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Abstract: Minerals containing TiO, are common in Indonesia, such as ilmenite in iron
sand deposits scattered along the country's coasts. Ilmenite is an important source of
titanium. One method for making TiO, from ilmenite is by solubilizing both the Fe and

Ti elements in HCI and then immediately hydrolyze the Ti. The leaching of low-grade
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ilmenite (ground to 0.177-0.149 mm) is studied kinetically by HCl in a stirred reactor.
The research was conducted using the caustic fusion method followed by HCI leaching.
The leaching reaction kinetics at the optimum conditions are analyzed using response

surface methodology (RSM) with a second-order polynomial equation model and SSE
with the shrinking core model (SCM). The results showed that HCI concentration and
leaching time were directly proportional to the leached titanium concentration. In
contrast, the leaching temperature was inversely proportional. The optimum operating
conditions were obtained at a temperature of 30 °C, 9 M HCI, and 120 min of leaching
time. The shrinking core model is a better representation of the kinetics than RSM with a

second-order polynomial equation model. Based on SCM, the rate of the leaching reaction
of titanium from low-grade ilmenite is controlled by diffusion through the ash layer.
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m INTRODUCTION

Indonesian ilmenite is found in the form of titan
laterite and placer with ore reserves of 412,826,836 tons
spread across several regions, including Banten [1].
Global titanium reserves are estimated to be 0.75 million
tons (0.70 million tons of ilmenite and 0.05 million tons
of rutile). In 2021, global ilmenite and rutile ores
production must reach 8,400 and 630 million tons,
respectively. The world's ilmenite resources represent
around 90% of the
consumption. The world's anatase, ilmenite, and rutile

world's  titanium mineral
resources total more than 2 billion tons. There is an
expanding market for TiO;, as a pigment. The production
of TiO, pigment is ramping up to fulfill the demand, with
global production capacity reaching 8.4 million tons in

2021 [2-6]. Titanium metal sponge product has further
risen steadily, reaching 350 thousand tons in 2021, up
from 341 thousand tons in 2020 [2-6], and is estimated
to increase further as the metal's use in aerospace and
other industries expands.

High-grade or synthetic rutile feedstock is needed
for TiO, production through the chloride procedure [7-
11]. Ilmenite is generally upgraded to synthetic rutile
with more than 85% TiO, by leaching out the Fe using
hydrochloric acid (HCI) after a pretreatment step (redox
reactions) [12-13]. The reactivity of ilmenite differs
based on its origin. Some ilmenites are difficult to
dissolve in HCI and must first be oxidized and reduced,
but a few are moderately dissolvable in HCl immediately
[14-18]. Caustic fusion is one alternative method that is
more environmentally friendly by using alkalis such as
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sodium hydroxide (NaOH) and potassium hydroxide
(KOH) followed by acid leaching [19-24].

The direct production of pigment-grade TiO, from
Fe and Ti-containing ilmenite digestion solution through
HCl could be examined. Because the Ti must be
dissolvable and its subsequent hydrolysis should actually
happen in a precise way (i.e., no major hydrolysis can have
apparently happened earlier), the digestion requirements
differ from those usually used.

Investigation into the variables (concentrations and
temperature) that influence ilmenite solubilization in HCI
prevents further leaching and inhibits digestion [25]. The
reactivity of Indonesian low-grade ilmenite in
concentrated HCI on a specific setting appropriate for
industrial TiO, manufacturing is explained here. The data

are then applied to develop a model of the digestion process.

m EXPERIMENTAL SECTION
Materials

An ilmenite sample was supplied by Rancecet in
Banten, Indonesia. As chemicals, NaOH (99) from Merck,
Germany and HCI (37%) from SMART-LAB, Indonesia
were utilized.

Instrumentation

The elemental composition of ilmenite sand was
determined using X-ray fluorescence (XRF, PANalytical
Epsilon3*¥) with an analysis time of 20 min and the
compound was determined using X-ray diffraction (XRD,
PANalytical X'Pert’ Powder) with an analysis time of
6 min for Cu radiation in the range of 26 = 10-80°.

Procedure

Ilmenite sand is sieved using a sieve shaker to obtain
sand with a size of 0.177-0.149 mm. The ilmenite (93.6 g)
and NaOH (26.3 g) are put into a stainless-steel bowl and
then calcined in the furnace. Calcination is carried out at
a temperature of 850 °C for 40 min. The calcined frit is
taken out from the stainless-steel bowl and then mashed.

The calcined frit is put into a beaker and then
382 mL of aquadest is added. The beaker glass is placed on
a magnetic stirrer and then leached for 15 min at a
temperature of 75 °C. The stirrer speed is set at 300 rpm.
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The leaching of HCI was carried out at a constant solid-
liquid ratio of 1:5 g/mL and a stirring speed of 300 rpm.
The filtrate samples were taken at 1, 10, 30, 60, and
120 min. Acid leaching is carried out at three
temperature variations (30, 60, and 90 °C) and three HCI
and 9M). The
composition of the filtrate is analyzed using inductive
coupled plasma (ICP) Plasma Quant 9000 Elite.

concentration variations (1, 5,

m RESULTS AND DISCUSSION
Raw Material Characterization

The results of the XRF analysis in Table 1 show that
iron (Fe) and titanium (Ti) are the major elements that
make up the Banten iron sand sample, each of which is
60.813 and 31.841%. In addition, Banten iron sand also
contains several elements in small amounts, such as
silica (Si), calcium (Ca), manganese (Mn), zircon (Zr),
aluminum (Al), phosphate (P), and magnesium (Mg).

To recognize the constituent minerals in iron sand
samples, XRD testing was used. Fig. 1 depicts the data of
the XRD pattern. The main mineral phases of Banten
iron sand, according to the XRD pattern, are ilmenite
(FeTiOs),
(MgFe,04), where the intensity of these three minerals is

magnetite (Fe;O0,), and magnesioferrite
the greatest. The element Ti in Banten iron sand is found
in the ilmenite phase. The ilmenite content in Banten
iron sand is quite dominant which is indicated by its
high intensity. Based on XRF analysis data and the
assumption that Ti is entirely contained in ilmenite, it
can be estimated that the amount of ilmenite in iron
sand is 68.98%.

Table 1. Elemental composition of Banten iron sand

Element Content (%)

Fe 60.813

Ti 31.841

Si 2.304

Ca 1.117

Al 1.168
Mn 1.065
Mg 0.610

P 0.324

Zr 0.249
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Fig 1. Diffractogram pattern from XRD analysis of Banten ilmenite sample
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Fig 2. Recovery of titanium at various leaching times and concentrations of HCI at constant temperature (a) 30 °C, (b)

60 °C, and (c) 90 °C

Effect of HCl Concentration

Fig. 2 shows that the higher the HCI concentration
used, the higher the recovery value of Ti. It occurs

because the higher the HCl concentration used, the more

Cl” ions present in the solvent so that more TiO** ions
bound [12,26].
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Effect of Temperature

Fig. 3 indicates that the higher the temperature used,
the greater the Ti recovery. This indicates that the Ti
leaching process is activated by temperature. The use of
higher temperatures will cause high molecular kinetic
energy so that intermolecular collisions occur more often,
and the stages of product formation will be faster [27].

However, at too high a temperature and HCI
concentration, Tileaching showed different behavior. Fig.
2(b) and 2(c) show that the percent recovery of Ti
decreases with increasing temperature. This phenomenon
occurs due to the hydrolysis reaction of the product in the
form of dissolved titanium (TiOCl,) into metatitanic acid
(H,TiO;) which is difficult to dissolve in acid as the result
of continuous heating [14]. Another possibility is that the
heating treatment will cause the hydrolysis speed of Ti to
exceed its leaching speed so that the concentration of Ti
in the liquid phase will decrease [26,28-29]. The hydrolysis
reaction that occurs can be seen in Eq. (1) as follows:
TiOCL + 2H,0 - H,TiO; + 2HCI (1)
Based on the calculation results, the optimum operating
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conditions for the leaching process of Ti from ilmenite
are 9 M of HCI concentration at 30 °C.

Leaching Time

According to Fig. 2 and 3, the longer the leaching
time, the higher the concentration of Ti. This is because
the solid and liquid phase ions can be in longer contact
and more reactions can occur. Unlike the case with the
effect of HCI leached Ti
concentrations which continues to increase, the effect of

concentration on
leaching time on leached Ti concentrations will go to an
asymptotic point. This is because there will be a
significant decrease in leaching reactions after a certain
period of time, or in this case when the leaching time
exceeds 2 h [12]. Therefore, the variable leaching time
must be optimized so that both the process efficiency
and the Ti concentration can be maximized.

Leaching Kinetics

Response surface methodology (RSM) analysis
This experiment has 45 combinations of variable
operating conditions. The leaching temperature variable
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Fig 3. Recovery of titanium at various leaching times and temperatures at constant HCI concentrations (a) 1 M, (b) 5

M, and (c) 9 M
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was varied into 30, 60, and 90 °C. The concentration of
hydrochloric acid varied into 1, 5, and 9 M. The leaching
sampling time was taken at 1, 10, 30, 60, and 120 min. All
sample combinations were processed to estimate the
coefficient of the regression equation. The equation used
is the 2™ order polynomial equation [30]. The regression
equation coefficient (Table 2) is obtained through a
parameter fitting. The data on the concentration of
titanium in this research were used as reference data. The
completion of the fitting is done using the 'response
surface' tool in Minitab 19 software.

Based on the regression result, the equation will be:
y =-26.05+0.736x; +2.728x, +0.2364x3 —4.95 2)

x107x,2 ~0.0450x,% —6.96x10"*x;3% —0.0181x,x,

Based on the calculation results, the R? value for the
regression equation was 0.7938, while the adjusted R*
value was 0.7408. The R® value obtained cannot yet
approach the value 1. The adjusted R* value shows how
significant the variables used in the equation model are.
The adjusted R* value which is below the R* value means
that there are still less significant variables in the
regression equation model. This can also be further
clarified using the P-value and the pareto chart. The
analysis of variance (ANOVA) table is presented in Table
3, while the Pareto chart is presented in Fig. 4.

[31], the wvalue of

significance level or a is generally 5% or 0.05. Predictors

According to Craparo
in the equation model can be said to have a significant
impact on the response variable when the P-value is less
than a. Based on the P-value in Table 2, it can be seen
that the predictor that has the greatest impact is the x,
predictor, followed by the predictors x;xs, X1, X, Xi°, X2X3,
and x;x, respectively. On the other hand, the predictor
with the least significant impact was the predictor x,%,
followed by the predictor xs*. The pareto chart in Fig. 4
also gives the same conclusion. The predictor bar that
does not cross the reference line means that the
predictor is not significant for the response variable [32].

Table 2. Estimated regression equation coefficient

Estimated coefficient ~ Coefficient
Constant —-26.0500
Xi 0.7360
X2 2.7280
X3 0.2364
X2 -4.9500 x 1073
bon —0.0450
X32 -6.9600 x 107
X1X2 -0.0181
X1X3 -2.5770 x 1073
X7X3 0.0104

Table 3. Analysis of variance (ANOVA)

Source Degree of freedom  Sum of square  P-value
Model 9 2389.32
Linear 3 1864.56
X1 1 262.06 0.000
X2 1 1395.95 0.000
X3 1 206.55 0.002
Square 3 248.05
b <k 1 198.86 0.002
X’ 1 5.17 0.593
x3? 1 44.02 0.124
2-way interaction 3 522.94
X1X2 1 94.70 0.027
X1X3 1 331.22 0.000
X2X3 1 97.02 0.025
Error 620.55
Total 3009.87
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Based on Table 3 and Fig. 4, it can be concluded that the
predictor of the square model does not have a significant

impact on the calculation of the response variable.

Shrinking core model (SCM) analysis
The leaching reaction kinetics at the optimum

operating conditions is analyzed using the Shrinking Core
Model (SCM). The equations obtained (Eq. (2-4)) from
the definition of the SCM are as follows [27]:
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(4)

where x is the fraction mass of the recovered titanium, t

is the time, kg, kq, and k; are the reaction rate constants.

The results of reaction kinetics simulations are

presented in Fig. 5-7. From the simulation results, the
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Fig 5. Simulation results using a shrinking core model at 30 °C; (a) diffusion through film layer control, (b) diffusion
through ash layer control, and (c) chemical reaction control
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Fig 6. Simulation results using a SCM at 60 °C; (a) diffusion through film layer control, (b) diffusion through ash layer
control, and (c) chemical reaction control
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control, and (c¢) chemical reaction control

reaction rate constants and the sum of squared errors are
obtained which are presented in Table 4. Based on kinetic

analysis results, the reaction rate constant is directly
proportional to the HCI concentration and temperature.
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Table 4 shows that the second model gives the
smallest SSE value. It indicates that diffusion through the
ash layer regulates the rate of Ti leaching from ilmenite.
The results obtained are matching with previous research
results which state that the mathematical model in which
the diffusion stage through the ash layer is the most
suitable model for the leaching process [27].

Kinetics calculations at a temperature of 90 °C only
use the data from 0 until 1 min because the reaction rate
decreases after the first minute. XRF analysis in Fig. 8
shows that with increasing leaching temperature, the Ti
content in the leaching residue is higher while the Fe
content is lower. It was caused by the hydrolysis reaction
of the leaching product in the form of TiOCL, which was
dissolved in the solvent to become a precipitate of H,TiO:s.
The rate of the hydrolysis reaction is affected by the
temperature. At temperatures above 90 °C, the hydrolysis

Indones. J. Chem., 2024, 24 (3), 627 - 637

reaction rate is greater than the leaching rate, so more Ti
is deposited than dissolved. Increasing the concentration
of HCl used changes the selectivity of leaching because a
lot of Fe is also dissolved, resulting in a lower Fe content
in the acid leaching residue [33-34].

Phase Transformation

This looked the
transformation of the solid phase after the leaching

investigation  also at
process with the leaching temperature variable varied
into 30, 60, and 90 °C and the concentration of HCl was
varied into 1, 5, and 9 M.

The XRD analysis of the acid leaching residue in
Fig. 9 revealed that the peaks formed were nearly
The XRD analysis that the
diffractograms produced by the same concentration of

HCI solution were nearly identical (RPIB 1P=RPIB

identical. revealed

Table 4. Calculation results of reaction rate constants

T Cual Reaction rate constant (min™) SSE
(°C) (M) k¢ k4 k. 1 model 27 model 3" model
30 1 2.51x107° 2.72x1077 8.27x10°¢ 1.95x107° 1.89x107° 1.95x107°
5 2.18x1073 1.86x107* 7.76x107* 4.89x1073 1.19x1073 3.99x1073
9 4.05x1073 6.94x107* 1.57x1073 1.79x1072 4.41x107! 1.39x1072
60 1 8.01x107° 1.01x107° 2.65x107 6.05x107° 5.16x10°° 6.05x107°
5 2.42x1073 2.43%x107* 8.73x107* 6.11x1072 3.17x1072 5.71x1072
9 4.16x1073 6.49x107* 1.59x1073 1.18x107! 4.25x1072 1.03x107!
90 1 2.24x1073 2.41x107° 7.40x107* 2.38x107'¢ 3.12x1071° 5.02x1071°
5 1.07x107! 5.08x1073 3.67x1072 1.20x107! 4.81x1071 1.03x10°°
9 1.31x107! 7.41x1073 4.55x1072 3.08x1072 1.32x107% 1.50x10°¢
100 -
90 A9
80 4
uP
® 70 1 mMg
E 60 + =Mn
s
= 50 + mAl
;E: 40 - mca
5 uSi
o 30 1 mTi
20 A mFe
10 1

FPIB1P FPIB2P FPIB3P FPIB4P FPIB5P FPIB6P FPIB7P FPIBSP FPIBOP
Fig 8. XRF analysis of the acid leaching residue
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Fig 9. XRD pattern of the acid leaching residue

4P=RPIB 7P; RPIB 2P=RPIB 5P=RPIB 8P; and RPIB
3P=RPIB 6P=RPIB 9P). The identical XRD analysis
results show that the HCI leaching process extracted
titanium with nearly identical impurities while leaving the
rest behind.

The effect of the HCI concentration is only visible in
the peak intensity as measured by the XRD analysis. The
intensity reading is proportional to the compound
concentration in the acid leaching residue. The main
mineral phases in the acid leaching residue, according to
the XRD pattern, are calcium manganese titanium oxide
(CasMn,04026T1), calcium catena-divanadate (CaO,V)),
chromium silicide (CrSi,), and rutile (TiO,).

m CONCLUSION

Regression using RSM with a second-order
polynomial equation model has an R* of 0.7938 and
adjusted R* of 0.7408. Based on SCM, the rate of the
leaching reaction of Ti from low-grade ilmenite is
controlled by diffusion through the ash layer. The
optimum operating conditions required are a
temperature of 30 °C, a concentration of HCl 9 M, and a

leaching time of 120 min.
m NOTATION

t  =leached Ti concentration, g/L

x; = leaching temperature, °C

x, = HCI concentration, M

x3 = leaching time, minute

B =regression equation coefficient

T =temperature

Cua = HCl solution concentration

x = fraction mass of recovered Ti

ke = first model reaction rate constant

ks = second model reaction rate constant
k., = third model reaction rate constant

RPIB 1P (T = 30 °C, Cua = IM)
RPIB 2P (T = 30 °C, Cuci = 5M)
RPIB 3P (T = 30 °C, Cuci = 9M)
RPIB 4P (T = 60 °C, Cuci = IM)
RPIB 5P (T = 60 °C, Cya = 5M)
RPIB 6P (T = 60 °C, Cuc = IM)
RPIB 7P (T = 90 °C, Cua = IM)
RPIB 8P (T =90 °C, Cuc = 5M)
RPIB 9P (T =90 °C, Cuci = 9M)
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