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Abstract: The leaching kinetics of an industrial iron collector containing PGMs (Pd, Pt, Rh) in HCl
and HF solutions were investigated. The effects of the HCl concentration (2.74–6.86 mol/L), the HF
concentration (1.46–7.50 mol/L), temperature (323–363 K), and leaching time (0–210 min) on the
extraction of Fe into the solution and Si into the gas phase from the iron collector were studied. The
HCl concentration had a negative effect on the extraction of Si, which decreased from 78.2% to 58.1%
and from 97.4% to 87.2% in the time ranges of 0–30 min and 30–120 min, respectively. This occurred
due to the accumulation of Fe2+ in the solution and its interaction with HF, which led to a reduction
in both the HF concentration and the extraction of Si. In addition, there were diffusion difficulties of
the Fe and Si extraction because Fe precipitated on the surface of the cakes in the form of thin-film
conglomerates of FeF2. This was confirmed by the XRF and EDS results, indicating that F was present
on the surface of the cakes. The processes of the Fe and Si extraction were diffusion-chemically
controlled and diffusion controlled—the apparent activation energies decreased from 26.9 kJ/mol to
7.8 kJ/mol and from 2.2 kJ/mol to 2.0 kJ/mol in the time range of 0–120 min, respectively. Using
the shrinking core model and the full factorial experiment model, the kinetic equations, the optimal
parameters of iron collector leaching, and the extraction rates of Fe and Si were determined. These
optimal parameters ensure the extraction of Fe and Si at the level of 95% with high leaching rates:
the HCl concentration of 4.36 mol/L, the HF concentration of 6.93 mol/L, temperature of 363 K, and
leaching time of 80 min.

Keywords: automotive catalyst; iron collector; platinum group metals; kinetics; shrinking core model

1. Introduction

Spent catalysts, or catalyst waste including automotive catalytic converters and in-
dustrial catalysts (e.g., from the chemical and petrochemical industries), contain precious
metals (PMs), specifically the platinum group metals (PGMs), which are valuable due
to their low natural abundance, unique properties, and the complex processes that are
required for their extraction and refining from primary sources.

Whilst PGMs are found as naturally occurring ores, these metals may also be obtained
by recycling PGM-bearing waste. These waste streams are typically orders of magnitude
richer in PGMs than their naturally occurring ore equivalents, therefore recycling this waste
helps to conserve natural resources. PGMs have outstanding catalytic properties, and waste
suitable for recovery include crushed autocatalyst ceramic monoliths, catalytic soot filters,
or heterogeneous process catalysts on a variety of different substrates.

In recent years, there has been a steady increase in the amounts of PMs and PGMs
being recovered from secondary sources, driven in large part by high commodity prices and
a rapid growth in autocatalyst recycling. The scarcity of these PMs, alongside the increasing
costs and complexities involved in their extraction from primary sources, compared to the
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lower costs and environmental impacts of recycling-based extraction, has provided added
incentives for this growing trend [1–8].

One of the effective ways of recycling spent automotive catalysts is melting them
in a plasma furnace. This technology offers considerable competitive advantage over
alternative methods of obtaining precious metals including cupellation, direct leaching and
thermal decomposition, and/or recovery processes. Key advantages of plasma furnace
melting technology include high PGM recovery rate (>98.5%), a continuous process, the
by-product is inert and can be used as aggregate, rapid processing time, and versatility.
High-temperature plasma smelting technology is used to recover the PGMs contained
within the catalyst waste as a metallic collector. This collector is subjected to further
chemical refining before the metals re-enter the product supply chain, hence, closing the
recycling loop [9–14].

In our previous work [15], it was demonstrated that if the melting of automotive
catalysts is carried out to obtain an iron-based collector, then it can be effectively dissolved
using HCl or H2SO4 solutions. PGMs can be completely extracted from the resulting cakes
during subsequent aqua regia leaching. In this case, the Si content in the iron collector
should not exceed 10%. When the Si content in the collector is over 10%, the extraction of
PGMs from the cakes does not exceed 40%. This is due to the incomplete destruction of
the PGM-encapsulating ferrosilicon matrix formed during the smelting process. The use
of HCl and HF as solvents contributes to the destruction of both Fe and Si components of
the ferrosilicon matrix. Therefore, the leaching kinetics of a model sample of the collector
containing 20% of Si and no PGMs in HCl and HF media were studied.

This work focused on an industrial iron collector containing more than 11% of Si and
PGMs (Pd, Pt, Rh). Aside from the shrinking core model (SCM) [16], the full factorial
experiment model (FFEM) [17,18] was used to study the leaching kinetics of the collector in
HCl and HF solutions. The obtained kinetic equations made it possible to determine the
optimal parameters of the collector leaching and the extraction rates of Fe into the solution
and Si into the gas phase.

2. Materials and Methods
2.1. Materials

A sample of an iron collector, obtained in an industrial plasma furnace (Tetronics,
Swindon, UK), was used. The collector was pre-ground in a planetary mill and sifted
through a set of sieves. The granulometric characteristics of the collector were 100%
fraction −0.5 mm.

A scanning electron microscopy (SEM) image with energy-dispersive X-ray spec-
troscopy (EDS) spectrum areas and the X-ray diffraction (XRD) pattern of the iron collector
are shown in Figure 1. The results of the X-ray fluorescence (XRF), EDS, and XRD of the
collector are given in Tables 1 and 2. The chemical and phase composition of the collector
are typical for smelting products of automotive catalysts.

Table 1. XRF and EDS results of the iron collector, %.

Analysis Area Fe Si C Pd Pt Rh

XRF – 76.8 11.9 4.9 1.0 0.3 0.1

EDS

Spectrum 1 74.1 11.8 – 1.1 – –
Spectrum 2 73.4 11.1 – 1.4 – –
Spectrum 3 73.0 11.5 – 1.5 – –
Spectrum 4 73.4 11.4 – 1.4 – –

Table 2. XRD results of the iron collector, %.

Fe5Si3 Fe3Si Fe2P C SiC AlPd Fe0.92O

38.2 35.9 9.7 8.0 5.0 2.1 1.2
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Figure 1. SEM image with EDS spectrum areas (a) and XRD pattern (b) of the iron collector.

2.2. Experimental Technique

In the experiments, the HCl concentration (CHCl) of 2.74–6.86 mol/L, the HF concen-
tration (CHF) of 1.46–7.50 mol/L, temperature (T) of 323–363 K, and leaching time (τ) of
0–210 min were varied. A 10 g sample of the iron collector was loaded into a polytetrafluo-
roethylene (PTFE) beaker filled with an HCl and HF solution (liquid-to-solid ratio (L/S)
of 10 mL/g) and placed into a preheated water bath. Stirring was carried out using a
PTFE-coated straight stirrer (stirring speed of 200 rpm). After the end of the experiment,
the slurry was filtered. The cake was washed with distilled water (L/S of 3 mL/g), dried in
an oven at a temperature of 353 K, weighed, and analyzed.

The chemical reagents used in this work were of analytical grade. Distilled water
complied with ISO 3696:1987. In order to improve the reliability of the results obtained,
each experiment was carried out twice. The maximum error, as determined in replicate
experiments, was 2.9%.

2.3. Analysis Methods

SEM was carried out using a JSM-6490LV microscope (Jeol, Tokyo, Japan) equipped
with an INCA Energy 350 spectrometer (Oxford Instruments, Abingdon, UK) for EDS with
mapping capability. XRD was carried out using a MAXima_X XRD-7000 diffractometer
(Shimadzu, Kyoto, Japan). XRF was performed using an Axios-mAX spectrometer (Malvern
Panalytical, Almelo, The Netherlands).

2.4. Calculation Method

The extraction of Fe into the solution and Si into the gas phase from the iron collector
(EEl, %) was calculated using Equation (1):

EEl = 100 −
mcakeCElcake

mICCElIC
100 (1)

where mcake is the cake mass (g); CElcake
is the concentration of the element in the cake

(%); mIC is the mass of the collector (g); CElIC is the concentration of the element in the
collector (%).

The cake yield (η, %) was calculated using Equation (2):

η =
mcake
mIC

100 (2)
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In the SCM, the extraction of Fe and Si (X, fractions) was determined using
Equations (3)–(9):

1 − 3(1 − X)
2
3 + 2(1 − X) = kCm

HClC
n
HFe−

Ea
RT τ (3)

X =
EEl
100

(4)

k =
d
(

1 − 3 (1 − X)
2
3 + 2(1 − X)

)
d
(

Cm
HClC

n
HFe−

Ea
RT τ

) (5)

m =
dlnkHCl
dlnCHCl

(6)

n =
dlnkHF

dlnCHF
(7)

Ea =
dlnkT

d 1000
T

R 10−3 (8)

kHCl,kHF,kT =
d
(

1 − 3(1 − X)
2
3 + 2(1 − X)

)
dτ

(9)

where k is the chemical reaction rate constant; m is the reaction order with respect to HCl
concentration; n is the reaction order with respect to HF concentration; Ea is the apparent
activation energy (kJ/mol); R is the universal gas constant (J/(mol K)); kHCl is the subfactor
of reaction order with respect to HCl concentration; kHF is the subfactor of reaction order
with respect to HF concentration; kT is the subfactor of apparent activation energy with
respect to temperature.

In the FFEM, the extraction rate of Fe and Si (WEl, mol/min) was determined using
Equations (10)–(20):

WEl = kCm
HClC

n
HFe

Ea
RT (10)

k = ek0−k1−k2−k3 (11)

m =
∑8

1

(
x1lnWElg

)
∑8

1 x2
1

(
lnCHClmax − lnCHClavg

) (12)

n =
∑8

1

(
x2lnWElg

)
∑8

1 x2
2

(
lnCHFmax − lnCHFavg

) (13)

Ea =
∑8

1

(
x3lnWElg

)
R

∑8
1 x2

3

(
Tmax

−1 − Tavg
−1

) (14)

k0 =
∑8

1

(
x0lnWElg

)
∑8

1 x2
0

(15)

k1 =
∑8

1

(
x1lnWElg

)
lnCHClavg

∑8
1 x2

1

(
lnCHClmax − lnCHClavg

) (16)

k2 =
∑8

1

(
x2lnWElg

)
lnCHFavg

∑8
1 x2

2

(
lnCHFmax − lnCHFavg

) (17)
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k3 =
∑8

1

(
x3lnWElg

)
Tavg

−1

∑8
1 x2

3

(
Tmax

−1 − Tavg
−1

) (18)

WElg =
dQEl

dτ
(19)

QEl =
mICCElICEEl

MEl
(20)

where k0 − k3 are subfactors of the chemical reaction rate constant; x1 is the response value
of HCl concentration (x1 = −1 or 1); WElg is the extraction rate of Fe and Si determined
graphically (mol/min); CHClmax is the maximum HCl concentration (mol/L) (CHClmax=
6.86 mol/L); CHClavg is the average HCl concentration (mol/L) (CHClavg = 4.80 mol/L);
x2 is the response value of HF concentration (x2 = −1 or 1); CHFmax is the maximum
HF concentration (mol/L) (CHFmax= 7.50 mol/L); CHFavg is the average HF concentration
(mol/L) (CHFavg = 4.50 mol/L); x3 is the response value of temperature (x3 = −1 or 1);
Tmax is the maximum temperature (K) (Tmax = 363 K); Tavg is the average temperature (K)
(Tavg = 343 K); x0 is the response value of chemical reaction rate constant (x0 = 1); QEl is the
quantity of Fe and Si extracted from the collector (mol); MEl is the molar mass of Fe and
Si (g/mol).

3. Results and Discussion
3.1. Characteristics of Cakes

In accordance with the XRF results, the cakes had the following chemical composition:
38.1–56.9% Fe, 6.6–19.9% Si, 4.5–11.8% C, 0.0–3.6% F, 1.0–11.3% Pd, 0.3–3.6% Pt, and
0.1–0.6% Rh. The extraction of Fe into the solution and Si into the gas phase from the iron
collector was 17.8–100.0% and 19.2–100.0%, respectively. The cake yield varied within the
range of 9.2–61.1%.

Some cakes were analyzed using both the XRF and EDS/XRD methods (Figure 2,
Tables 3 and 4). Aside from the components present in the initial iron collector, F was
detected on the surface and in the pores of the cakes. EDS mapping (Figure 3) showed that
F was distributed over the entire surface of the cakes. The reasons for this phenomenon are
discussed below.

Table 3. XRF and EDS results of the cakes, %.

Material Analysis Fe Si C F Pd Pt Rh

Cake 1
XRF 52.3 10.0 5.6 – 3.7 1.0 0.2
EDS 73.6 17.7 – 2.9 1.4 – –

Cake 2
XRF 49.1 7.1 6.2 – 5.3 2.0 0.5
EDS 40.6 6.9 – 2.4 6.7 – –

Cake 3
XRF 43.6 8.3 9.9 1.7 9.5 3.1 0.6
EDS 30.0 11.7 – 3.6 11.2 – –

Table 4. XRD results of the cakes, %.

Material Fe2P Fe5Si3 C Fe3Si SiC AlPd Cu2O TiO2 Cu3P Fe0.92O Cr0.2Pt0.8 Pt2Si Fe3Pt

Cake 1 26.1 22.9 19.6 9.7 7.9 5.7 2.2 2.0 1.9 0.9 0.8 0.4 –

Cake 2 42.9 6.4 25.9 1.6 4.6 9.1 2.5 2.2 1.0 2.1 1.4 0.5 –

Cake 3 38.6 1.3 28.4 – 3.7 14.6 2.3 3.3 1.4 1.9 1.9 0.4 2.1
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Figure 2. SEM images with EDS spectrum areas and XRD patterns: cake 1: CHCl = 2.74 mol/L, CHF = 
1.46 mol/L, T = 323 K, τ = 180 min (a,b); cake 2: CHCl = 4.80 mol/L, CHF = 4.48 mol/L, T = 343 K, τ = 120 
min (c,d); cake 3: CHCl = 6.86 mol/L, CHF = 7.50 mol/L, T = 363 K, τ = 180 min (e,f). 

Figure 2. SEM images with EDS spectrum areas and XRD patterns: cake 1: CHCl = 2.74 mol/L, CHF =
1.46 mol/L, T = 323 K, τ = 180 min (a,b); cake 2: CHCl = 4.80 mol/L, CHF = 4.48 mol/L, T = 343 K,
τ = 120 min (c,d); cake 3: CHCl = 6.86 mol/L, CHF = 7.50 mol/L, T = 363 K, τ = 180 min (e,f).
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3.2. Effect of Leaching Parameters on Fe and Si Extraction

Figure 4 shows the influence of the HCl concentration on the extraction of Fe into the
solution and Si into the gas phase from the iron collector. Increasing the HCl concentration
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from 2.74 mol/L to 6.86 mol/L allowed us to improve the extraction of Fe from 64.2% to
75.3% and from 86.7% to 98.9% in the time ranges of 0–30 min and 30–120 min, respectively
(Figure 4a). This correlates with the supposed chemistry of the process (Equation (21)):

FexSiy + 2xHCl + 4yHF → xFeCl2 + ySiF4↑ + (x + 2y)H2↑ (21)

Figure 4. Effect of HCl concentration on the extraction of Fe (a) and Si (b) (CHF = 4.48 mol/L, T = 343 K).

At the same time, there was a decrease in the extraction of Si from 78.2% to 58.1%
and from 97.4% to 87.2% with identical changes in the HCl concentrations and the time
ranges (Figure 4b). This occurred due to the accumulation of Fe2+ in the solution and its
competitive interaction with HF (Equation (22)), which reduces the HF concentration and
the extraction of Si (Equation (21)).

FeCl2 + 2HF → FeF2↓ + 2HCl (22)

In the time range of 120–180 min, the amount of Fe passing into the solution was equal
to the amount of Fe precipitating from the solution in the form of FeF2. Therefore, the
increase in the extraction of Fe into the solution (dEFe/dτ) was zero. In the time range of
180–210 min, the process of FeF2 formation was predominant. This led to a decrease in the
extraction of Fe into the solution (Figure 4a). In addition, after 120 min, the increase in the
extraction of Si into the gas phase (dESi/dτ) was zero due to the presence of FeF2 on the
surface of the cakes (Figure 4b).

FeF2 was present on the surface of the cakes in the form of thin-film conglomerates.
This was confirmed by the XRF and EDS results (Section 3.1), indicating that F was present
on the surface of the cakes. Conglomerates create diffusion difficulties by reducing the sur-
face area of the cakes available for leaching, which has a negative effect on the extraction of
Fe and Si [15]. This was also observed when ranging the HF concentration and temperature
(see below).

The effect of the HF concentration ranging from 1.46 to 7.50 mol/L on the extraction
of Fe and Si is presented in Figure 5. The extraction of Fe increased from 79.2% to 99.2%
(Figure 5a), while the extraction of Si rose from 57.2% to 100.0% (Figure 5b) with 120 min of
leaching. The positive effect of increasing the HF concentration on the extraction of Si was
consistent with Equation (21). An erosion process led to a rapid increase in the area of the
reaction surface, free of conglomerates. Therefore, the conditions of interaction between Fe
and HCl were improved, which led to an increase in the Fe extraction.
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Figure 5. Effect of HF concentration on the extraction of Fe (a) and Si (b) (CHCl = 4.80 mol/L, T = 343 K).

Figure 6 shows the influence of temperature on the extraction of Fe and Si. Increasing
the temperature from 323 K to 363 K allowed for an improvement in the extraction of Fe
from 53.1% to 80.9% and from 87.1% to 99.2% in the time ranges of 0–30 min and 30–120 min,
respectively (Figure 6a). At the same time, temperature had no effect on the extraction of
Si (Figure 6b). Thus, the processes of the Fe and Si extraction were diffusion-chemically
controlled (internal diffusion and chemically controlled) and diffusion controlled (internal
diffusion controlled), respectively.
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4. Modeling
4.1. Shrinking Core Model

The SCM was used to obtain the kinetic equations and the optimal parameters of iron
collector leaching in the time ranges of 0–30 min and 30–120 min. Since the increase in the
extraction of Fe into the solution and Si into the gas phase (dEEl/dτ) from the iron collector
in the time ranges of 120–180 min and 180–210 min was zero (or negative) (Figures 4–6),
these ranges were not considered. When modeling, Equation (3), describing the limiting
stage of diffusion through the product layer (spherical particles), was applied as it is typical
for diffusion-controlled leaching processes.
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Figure 7a–d shows the results of modeling the extraction of Fe and Si by HCl and HF
concentrations. The reaction orders with respect to HCl concentration were found for Fe
and Si (Figure 7e) as 0.44 and −0.88 (time range of 0–30 min) and 0.80 and −0.27 (time
range of 30–120 min), respectively. The reaction orders with respect to HF concentration
were determined for Fe and Si (Figure 7f) as 0.56 and 0.96 (time range of 0–30 min) and
0.68 and 1.25 (time range of 30–120 min), respectively. The values obtained were fractional,
which may indicate the presence of diffusion difficulties during leaching.

Figure 7. Results of modeling the extraction of Fe and Si: by HCl concentration (CHF = 4.48 mol/L,
T = 343 K): for Fe (a) and Si (b), by HF concentration (CHCl = 4.80 mol/L, T = 343 K): for Fe (c) and
Si (d); dependences of lnkHCl on lnCHCl (e) and lnkHF on lnCHF (f).
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The results of modeling the extraction of Fe and Si by temperature are presented
in Figure 8a,b, respectively. The apparent activation energies were found for Fe and Si
(Figure 8c): 26.9 kJ/mol and 2.2 kJ/mol (time range of 0–30 min), 7.8 kJ/mol and 2.0 kJ/mol
(time range of 30–120 min), respectively. Thus, the process of Fe extraction undergoes a
transition from chemically controlled to diffusion controlled, while the process of the Si
extraction is diffusion controlled.

Figure 8. Results of modeling the extraction of Fe (a) and Si (b) by temperature (CHCl = 4.80 mol/L,
CHF = 4.48 mol/L); dependences of lnkT on 1000/T (c).

Chemical reaction rate constants were found for Fe and Si (Figure 9) of 22.25 and 0.014
(time range of 0–30 min) and 0.0094 and 0.0022 (time range of 30–120 min), respectively.
Based on the data obtained, the kinetic equations were proposed (Equations (23)–(26)).

Fe(0–30min) : 1 − 3(1 − X)
2
3 + 2(1 − X) = 22.25C0.44

HClC
0.56
HF e−

26,882
RT τ (23)

Fe(30–120min) : 1 − 3(1 − X)
2
3 + 2(1 − X) = 0.0094C0.80

HClC
0.68
HF e−

7796
RT τ (24)

Si(0–30min) : 1 − 3(1 − X)
2
3 + 2(1 − X) = 0.014C−0.88

HCl C0.96
HF e−

2228
RT τ (25)

Si(30–120min) : 1 − 3(1 − X)
2
3 + 2(1 − X) = 0.0022C−0.27

HCl C1.25
HF e−

1955
RT τ (26)
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Figure 9. Results of determining the chemical reaction rate constants for the time ranges of 0–30 min:
Fe (a), Si (c) and 30–120 min: Fe (b), Si (d).

4.2. Full Factorial Experiment Model

The FFEM was used to obtain the kinetic equations (Equations (27)–(30)) and deter-
mine the extraction rates of Fe into the solution and Si into the gas phase from the iron
collector (Figure 10) in the time ranges of 0–30 min and 30–120 min. The kinetic equations
obtained using the FFEM and the SCM correlated well both with each other and with the
experimental data (Section 3.2). The effect of the leaching parameters on the extraction
rates of Fe and Si corresponded the data presented in Section 3.2.

WFe(0–30min) = 8.00C0.45
HClC

0.57
HF e

26,682
RT (27)

WFe(30–120min) = 0.00068C0.79
HClC

0.68
HF e

7896
RT (28)

WSi(0–30min) = 0.0017C−0.87
HCl C0.93

HF e
2308
RT (29)

WSi(30–120min) = 0.000054C−0.28
HCl C1.25

HF e
1995
RT (30)
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Figure 10. Effect of HCl concentration (a) (CHF = 4.48 mol/L, T = 343 K), HF concentration (b) (CHCl =
4.80 mol/L, T = 343 K), and temperature (c) (CHCl = 4.80 mol/L, CHF = 4.48 mol/L) on the extraction
rates of Fe and Si.

Equations (23)–(30) were used to obtain the optimal parameters that provide the
extraction of Fe and Si at the level of 95% with the minimum and the maximum leaching
time of the iron collector and calculate the extraction rates of Fe and Si (Table 5). Analysis
of the equations showed that the minimum leaching time as 80 min in the studied range
of process parameters (Section 2.2). The maximum leaching time was 120 min, which was
limited by the leaching kinetics of the collector (Figures 4–6). The choice of the leaching
parameters depends on the ratio of operating costs at a particular plant (reagent and energy
consumption). The maximum rates of the Fe and Si extraction were achieved by selecting
option No. 3 (Table 5). Leaching of the collector with the obtained optimal parameters
ensured high PGM extraction during subsequent aqua regia processing of the cakes (at
least 90%).

Table 5. Optimal parameters of the iron collector leaching and extraction rates of Fe and Si.

No. CHCl
(mol/L)

CHF
(mol/L)

T
(K)

τ
(min)

WFe
(mol/min)

WSi
(mol/min)

0–30 min 30–120 min 0–30 min 30–120 min

1 3.59 4.80 363 120 0.0044 0.00059 0.0012 0.00021
2 4.11 5.10 343 120 0.0033 0.00039 0.0010 0.00014
3 4.36 6.93 363 80 0.0068 0.00058 0.0013 0.00020
4 4.99 7.36 343 80 0.0050 0.00040 0.0011 0.00015
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5. Conclusions

In this work, the leaching kinetics of an industrial iron collector containing PGMs in
HCl and HF solutions were investigated. All leaching parameters had a positive effect on
the extraction of Fe into the solution. The HF concentration had a positive effect on the
extraction of Si into the gas phase, temperature had no effect, and the HCl concentration
had a negative effect.

The positive effect of the HCl and HF concentrations on the extraction of Fe (m = 0.44
and 0.80 for τ = 0–30 min and 30–120 min, respectively) and Si (n = 0.96 and 1.25, respec-
tively) was quite expected, since it corresponded to the proposed chemistry of the process.
The positive effect of the HF concentration on the extraction of Fe (n = 0.56 and 0.68) was
associated with an increase in the reaction surface during Si leaching. This improved the
conditions of the interaction of Fe with HCl.

The effect of temperature on the leaching processes of Fe and Si was limited. For Fe,
the apparent activation energy decreased from 26.9 kJ/mol to 7.8 kJ/mol in the time range
of 0–120 min. This indicates the presence of internal diffusion difficulties caused by the
deposition of a secondary phase (FeF2) on the surface of the cakes. At the same time, a
relatively small effect of temperature was retained. The leaching process was diffusion-
chemically controlled with a tendency to transition to diffusion controlled. For Si, the
apparent activation energy was 2.0–2.2 kJ/mol in a similar time range and the process was
diffusion controlled. There was no observable temperature effect.

The HCl concentration had a negative effect on the extraction of Si (m = −0.88 and
−0.27), which decreased from 78.2% to 58.1% and from 97.4% to 87.2% in the time ranges
of 0–30 min and 30–120 min, respectively. This occurred due to the competitive interaction
of Fe2+ and HF, which reduced its activity toward Si. This interaction led to diffusion
difficulties of the Fe and Si extraction because Fe precipitated on the surface of the cakes
in the form of thin-film conglomerates of FeF2, which was confirmed by the XRF and
EDS results.

The kinetic equations obtained using the SCM and FFEM enabled the determination of
the optimal parameters of iron collector leaching and the extraction rates of Fe and Si. When
the HCl concentration was 4.36 mol/L, the HF concentration 6.93 mol/L, temperature
363 K, and the leaching time 80 min, the extraction of Fe and Si reached 95%. At the same
time, the extraction rates of Fe and Si were close to the maximum (WFe = 0.0068 mol/min
and 0.00058 mol/min, WSi = 0.0013 mol/min and 0.00020 mol/min for τ = 0–30 min and
30–120 min, respectively).
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