energy consumption in the submerged arc furnace. Fig. 4 shows
the energy requirement as a function of the recycling loop iteration.
This figure indicates that the energy demands do not significantly
change at 50 and 300 iterations, which is compatible with the Si
recovery in the molten metal being almost the same at 50 and 300
iterations (Fig. 2). Machulec and Bialik [45] used Excel Visual Basic
macros to compute the energy consumption after 50 iterations, using
the identical feedstock as this study. They reported a theoretical value
of 7036.61 kWh/tonne of alloy or 7996.15 kWh/tonne of alloy when
considering a thermal efficiency of the furnace n of 0.88. This work
converges to a theoretical energy consumption of 6190 kWh/tonne
of alloy without considering the furnace efficiency (4 = 1), which is
in the same order of magnitude as the values reported by Machulec
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& FactFlow - o X
File Settings About Help
Run T°C v Pbar Energy MJ Quantity kg B Show stream text Alpha () 0
D G 92.716 kg of input stream (11): Two-reactor configuration proposed (a)
64.80 wt% SiO, (i.e. 1 kmol SiO5) O1 by Machulec and Bialike.
Input Exit 24.50 wt% C (850 °C) 02
8.440 wt% Fe <“—| Reactor1 |[|2 (1665 °C)
E<* $>- 1.650 wt% Al,O3 —>| 1665°C, 1bar —»| Reactor2 [
0.484 wt% CaO 1 [ 1935°C, 1 bar [~
Splitter Mixer 0.131 wt% MgO (“Ambient 1 R1 03
(b) 0.009 wt% TiO, temperature”) (1665 °C)
I
KNS, ! _
Equilib Reactor Recycle node 'll Gas COOllng 01
'," t«i' 850 °C
v 1_Ferrosilicon ,’l Slag coolin
iy i Reactor 1 SollrT oy Splitting iy
CST: 1_Ferrosilicon.cst
Nodes (1665°c)  State of matter ) i 3 8520

Plots

1 kmol SiO,
calculation
basis

Reactor 2

(1 935 °C) 1665 °C

o

Exhaust gas

Ferrosilicon
alloy cooling

11: Input raw materials
12: Input condensed phases in reactor 2
O1: Output gas from reactor 1

from Reactor 2

(c)

02: Qutput slag from reactor 2
03: Output metal from reactor 2
R1: Recycling of gas from reactor 2

Fig. 1. FactFlow interface for Fe-Si alloy production. (a) The inset figure shows the schematics of the two virtual reactors approach for ferrosilicon smelting proposed by Machulec
and Bialik (“[45]). (b) Purple square highlighting the Reclycle node icon in FactFlow interface. (c) Two-reactor configuration for ferrosilicon smelting modeling in FactFlow.

0.90 T T T T T T T T T

0.85 §
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0.65

—+— This work i
—e— Machulec and Bialik

0.60

Si recovery
(Si in metal/Si in feedstock)

1 1 1 1 1

1
40 5 260 270 280 290 300
Loop iterations

55 1 1 1
0 10 20 30

Fig. 2. Si recovery in molten metal via FactFlow (blue line), compared to data from
Machulec and Bialik using the HSC software and Excel [45] (black line).

and Bialik [45]. We also evaluated the energy requirement if the
residual energy of the individual hot output streams upon cooling is
not utilized (for preheating input streams for example). A substantially
higher energy requirement of 7655 kWh/tonne was obtained in this
scenario (open blue circles in Fig. 4). Unlike the approach proposed
by Machulec and Bialik [45], where enthalpy changes were calculated
individually for each reactor and for each stream cooling, FactFlow
directly computes the global enthalpy change between the output and
input streams, simplifying computation and enhancing accuracy by
reducing potential cumulative errors.

T T T T T T T T T
60 | ]
50 .
Sl /
D40 ; ]
N Fd
8 ., /
0 30 =
©
(=
o Gas (reactor1) ~ =eesees Gas (reactor 2)
20 Molten metal (reactor 1) -------Molten metal (reactor 2)_|
Slag phase #1 (reactor 1) ==-=--- Slag phase (reactor 2)
Slag phase #2 (reactor 1) == SiC (reactor 1) 1
10 —m— 1
Remend! il ¥ I 1 n 1 n 1 n I

O ristuiel tatudr? rigete trinizh L n
0 10 20 30 40 50 260 270 280 290 300
Loop iterations

Fig. 3. Evolution of phase amounts (kg) in reactor 1 (solid lines) and reactor 2 (dashed
lines) as a function of the number of loop iterations.

3.2. Cu primary metal production from chalcopyrite and E-waste

Copper is an essential metal for many industries due to its outstand-
ing electrical and thermal conductivity, malleability, and corrosion
resistance [47-49]. In nature, it is primarily found in the form of
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sulfides (e.g., chalcopyrite), oxides, carbonates, sulfates and hydro-
silicates [47]. Sulfide ores are typically extracted through pyromet-
allurgy, while oxide minerals commonly undergo hydrometallurgical
operations [47]. Electronic waste recycling, which can represent be-
tween 10%-15% of the mass introduced into primary Cu smelters,
is another important source of copper. This integration of end-of-life
products into primary smelters has been achieved through advanced
metallurgical operations, such as the Horne smelter in Quebec, Canada,
coupled to the Noranda converter and capable of processing copper
sulfide ores along with electronic scrap in the feedstock [50-52].

The flowchart for copper production in a Noranda-like process is
presented in Fig. 5 (top). It consists of three main reaction stages
(i.e., smelting, slag-forming and copper-making), where the reactors
are supplied with wet chalcopyrite-CuFeS, (containing 8% H,O [47]),
0,-enriched air and SiO,, as a fluxing agent. The bottom of Fig. 5 illus-
trates the Noranada process which has been modeled using FactFlow.
The composition and feed amount for each input stream used in our
simulations are reported in Table 3. This work illustrates the smelting
(Section 3.2.1) and converting (Section 3.2.2) processes. Additionally,
it explores the recycling of electronic waste (E-waste) from portable
audio scrap in Section 3.2.3.

3.2.1. Smelting

The purpose of the smelting step is to generate a multi-phase
assemblage enabling the removal of Fe from the sulfide-based feed-
stock. This is achieved through the oxidation of iron and sulfur in
the chalcopyrite-CuFeS,-rich concentrate within a smelter, typically
operating at 1250 °C [47]. As simplified in stoichiometric reaction
(5), two condensed phases are generated through this operation, i.e.,
a matte phase (sulfide-base) and a slag phase (oxygen-based phase).
Slag is lighter than matte, thus the matte phase is found at the bottom
of the smelter [53]. The outlet gas linked to this operation contains
SO, (reaction (5)) and it is commonly captured to produce sulfuric
acid [47].

2CuFeS, (s) + 3.250,(g) — 5)
Cu,S-0.5FeS(/) + 1.5Fe0(s) + 2.550,(g)

Apart from oxygen, silica is employed as a fluxing agent promoting
the formation of the slag phase via reaction (6):

2Fe0(s) + Si0,(s) — Fe,Si0, (1) (6)
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The thermodynamic description of each phase associated with re-
actions (5) and (6) are stored within the specialized databases of
FactSage. In this example, the FTmisc, FToxid and FactPS databases are
activated. The matte phase model (sulfide-base) is useful to describe the
feedstock and it is stored within the FTmisc database. FToxid includes
models of solid and molten oxide-based solutions, thus it contains the
slag phase, which is an important output as shown in Fig. 5a. Fi-
nally, FactPS contains information on stoichiometric compounds, pure
solid/liquid substances and the model for the gas phase.

By considering a 1 tonne basis of CuFeS, with 8% H,O, reacting
with a variable amount of 40 vol.%-O, air as reported by Davenport
et al. [47], the obtained phase assemblage at 1250 °C is presented in
Fig. 6. It is shown that the feedstock evolves to a matte/gas equilibrium
if O,-enriched air is not incorporated (x-axis = 0) in the reactor. In
this initial state, the gas phase mainly corresponds to the evaporated
water initially contained in the humid chalcopyrite. By incorporating
0,-enriched air in the smelter, the slag phase appears at x-axis ~ 140 kg
per 1000 kg of feedstock and mainly contains Fe in the form of FeO,
FeS, Fe,0; and Fe,S;. For x-axis > 500 kg per 1000 kg of feedstock, the
spinel phase is the primary oxide-rich phase formed by the interaction
of Fe in the matte phase with oxygen.

As reported by Davenport et al. [47], the smelting method employed
at the Noranda Smelter (Canada) enables the concentration of copper
up to 70 wt% in the matte phase. Fig. 7 illustrates the elemental
composition of the matte phase as a function of reacted air (x-axis),
indicating that around 700 kg of air per 1000 kg of feedstock is required
to achieve the desired 70 wt% Cu.

Besides oxygen, silica plays an important role as a fluxing agent to
promote slag formation (reaction (6)), essential for effective Fe transfer
in molten phases. In a specific scenario involving 680 kg of O,-enriched
air and 1000 kg of wet chalcopyrite (with 8wt% H,0), the undesirable
spinel phase appeared in the phase assemblage (Fig. 6). As shown in
Fig. 8, the spinel phase (purple line) can be converted to a slag phase
(orange line) by adding SiO, into the smelter. Specifically, an amount
of 100 kg of SiO,/1000 kg of humid chalcopyrite ensures that the spinel
phase no longer appears in the equilibrium phase assemblage. Consid-
ering these conditions, the resulting matte contains around 72 wt% of
Cu. Schlesinger et al. [54] reported that 122 kg of SiO, per 1000 kg
of Cu-concentrate (28 wt% Cu) are employed in the Noranda Smelter
(Canada). The quantity of SiO, found in this work is in agreement with
the value of these authors considering the simplified chemistry of the
feed material which was used, and the absence of basic oxide fluxes
typically added to ease the melting process of the oxides present in the
smelter [55]. Finally, the gas phase consists primarily of SO, (reaction
(5)) and evaporated water from the initial humid chalcopyrite. Table 3
provides a summary of the final simulation inputs and outputs for
smelting.

Table 3 also reports the enthalpy change for the imposed mass
balance and operational conditions in the smelting process, indicat-
ing a theoretical exothermic operation of the smelting furnace with
AH = =271 MJ. It is worth noting that without the moisture in the
chalcopyrite, the furnace would exhibit a more exothermic behavior
(AH = —692 MJ). This means that nearly 61% of the energy released
by the reaction is used to evaporate the 80 kg of water contained in
the 1 tonne of humid chalcopyrite. This highlights the advantage of
utilizing the energy generated by the reaction to evaporate water from
the concentrate before proceeding to the converting step.

3.2.2. Converting

The resulting matte from the smelting stage must undergo subse-
quent treatment in the so-called converters for slag-forming (Converter
1 in Fig. 5) and copper-making (Converter 2 in Fig. 5). The slag-forming
reaction promotes the removal of Fe from the matte phase, via the
following reactions [47]:

FeS + 1.50,(g) — FeO

——matte ——slag

+S50,(g) )
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In this study, 435.19 kg of smelting matte with a copper concen-
tration of 72 wt% (as detailed in Table 3) were considered for the
slag-forming step which was reacted with another stream of O,-enriched
air. Fig. 9a illustrates how the composition of the matte evolves as
a consequence of the oxidation of iron and its subsequent transfer
to an oxide-rich phase. The graphical representation clearly indicates
that introducing 60 kg of O,-enriched air yields the suitable matte
composition, resulting in a minimal Fe concentration below 1 wt%.
This is consistent with existing literature, where the slag-forming step
is commonly reported to reduce Fe content in the matte phase to
approximately ~1 wt% [47]. Additionally, SiO, should be supplied
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Fig. 7. (a) Elemental composition of the matte phase as a function of the injected air
in the smelter (x-axis).

to the converter to promote the production of the slag phase over
the magnetite-spinel phase. Fig. 9b shows the evolution of the phase
assemblage with fluxing agent additions (x-axis). This plot shows that
adding 17 kg of Si transforms the magnetite-spinel phase into the
slag phase, with a small excess of SiO, in the form of tridymidite
forming (refer to Table 3). According to the equilibrium calculation,
a total of 389.80 kg of matte/tonne of feedstock with a 79.84 wt%
of Cu is produced (Table 3). As shown in Fig. 5f, the matte phase is
subsequently subjected to the copper-making stage. This is modeled in
FactFlow using a splitter node. The copper-making reactions are [47]:

CuS  +1.50,(g) = Cuy0() +50,(g) ©
—matlte

CupS  +2Cu,0() — 6Cu()) +S0,(g) (10)
—matte
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Fig. 10a shows the phase assemblage evolution during the copper-
making step, demonstrating the impact of O,-enriched air injection in
the converter (Fig. 5f). As air injection increases, the matte phase (green
line) transforms into the molten copper phase (red line). For air inputs
greater than 180 kg, the undesired slag phase appears, which must be
avoided because of its negative impact on the copper recovery.

In parallel, Fig. 10b details the composition of the Cu-rich liquid
in relation to the quantity of air injected within the converter. Re-
markably, the optimal condition for achieving a 99.6 wt% Cu purity
is precisely at 180 kg of O,-enriched air per 389.80 kg of matte from
the slag-forming. However, it is noteworthy that beyond this threshold,
the oxygen content begins to rise, presenting an undesired outcome.
Consequently, industrial operations strategically stop the process just
before this occurrence. This investigation suggests that using 170 kg
of air minimizes oxygen content and produces an acceptable sulfur
content of 1.69 wt%, while also yielding a copper concentration of up
to 98 wt% Cu (refer to Table 3). This graphical approach approximation
highlights the delicate balance required to optimize copper purity while
mitigating undesirable oxygen and sulfur content.
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3.2.3. Fate of metals using 10 wt% recycling of E-waste

The increase in E-waste generation represents a valuable metallic
source, with up to 17.4% being recycled globally in 2019 [56]. Approx-
imately 30% of copper production comes from recycled sources [57].
Thus, thermodynamic modeling of copper recycling is vital for under-
standing metal partitioning between the various phases during copper-
making operations, promoting efficient and sustainable practices. This
section exemplifies portable audio scrap recycling, specifically account-
ing for 10% (mass) of E-waste (Table 4), along with 90% of wet
chalcopyrite in the feedstock treated via the Noranda process (Fig. 5).

The composition of E-waste from portable audio scrap used in this
study (Table 4) was obtained from Tabelin et al. [58]. This composition
includes copper, aluminum, lead, iron, nickel, and silver; however, the
content of non-metallic materials was not specified. Consequently, the
remaining mass balance was allocated to carbon (graphite) to represent
the plastics and other non-metallic materials present in the E-waste
scrap. The current thermodynamic model for the matte phase in Fact-
Sage does not include silver in its list of optimized solution components.
To address this limitation, the pure Ag,S(l) from the FactPS database
has been added as an ideal end-member of the matte phase using the
merge option in FactSage. Similarly, Ag(l) has been appended as an ideal
end-member of the Cu-rich liquid solution to account for the presence
of silver in the final blister copper.

Fig. 11 presents thermodynamic simulation results for blister copper
production using 1-tonne feedstock of 10/90 (wt%/wt%) E-waste/wet
chalcopyrite. The phase assemblage is sketched across successive stages:
smelting, slag-forming (processing the matte phase from smelting)
and copper-making (processing the matte phase from slag-forming).
Additionally, the fate of metals in these phases, relative to their
initial quantities in the feedstock, is presented. Due to the inclusion
of E-waste, the temperature for converting (slag-forming and copper
making) was elevated to 1300 °C, as opposed to the 1250 °C used
when the feedstock consisted solely of chalcopyrite (Section 3.2.2). This
adjustment was made to ensure the formation of the slag phase during
the slag-forming step. Otherwise, the spinel phase would become the
stable phase for the oxide species due to the presence of impurities.
Literature on copper smelting, particularly concerning impurities, con-
sistently reports data at 1300 °C [57], indicating widespread adoption
of this temperature in similar operations.

Faraji et al. [59] reported a simplified flowchart of Xstrata Copper’s
Horne smelter in Quebec (also known as the Noranda smelter) for waste
printed circuit boards (WPCBs) recycling. The flowchart suggests that
Fe, Al, and Pb from the E-waste are transferred to the slag phase,
with some Pb exiting the reactors in the form of fumes. These findings
align with our thermodynamic simulations, where Al is specifically
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transferred to the slag phase in the first metallurgical operation (ie.,
smelting as shown in Fig. 11). Also, the majority of Pb is separated
during smelting through the slag, molten metal phase and gas phase,
with volatile species including PbS(g), Pb(g), PbO(g), PbH(g) and
Pb,(g). Although around 23.6 wt% of Pb remains in the matte phase,
continuous transfer to the slag phase occurs during the slag-forming
step. Hence, only 6.2 wt% of the original Pb remains in the final Cu-
rich molten metal phase (blister copper) exiting the copper-making unit
(Fig. 11). In the case of Fe, it is effectively removed via the slag phase
(Fig. 11).

Regarding silver (Ag), it is challenging to remove from E-waste
during recycling due to its affinity for the matte and molten metal
phases involved in copper production. According to our simulation,
99.8 wt% of the original Ag is found in the final Cu-rich molten
alloy (Fig. 11). To address this concern, Faraji et al. [59] propose
Ag removal from blister copper through subsequent electro-refining
operations which ultimately transfer it in the form of anode slime
along with gold (Au) and platinum group metals (PGMs) to be further
processed and valorized.

As for nickel (Ni), it is evident that this metal is also challenging to
separate, with up to 59.3 wt% of the initial quantity found in blister
copper (Fig. 11). Nevertheless, the initial nickel content in the scrap is
only 0.03 wt% (Table 4). The final Ni concentration is therefore small.

3.3. Ti primary metal production from rutile (TiO,)

Titanium alloys are standard materials employed in aerospace engi-
neering, specifically for the construction of aircraft engines and landing
gear. This is due to their exceptional corrosion resistance and good
specific mechanical properties [60]. Remarkably, titanium alloys can
be half the weight of equivalent steels and Ni-based superalloys [61].
The chemical industry also uses a lot of titanium alloys, mainly for
applications dealing with oxidizing acids, for which a high corrosion
resistance is required [62].

The most common titanium-rich minerals that are industrially pro-
cessed for the production of titanium are ilmenite-based (~40%-65%
TiO, content) and rutile-based (~95% TiO, content) ores [63,64]. Il-
menite represented about 91% of the world’s offer for titanium minerals
in 2011. Other significant titanium sources include anatase-based and
brookite-based ores among others [64]. As reported by the National
Minerals Information Center from the United States Geological Survey
(USGS), the four main ilmenite-ore producers in 2019 were China,
South Africa, Canada and Australia [65]. Due to the large reserves
of ilmenite-based ores around the globe, they will act as the main

source for titanium production for several years to come [64]. On
the other hand, rutile ore deposits are typically much less abundant
in nature and are becoming difficult to find. Synthetic rutile can
be synthesized from ilmenite ores by eliminating iron oxides and
other impurities via pyrometallurgical and hydrometallurgical pro-
cesses [66]. The Rio Tinto QIT electric-arc reduction furnace which
processes ilmenite-concentrate to produce clean pig iron (i.e., carbon-
saturated iron which contains a low concentration of phosphorus and
sulfur) and TiO,-rich slag (which is solidified and further processed
to obtain pure TiO,) is an example of such a process. Synthetic rutile
usually reaches a concentration of around 92% of TiO, [64].

3.3.1. Exploration of the potential carbo-reduction of TiO,

According to the Ellingham diagram (refer to the Appendix of
Part 1 [13]), Ti can theoretically be extracted from rutile by directly
reducing it using carbon under standard conditions via the following
reaction:

TiO,(s) + 2C(s) — Ti(/) + 2CO(g) (12)

A preliminary calculation performed with the Reaction module of
FactSage under standard conditions suggests that this endothermic re-
action is thermodynamically favorable at temperatures above 2040.39
K (temperature obtained by imposing AG’=0). This theoretical high
temperature would lead to refractory material selection challenges,
especially considering that liquid titanium would be produced under
these conditions (reaction (12)). An alternative strategy to extract
titanium at lower temperatures is to substantially reduce the operating
pressure of the unit. The targeted temperature of the process can then
be lowered below the melting point of titanium (i.e., 1941 K) to further
limit the wear of the refractory lining used in the furnace. In this
alternative scenario, a hypothetical operational temperature of 1400
K is imposed to the system. A CO partial pressure below 7e-5 bar is
required for reaction (13) to proceed. This stringent vacuum condition
would be difficult to apply in practice.

TiO,(s) + 2C(s) — Ti(s) + 2CO(g) (13)

These two sets of operating conditions would be valid if reactions
(12) and (13) were the only reaction pathways to occur. However,
this thermodynamic analysis is incomplete and oversimplified. When
considering the potential formation of all the phases available in the
FactSage databases, it is found that the single use of carbon as a cheap
reducing agent leads to the formation of titanium carbide (TiC), a
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Table 3

Final simulation parameters and results for Cu production considering 1 tonne of wet chalcopyrite as the calculation basis.
Unit Inputs Output phases Phase composition Literature
Smelting « 1 tonne of chalcopyrite 435.19 kg of matte 72.07 wt% Cu 71-72 wt% Cu*®
1250 °C, 2.6 bar (8 wt% H,0) 5.96 wt% Fe 3-5 wt% Fe‘?
AH = -271 MJ « 100 kg of SiO, 21.97 wt% S

«+ 680 kg of 40 mol% O, air

442.31 kg of slag*

57.43 wt% Fe
29.65 wt% O
10.57 wt% Si
1.24 wt% S

1.11 wt% Cu 3-4 wt% Cu®®

25.05 kmol of gas

55.00 mol% N,
27.06 mol% SO,
17.44 mol% H,0
0.24 mol% H,
0.11 mol% S,
Other species

15-20 Vol.% SO, (wet)*

Slag-forming
(Converter 1)
1250 °C, 2.6 bar

« 435.19 kg of matte from
smelting
« 17 kg of SiO,

389.80 kg of matte
(mainly white metal)

79.84 wt% Cu
20.01 wt% S

0.15 wt% Fe ~1 wt% Fe’d

AH = -137 MJ « 60 kg 40 mol% O, air

52.96 kg of slag**

47.83 wt% Fe
32.71 wt% O
14.81 wt% Si
4.59 wt% Cu
0.06 wt% S

1.76 kmol of gas

68.90 mol% N,
31.08 mol% SO,
0.02 mol% SO
Other species

20 Vol.% SO,¢¢

0.22 kg of SiO,
(Tridymite)

Copper-making
(Converter 2)
1250 °C, 2.6 bar
AH = -241 MJ

« 389.80 kg of matte from
converter 1
« 170 kg of 40 mol% O, air

317.42 kg of Cu-rich liq.

98.04 wt% Cu
1.69 wt% S
0.26 wt% O
0.00 wt% Fe

98 wt% Cu°®
1.3 wt% S°¢¢

0.83 kg of spinel

71.56 wt% Fe
27.62 wt% O
0.82 wt% Cu

5.71 kmol of gas

60.34 mol% N2
39.65 mol% SO,
0.01 mol% SO
Other species

20 Vol.% SO,

*Phase constituents: 58.00 wt% FeO, 22.15 wt% SiO,, 15.97 wt% Fe,0;, 1.22 wt% Cu,0, 0.71 wt% SiS, and 0.44 wt% Fe,S;.
**Phase constituents: 47.23 wt% FeO, 31.66 wt% SiO,, 31.66 wt% SiO,, 15.83 wt% Fe,0; and 5.17 wt% Cu,O.
a “Qutput matte composition from Noranda Smelting Furnace, Canada [47].

b bQutput slag composition from Noranda Smelting Furnace, Canada [47].

¢ ¢Qutput gas composition from Noranda Smelting Furnace, Canada [47].

d dFe content after slag-forming step [47].
¢ ¢Xstrata Copper Horne Smelter [47].

Table 4
Metallic composition in E-waste targeted from portable audio scrap for recycling. Data
sourced from [58], exclusively considering elements with concentrations > 100 ppm.

Composition (wt%)
Cu Al Pb
21 1 0.14

Fe Balance

23

Ni Ag

0.015

0.03 Not reported in [58]
(approximated to C-graphite

in this work)

compound known for its undesirable brittleness [67]. For instance,
Fig. 12 illustrates the phase assemblage results of 1 mol of TiO, reacted
with a variable amount of carbon in the form of graphite (x-axis) at
2045 K and 1 bar, indicating the presence of titanium carbide (FCC-A1
phase, symbolized in green).

In Fig. 12, three different scenarios can be explored with respect
to the stoichiometric reaction (12): (1) Carbon deficiency: <2 mol of
C/mol of TiO,, (2) Stoichiometric amount: 2 mol of C/mol of TiO,,
and (3) Excess of carbon >2 mol of C/mol of TiO,. For carbon-deficient
reducing conditions at 2045 K and 1 bar, Ti is firstly reduced from Ti**

10

(in Rutile) to Ti3* and transferred into a TiO,-Ti, 05 slag phase (orange
line). Figure E1 (Electronic Supplementary Material) shows that the
liquidus temperature of the slag phase is lowered upon the partial
reduction of Ti** to Ti3*. At carbon additions of about 0.4 mol/mol
of TiO,, titanium carbide starts forming (FCC-Al phase illustrated in
green). Under these conditions, titanium is partitioned between this
carbide solid solution and the slag phase. At the stoichiometric ratio
(i.e., 2 mol of C/mol of TiO,), there is still a substantial quantity of
non-fully reduced titanium in the slag phase. Above the addition of 2.8
moles of C/mole of TiO,, the slag phase does not appear anymore and
all the Ti is contained in the carbide phase (FCC-A1). Therefore, it is
not possible to produce liquid Ti through direct reduction with carbon
under these conditions.

A similar series of thermodynamic calculations were carried out
for the set of operating conditions that were believed to conduct the
production of solid Ti via reaction (13), ie., 1400 K and 7e-5 bar.
Equivalently, Ti in the ore is partially reduced by adding C and leads to
the formation of multiple Ti-oxide phases as shown in Fig. 13. Finally,
the formation of titanium carbide arises from the reaction between
Ti,O5 and C for carbon additions > 0.5 mol of C/mol of TiO,. These
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Fig. 11. Phase assemblage evolution and fate of metals in copper production from wet chalcopyrite with 10 wt% of scrap (Table 4) recycling in a 1-tonne feedstock basis.
Operations include: (1) Smelting at 1250 °C and 2.6 bar (with 940 kg of 40 vol.%-O, air and 100 kg of SiO, to achieve 72 wt% of Cu in matte), (2) Slag-forming at 1300 °C
and 2.6 bar (with 60 kg of 40 vol.%-O, air and 13 kg of SiO, to achieve 80 wt% of Cu in matte) and (3) Copper-making at 1300 °C and 2.6 bar (with 170 kg of 40 vol.%-O,

air injection to obtain 99 wt% of Cu in the molten metal phase).

thermodynamic simulations clearly show that C has a high affinity with
Ti resulting in the production of titanium carbide, which makes the
carbo-reduction an inadequate strategy for the production of metallic
Ti.

3.3.2. Carbo-chlorination roasting

To address the challenges associated with the formation of titanium
carbides, as discussed in Section 3.3.1 (direct carbo reduction), alter-
native reactants such as chlorine can be incorporated in conjunction
with carbon, leading to a technique known as carbo-chlorination roast-
ing [68]. In this approach, TiO, is transformed into gaseous titanium
chloride via the following reaction [69]:

TiO,(s) + 2Cl,(g) + C(s) — TiCl,(g) + CO,(g) 14)

This roasting operation also allows the efficient separation of some
impurities (such as SiO,, MgO and CaO) from the produced chlorides.
For rutile, the carbo-chlorination roasting is industrially carried out at
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1273 K [69,70] into a fluidized bed reactor which is called a chlorinator
(Fig. 14). Table 5 reports the simulation results of reacting 1 mol of
TiO, with stoichiometric amounts of C and Cl, (according to reaction
(14)) at 1273 K. FactFlow predicts the formation of a gas phase contain-
ing ~1 mol of TiCl, and ~1 mol CO, in the carbo-chlorination reactor
along with minor traces of CO(g), Cl,(g) and CI(g). The separation of
the dust from the gas stream exiting the chlorinator is portrayed in
Fig. 14a, where a cyclone is employed for this purpose. In this work
(Table 5), this physical separation is represented by the splitter node
in FactFlow separating the unreacted Rutile, as illustrated in Fig. 14b.

3.3.3. Condensation and purification of TiCl,

As outlined in Section 3.3.2, the gas mixture emerging from the
chlorinator primarily contains TCl, and CO, at a temperature of 1273
K. In the industrial Kroll process, this gas mixture undergoes an initial
treatment in a cyclone for the removal of solid particles. Subsequently,
it passes through a condenser aimed at liquefying TiCl,, thereby facili-
tating the separation of CO, and CO gaseous species (Fig. 14). Adjusting
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Simulation inputs and outputs for Ti production considering a calculation basis of 1 mol of Rutile (TiO,).

Unit Inputs Output phases Phase composition
Carbo-chlorinator 1 mol of TiO, 2.003 mol of gas 49.82 mol% TiCl,
1273 K, 1 bar 1 mol of C 49.72 mol% CO,
2 mol of Cl, 0.22 mol% CO
0.20 mol% Cl,
0.04 mol% Cl
Other minor species
0.002 mol of Rutile ~100 mol% TiO,
Condenser Gas phase from 1.017 mol of gas 98.15 mol% of CO,
300 K, 1 bar carbo-chlorinator 1.64 mol% of TiCl,

0.21 mol% of CCl,
Other minor species

0.981 mol of liquid TiCl, Pure substance

1.8 x1077 mol of graphite Pure substance

Evaporation (and distillation)

450 K, 1 bar

TiCl,() and C(s)

from condenser

0.981 mol of TiCl,(g)
1.8 x1077 mol of C(s)

100 mol% TiCl,

Pure substance

Magnesiothermic reduction

1100 K, 1 bar 2 mol of Mg

TiCl,(g) from evaporation

99.84 wt% Ti
0.16 wt% Mg

0.983 mol HCP-A3 phase

1.962 mol of MgCl,
0.036 mol of liquid phase

Pure substance

99.98 wt% Mg
0.02 wt% Ti

Vacuum distillation
1273 K, 0.01 bar

Ti(s), MgCL, (D) and Mg()
from reduction

0.966 mol of BCC-A2 phase 100 wt% Ti

5.7 x 107 wt% Mg

94.67 mol% MgCl,
2.97 mol% Mg

1.49 mol% (MgCl,),
0.67 mol% TiCl,
0.11 mol% TiCl,
0.08 mol% MgCl

1.986 mol of gas
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Fig. 12. Simulation results of 1 mol of TiO, reacted with a variable amount of
C_graphite at 2045 K and 1 bar.

the condenser temperature yields Fig. 15, illustrating the evolution of
gaseous TiCl, and the appearance of liquid TiCl,. This graph indicates
the initiation of liquefaction around 480 K. Assuming the condenser
can achieve temperatures as low as 300 K, the resulting outputs consist
of a CO,-rich gas phase, along with liquid TiCl,() and graphite (refer
to Table 5 for detailed composition information).

In this work, the condensed phases exiting the condenser are only
TiCl,(D and C(s); thus, carbon removal is performed by directing these
phases through an evaporator (Fig. 14) strategically set just above
the boiling point of TiCl, (Table 5). In the industrial Kroll process,
specialized units use evaporation and distillation to remove impuri-
ties like FeCl,, AlCl;, VOCI; (reduced to VCl, with H,S), SnCl,, and
SiCl, [69]. This purification strategy ensures the meticulous elimination
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of impurities, guaranteeing the production of high-purity TiCl, that is
sent later to the Magnesiothermic reduction unit (Fig. 14).

3.3.4. Magnesiothermic reduction of TiCl,

The purified TiCl, gas, originally obtained through carbo-
chlorination roasting, undergoes subsequent treatment through a mag-
nesiothermic reduction process (Fig. 14). The primary objective of this
procedure is to transfer chlorine, chemically bound to titanium, onto
magnesium through the following reaction:

TiCly(g) + 2Mg(l) — 2MgCl, (1) + Ti(s) (15)

This chemical transformation represents a crucial step in the overall
synthesis, with magnesium serving as the reducing agent to produce
liquid magnesium chloride (MgCl,) and solid titanium (Ti) at 1100 K
in the industrial Kroll process [69].

Fig. 16 shows the predicted phase assemblage evolution as a result
of the magnesiothermic reaction of 0.983 mol of pure TiCl, (i.e., after
its condensation and distillation). Two scenarios are explored on this
figure as liquid MgCl, can dissolve TiCl, in this temperature range [71].
In scenario #1 (solid lines), the magnesiothermic reduction is per-
formed using the available FactSage databases which do not consider
the potential formation of the MgCl,-TiCl, liquid solution. In scenario
#2 (dot lines), it is assumed that an ideal solution between MgCl, and
TiCl, can form (the ideal solution was created in FactSage and then
imported into FactFlow via a CST file). As it can be seen on this figure,
accounting for the potential presence of the liquid MgCl,-TiCl, solution
does not have a major impact on the final product obtained with this
process (blue lines). In both scenarios, the HCP solid solution mostly
contains Ti with a minor amount of Mg at the stoichiometric addition
of Mg. The main difference between these two scenarios is the transfer
of Ti to the MgCl,-TiCl, liquid solution during the reduction process.

Table 5 provides the composition of the Ti-HCP product obtained
through the reaction of 0.981 mol of pure TiCl, and 2 mol of excess
Mg. The results reveal a high-purity titanium product along with an
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Fig. 13. Simulation results of 1 mol of TiO, reacted with a variable amount of C_graphite at 1400 K and 7 Pa.
(a) Kroll process for titanium production
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Fig. 14. (a) Summary of the Kroll process for titanium production from rutile. (b) Flowsheet of the Kroll process in FactFlow, highlighting the different unit operations required

to treat the titanium ore.

excess of MgCl, and liquid Mg. The miscibility gap between Ti and
Mg, as shown in the Mg-Ti phase diagram (Figure E2 in the Electronic
Supplementary Material), supports the choice of Mg for this process.
This gap ensures that, whether the targeted Ti-rich phase is solid
or liquid, Ti and Mg remain immiscible, yielding a high-purity Ti
product. As reported in the literature, solid titanium produced in this
process is porous and may contain liquid MgCl, in its open pores [69].
An efficient way to remove this liquid chloride from the system is
to perform a vacuum heating of the Ti sponge at 1273 K and 0.1-
1 Pa [69]. In this work, the vacuum distillation step is represented by
directing the reduction outputs to another FactFlow reactor node, as
shown in Fig. 14. As indicated in Table 5, operating the distillation
chamber at 1273 K and 0.1 bar results in the complete vaporization of
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MgCl, and Mg. This leads to the production of a clean titanium sponge,
effectively removing undesirable liquid chlorides from the system. It is
worth mentioning that the vacuum conditions are less demanding if an
argon atmosphere is imposed on the system. Such an example was for
instance reported in part 1 of this series of articles [13].

Overall, five distinct steps were identified to produce metallic ti-
tanium from rutile via a series of thermodynamic simulations: (1)
carbo-chlorination of rutile, (2) gas condensation, (3) liquid TiCly
evaporation/distillation, (4) magnesiothermic reduction and (5) vac-
uum distillation. This theoretical framework is subject to comparative
analysis with the Hunter and Kroll processes, which represent the
predominant existing methodologies for titanium production [68]. Both
the Hunter and Kroll processes share a parallel procedure involving
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the production of TiCly; the key distinction lies in the choice of the
reducing agent for Cl removal, with magnesium employed in the Kroll
process and sodium in the Hunter process [72].

3.4. MIDREX process modeling through stream recycling and bypass

MIDREX is a well-established primary steel production process to
produce direct reduced iron (DRI) pellets using a counter-flow solid-gas
shaft furnace [73]. This industrial process involves feeding hematite-
rich pellets into the shaft furnace, along with the injection of syngas
(obtained from the reforming of natural gas) which acts as the re-
ducing agent to produce the metallized DRI pellets. Given that the
steel industry contributes to about 7% of the total anthropogenic
CO, emissions [74,75], there is currently a significant interest in the
potential substitution of natural gas by green hydrogen to lower the
greenhouse gas emissions of the process [76]. This change in the H,/CO
ratio may also have profound implications on the metallization of the
DRI pellets, on the overall energy balance of the shaft furnace, on
the water removal of the process gas via the scrubbers, and on the
excess hydrogen management (which is thermodynamically required to
allow the complete reduction of the oxide pellets). All these theoretical
impacts can be evaluated from a CT-based process flowsheet.
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Table 6
Input gas composition (% vol.) for the reformer unit, data retrieved from Bond et al.
[78].

H,
37.42

CH,
18.34

Cco
17.77

co,
15.09

H,0
8.97

N2
2.15

C,H,
0.26

The process flowchart used to model the MIDREX process using
FactFlow is presented in Fig. 17. This figure illustrates the various
unit operations and virtual reactors which are required to model this
process. These include (i) a reformer, (ii) an enrichment unit, (iii)
the reduction furnace, (iv) a scrubber and (v) a burner unit. All units
are interconnected through recycling loops, which ultimately allow
the representation of the entire MIDREX process. This last example
summarizes all the functionalities currently available in FactFlow to
simulate pyrometallurgical processes.

3.4.1. Approximation of steam methane reforming (SMR) kinetics via
stream bypass

In the MIDREX process, the syngas used in the reduction furnace
is obtained through natural gas reforming and consists mainly of hy-
drogen (H,) and carbon monoxide (CO). The MIDREX configuration
enables the recycling of the CO,-rich top-gas exiting the reduction
furnace (red section in Fig. 17), using it as a feed reactant into the
reforming unit (orange section in Fig. 17). The scrubber (blue section in
Fig. 17) between the furnace and the reformer is used to remove excess
water vapor from the gas exiting the furnace. The reformer is composed
of super-alloy steel tubes filled with nickel/alumina catalysts [77],
where the production of CO(g) and H,(g) takes place via the following
reactions mainly:
CH,(g) + H,0(g) — CO(g) + 3Hy(g)

AHysp0¢ 1 500m = +227.32 kJ

CH, (g) + CO,(g) —> 2CO(g) + 2H, (g)

AHgs00¢ 1 50tm = +259.92kJ

(16
a7

The kinetics of these chemical reactions are inherently slow, which
explains the presence of catalysts inside the reforming tubes. In order to
match the kinetics occurring in the reformer (orange section in Fig. 17),
a bypass stream of unreacted gas (comparable to the application of
virtual species in FactSage, as detailed in the recent work of Pelton
et al. [40]) can be incorporated into the FactFlow modeling. This
facilitates the modulation of reformer outputs by means of a bypass
factor (y), as follows:

[Reacted gas] = (1 — y) X [Entry gas] (18)

[Unreacted gas] = (y) X [Entry gas] 19

Where [Reacted gas] is the output after an equilibrium calculation,
[Unreacted gas] represents the bypass stream and [Entry gas] is the
gas mixture entering the reforming unit (orange section in Fig. 17).
A typical composition (% vol.) of the gas entering the reforming unit
is reported in Table 6. Note that a Mixer node was added at the
end of the reforming section, which calculates the enthalpy change
to bring both [Reacted gas] (exiting the reactor) and [Unreacted gas]
streams to the same specified temperature and pressure before entering
the enrichment unit (green section in Fig. 17). This is particularly
important because it ensures that the energetics of the unreacted gas
are included in the overall energy balance, despite being ignored in
the reaction within the reforming section.

The error associated with the stream bypass was determined as the
mean difference between the gas composition calculated in FactFlow
and the values reported by Bond et al. [78], using the following
expression:

5
DIV A
5

(20)

error =
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Fig. 17. FactFlow process modeling of the MIDREX process, highlighting various unit operations within the system with a calculation basis of 309.3 tonne of hematite pellets.
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Fig. 18. (a) Output reforming gas composition (solid lines) as a function of the bypass
factor, compared to the experimental values reported by “Bond et al. [78] (dotted
lines). (b) Modeling error (Eq. (20)) as a function of the bypass factor.

where Y; is molar fraction of the i species in the output gas (i.e., CO,
H,, CO,, H,0 and CH,) and Y[.’ef are the industrial values reported by
Bond et al. [78].

Fig. 18a shows the evolution of the concentration of the major
gaseous species which exit the reforming unit in FactFlow as a function
of (1-y) to control the extent of the reforming reactions. According to
this figure, the optimum bypass factor to mimic the reaction kinetics
is y = 0.036. The error associated with the molar fraction of the gas
species is presented in Fig. 18b. Analogous to Fig. 18a, it suggests that
0.964 is the optimal setting for (1-y) to capture the reaction kinetics
of the reformer. This value can also be considered as the reformer
efficiency.

3.4.2. MIDREX furnace modeling

In the MIDREX furnace, iron oxide pellets (mainly containing
hematite grains) react with a counter current of syngas, leading to the
formation of metallic iron via the following reactions:

Fe,05(s) + 3CO(g) —> 2Fe(s) + 3CO,(g)
AHgp00G,1 500m = —36.8kJ
Fe,0;(s) + 3H,(g) — 2Fe(s) + 3H,0(g)
AHyypoc 1 500m = +62.4kJ

(21

(22)
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In FactFlow, the furnace is approximated using two interconnected
equilibrium reactors, as highlighted by the red rectangle in Fig. 17. One
reactor operates at a temperature of 650 °C, simulating the upper part
of the furnace, while the second, operating at 950 °C, represents the
lower part. The first stream connection between the reactors is essential
for enabling the upward flow of gas and its reaction with freshly
introduced hematite. The second connection involves a loop stream that
transfers partially reduced pellets from the top to the bottom of the fur-
nace. Therefore, upon injecting hematite pellets into the furnace, they
undergo a two-stage reaction sequence: first in the upper equilibrium
reactor and subsequently again in the lower equilibrium reactor fed
with syngas. We acknowledge that another approach to modeling the
furnace could be the merging of multiple adiabatic reactors, in which
the individual temperature of each sub-reactor is established by the
heat balance from the quantity of injected hot reducing gases and the
energy released from reaction (21), which together compensate for the
heating and endothermic reduction of Fe,O; (reaction (22)). In our
current study, however, we present a simplified version with only two
interconnected reactors operating at imposed temperatures.

Table 7 presents the metallization degree as well as the direct
CO, emissions from the simulated MIDREX process flowsheet for two
operating condition scenarios. In the first scenario, only natural gas is
injected in the process, which is similar to the operating conditions
presented by Bond et al. [78]. In scenario 2, 5% (vol.) of natural gas
is replaced by hydrogen. The metallization is defined here as the mass
ratio of metallic iron present in the DRI pellets over the total amount
of Fe in the pellets, ie.:

mmetal —DRI

. . F
Metallization = —£
total

Fe

(23)

Our simulation results are compared to the data reported by Bond
et al. [78]. Both the grade of DRI pellets and the direct CO, emissions
are consistent with the values reported by these authors. The natural
gas input for the base case (scenario 1) is 183.3 Nm?/tonnes of DRI
This table shows that the substitution of 5% of natural gas by H,
decreases the CO, emissions from 426 to 414 kg/tonne DRI while
reducing the product quality (i.e., a lower metallization).

4. Conclusion

Four complex pyrometallurgical processes modeled using computa-
tional thermochemistry were presented in this work. They were specif-
ically chosen to demonstrate how computational thermochemistry can
be used to solve overall mass and energy balances for processes in-
volving many unit operations and streams. An indirect way to account
for reaction kinetics which requires plant data using virtual bypasses
was also presented. A new graphical interface called FactFlow which is
now integrated into FactSage provides an intuitive interface for creating
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Table 7

Iron concentration in reduced pellets and CO, emissions from the simulated MIDREX
process, compared to the data reported by Bond et al. [78]. “Scenario 1” refers to
a simulation performed considering similar operating conditions as Bond et al. [78].
“Scenario 2” refers to a simulation with 5% of the natural gas replaced by H,.

Scenario 1 Scenario 2 Literature [78]
(Base case) 5% H,

Metallization 95.8 92.8 91.9

CO, emissions 426 414 393

(kg/tonnes DRI)

such processes using modular nodes. Key takeaways from these process
simulations, apart from the overall excellent agreement between the
available data and predicted ones for each explored process, are as
follows:

» Production of ferrosilicon via two-stage virtual reactor zones
The smelting of quartzite in a submerged arc furnace to produce
the FeSi75 alloy can be represented using a two-stage furnace.
The upper virtual equilibrium reactor is intended to model the
lower temperature (i.e., 1665 °C) of the furnace while the bottom
virtual equilibrium reactor represents the high temperature (i.e.,
1935 °C) zone. A recycling loop to transfer the gas evolving
from the bottom of the furnace to the upper part is required.
The importance of defining an objective convergence criterion by
analyzing all phase amounts in a system was demonstrated.

Cu primary metal production from chalcopyrite and E-waste
The Noranda-like process which allows the extraction of copper
from chalcopyrite was explored. The complete process flowsheet
included (i) smelting, (ii) slag-forming and (iii) copper-making
sequential stages. This example clearly demonstrated the analysis
process which is required to determine the optimal conditions for
each unit operation using graphical results. This analysis process
included the evaluation of the optimal amount of O,-enriched
air for each unit operation as well as the amount of silica to be
added during the smelting process and the slag-forming stage.
Phase assemblage, matte composition, as well as metal purity
were used as indicators to quantify the efficiency of each process.
Finally, the fate of metals such as Pb, Ag, Cu, Ni, Fe, and Al was
investigated by recycling 10% of E-waste with chalcopyrite. This
highlighted some shortcoming of the actual databases, especially
for the description of Ag in the matte phase, which has not yet
been integrated in FactSage. As an approximation, an ideal solu-
tion between Ag,S() and the matte was considered to improve
the realism of the simulations in this section.

Ti primary metal production from rutile

This section revealed the importance of using the full Gibbs
energy minimization of a system instead of exploring specific
chemical reactions to design pyrometallurgical processes. More
specifically, the use of carbothermia to produce titanium is not
a viable option because of the formation of TiC during the pro-
cess for any operating conditions. The entire Kroll process was
explored here using FactFlow. It involves the presence of a carbo-
chlorination roasting to promote the production of TiCl,. This
product is further processed in a reduction unit with Mg to gener-
ate titanium sponges. A recovery rate of 96.6% (on a molar basis)
when rutile is utilized as the raw material was evaluated from
our simulations. Due to thermodynamic model limitations for
the magnesiothermic unit, titanium partitioning was investigated
with and without the presence of an ideal MgCl,-TiCl, liquid
solution. It was confirmed that this has no influence on the purity
of the final product, as an excess of magnesium is often added
in industrial operations, leading to the production of highly pure
titanium.
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» MIDREX process modeling through stream recycling and vir-
tual bypasses
The last example on the direct reduction of iron using the MIDREX
process was specifically selected to showcase all the current func-
tionalities that are available in the new FactFlow process sim-
ulator interface, i.e., Input, Exit and Recycle nodes, Equilibrium
reactors, Mixer and Splitter units as well as virtual bypasses. Our
simulation primarily focused on the DRI furnace and the reformer
unit.
The approximation of the methane reforming kinetics via a virtual
stream bypass was presented. Our simulations indicate that a
virtual bypass factor y = 0.036 closely matches available re-
forming data. Two virtual equilibrium counterflow reactors were
employed to model the reduction process of the hematite-rich
pellets with syngas. One virtual reactor (top) was operated at
650 °C while the other one (bottom) was at 950 °C. The simu-
lation results were compared with data reported in the literature,
showing good agreement in terms of iron metallization and CO,
emissions.

In conclusion, the process simulations reported in this work illus-
trate the importance of computational thermochemistry coupled to an
easy-to-use process simulator interface for the comprehensive analysis
of pyrometallurgical processes. The final contribution of this series of
papers (i.e., part III) will extend the features of this computational ther-
mochemistry tool to incorporate the following sophisticated modeling
and optimization approaches:

» Implementation of the Effective Equilibrium Reaction Zone
(EERZ) [79] to better integrate the kinetic description of pyromet-
allurgical unit operations.

Coupling of the process flowsheet simulator to life cycle analysis
inventories such as the Ecoinvent database [80] to quantify the
total impact of pyrometallurgical processes.

Construction of machine-learning models (surrogates) to speed
up the exploration of operating conditions of complex process
flowsheets.

Integration of black-box optimization tools such as NOMAD [81]
to identify optimal operating conditions for some multi-objective
functions linked to operating costs, environmental impacts and
product quality.
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