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In the leaching process of chromium-containing precursor hexavalent chromium may form,

which provokes damages to environment and human health. As a solution, leaching the

chromium containing precursor with sulphuric acid to get chromium ions into solution

without forming hexavalent ions has been proposed. These experiments are mostly carried

out  at high temperatures to increase the yield, while the detrimental effect of evaporation

is  still under investigation. In this study, indigenous ferro chromium alloys (>60 wt% Cr)

have been leached with sulphuric acid by using a rotary evaporator where no evaporation

occurs. The acid molarity, solid:liquid ratio, temperature and rotation rate of the rotary flask

have  been optimized using Taguchi method to maximize Fe and Cr dissolutions’ efficien-

cies.  Leaching in 5 M sulphuric acid solution with 1:50 solid:liquid ratio, at 90◦ C, 30 rpm

for  150 min could sustain yields around 73% and 56% for Cr and Fe recoveries, respectively.

Within  the scope of this research, the effects of the mentioned parameters on the leaching

efficiency have been also analyzed via the ANOVA method. The most effective parameters

for Cr and Fe have been found as temperature and solid:liquid ratio, respectively. Finally,

the  kinetic has been also studied and universal equations have been successfully tested.

−ln(1  − x) = k * tn gives the best fitting result (where n = 0.4 and 0.6 are calculated for Fe and

Cr,  respectively). These values indicate that the leaching reaction follows the mixed kinetic

control model. The activation energies are calculated as 46.12 kJ/mol for Fe and 142.8 kJ/mol
for  Cr.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the

CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

CCC Cross Correlation Coefficient
FeCr ferrochromium
Wt.% weight percentage
kJ/mol kilojoule per mole
AAS atomic absorption spectroscopy
S/L solid/liquid ratio (vol./vol.)
SSE sum of squared errors
vol. volume
XRD X-ray diffraction
XRF X-ray fluorescence
S/N signal to noise ratio
EA activation energy

solid/liquid (acid) interaction during leaching. Particles with
R gas constant

1.  Introduction

Lately, environmental pollution caused by pyrometallurgical
processes and increase in energy costs have led to the search
for producing high value-added transition metal oxides pow-
ders by a cheaper, environmentally sensitive and practical
method. Recently, Guo et al. [1] have proposed that the pro-
duction of transition metal oxide (TMO) powders through a
liquid phase presents outstanding advantages such as regu-
lating morphology and size of the final powders. Therefore,
instead of using synthetic production methods where high
quality primary materials have been selected as precursor; it
is believed that designing a process capable of leaching dif-
ferent transition metals from any type of precursor material
may attract attention of large audience as the solution could
be used in the TMO’s powder production.

In this study, to set an example for this idea, a cheap, clean
and practical process is proposed for obtaining a solution that
contains transition metals ions (i.e. iron and chromium ions).
In view of this, an indigenous ferro chromium alloy being
widely used in refractory, chemical and steel industries has
been particularly chosen as the precursor material. The reason
for choosing ferro chromium alloy as the indigenous precur-
sor is the fact that Turkey is a well-recognized producer of high
quality ferro chromium in large quantities [2].

It is known that the choice of chemicals and experimental
parameters to be used in such research are of critical impor-
tance as chromium tends to assume hexavalent value at high
and low pH values of the solution. It is to be noted, these
hexavalent chromium ions that harm the environment and
human health are universally prohibited. Within this con-
text, Lui et al. [3] have stated that sulphuric acid leaching of
chromite ores prevents hexavalent chromium formation in the
solution. In pursuit of that, Mohanty et al. [4] have leached a
raw material containing 24% iron with various types of acids
(HCl, H2SO4 and HNO3), salt mixture (NaCl and CuCl3) and
bases (NaOH). They have revealed that 1.93 M sulphuric acid
achieves the highest efficiency [4]. Subsequently, Tzeferis at al.

[5] have leached lateritic nickel ore by organic acids, sulphuric
acid and their mixtures. The outcomes have demonstrated
the superiority of sulphuric acid to achieve the highest effi-
 0 2 0;9(6):14103–14115

ciency in leaching of transition metals. Later, researchers have
investigated the effects of temperature, process duration, acid
concentration, precursor particle size and solid:liquid ratio on
transition metals’ leaching efficiencies [3,6,7]. Therefore, to
define the maximum leaching efficiency conditions, Taguchi
method has been preferred similar to previous leaching stud-
ies [8–11] since it can predict contribution of each variable onto
the outcome and permits optimization of numerous control
factors with least number of trials. Thus, by using Taguchi
method not only the cost and time are decreased, but also
the quality is improved, eventually [12,13].

Within the scope of the paper, an indigenous ferro
chromium alloy is leached with sulphuric acid to successfully
transfer chromium and iron (as well as other trace amount
of transition metals) into the solution as trivalent and diva-
lent ions. During the experiments, a rotary evaporator is used
for the first time to leach an indigenous ferro chrome alloy
with 5% wt C content in contrast to traditional stirring options
(such as mechanical and magnetic stirring). The rotary evapo-
rator has been particularly chosen since in hydrometallurgical
processing of chromium,  pH adjustment and evaporation are
important criteria to be considered to alleviate harm on envi-
ronment and living creatures. It is expected that the change
in the reactor type not only modifies the interaction between
the active particles (ferro chromium alloys) and the leaching
media (sulphuric acid) but also enhances the safety of the
leaching process.

For the first time in the open literature, Taguchi experimen-
tal design technique and the ANOVA analysis have been used
to maximize the leaching efficiency and analyze the param-
eters’ effect on the leaching process when an indigenous
ferro chromium alloy with 5%C content has been leached out
with sulphuric acid in a rotary evaporator. To define the opti-
mum process parameters, Taguchi orthogonal array method
is applied via four parameters with three levels, as presented
in Table 1. The control experiment has been run in addition to
demonstrate the consistency and repeatability of the leaching
experiments’ results. Furthermore, a kinetic study is also real-
ized to reveal the control mechanism of Fe and Cr dissolutions
under the optimum sulphuric acid leaching conditions of the
ferro chromium alloy.

2.  Experimental

2.1.  Materials

During the experiments, an indigenous ferro chromium alloy
is used. Sulphuric acid is Merck Quality (1.00713.2500) and
deionized water is of analytical grade. Ethanol is supplied by
Merck (1.00983.2511).

2.2.  Ferro  chromium  preparation

Prior to starting the leaching operation, ferro chromium
chunks are milled to reduce grain size, in order to increase the
grain size under 140 mesh are milled for 4 h at 235 rpm by
planetary ball mill (Retsch PM 100). 5 ml  ethanol is used as dis-
persant. In the ball milling, zirconium oxide balls with 5 mm
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Table 1 – Experiment levels for Taguchi orthogonal method L9 (34).

Parameters Units First level Second level Third level

Molarity (M) 0.5 2 5
Solid:liquid ratio (vol:vol.) 1:50 1:100 1:200
Temperature (◦C) 25 60 90
Rotation rate of the flask (rpm) 30 100 200
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Fig. 1 – Particle size distribution of milled ferro chromium.
iameter are employed. During the experiments, ball/powder
atio is fixed as 10:1 in weight. Then, milled powders are
leansed at 60 ◦C for 4 h with 500 rpm in a magnetic stirrer
o remove water soluble species from the precursor.

.3.  Leaching  procedure

ll leaching experiments have been done in a rotary evap-
rator system (Buchi Rotavapor® R-300). To optimize the

eaching process parameters, nine experiments are designed
ia Taguchi orthogonal array method. Four parameters with
hree levels (L9(34)) have been investigated: Molarity (0.5 M,  2 M
nd 5 M),  volumetric solid: liquid ratio (1:50, 1:100 and 1:200),
emperature (25 ◦C, 60 ◦C and 90 ◦C) and rotation rate of the
ask (30, 100 and 200 rpm). The leaching duration (150 min) is
ept constant for these nine experiments. The parameters and
heir levels are given in Table 1. After Taguchi and ANOVA anal-
ses, an additional control experiment has been done at the
ptimum parameters to achieve maximum leaching efficiency
f iron and chromium within the defined experimental frame.
inally, the effects of process duration as well as the stirring
ate of the flask on the leaching efficiency have been investi-
ated and kinetic calculations have been made to discuss the
eaching controlling mechanisms of Fe and Cr, respectively.

.4.  Chemical,  morphological  and  structural  analyses

hemical composition of the ferro chromium alloy and the
olid residue remained after leaching have been analyzed by
-ray fluorescence (XRF, Hitachi X-MET8000, Malvern Pana-

ytical – Epsilon1) and Energy Dispersive X-ray spectrometer
EDS, Bruker). Carbon and sulphur content of the precursor

aterial (after cleansing) are determined by Eltra CS 800. For
etermining the recoveries of iron and chromium in the leach-

ng solution, atomic absorption spectroscopy (AAS, Shimadzu
A 160) is used. In sampling, to keep the solid/liquid ratio as
table, each time 5 ml  of leachate is taken for AAS analysis
nd right after 5 ml  of sulphuric acid solution (with the same
olarity) is added into the leachate at the same temperature.

he taken samples are diluted via deionized water before the
AS analysis. The recovery of metals are calculated based on
q. (1) [14];

ecovery (%) =

(Metal in solution from AAS (g/L))
∗ (Leachate volume (L))

(Metal amount in Fe − Cr(%) from XRF)
∗ 100
∗ (Initial Fe − Cr amount (g)
(1)
Investigation on particle size distribution and morphology
have been made by Malvern–Mastersizer 3001 and scan-
ning electron microscope (Zeiss Gemini 500), respectively.
The structures of the precursor alloy and the residue have
been characterized by X-ray diffraction method (XRD, Bruker
AXS/Discovery D8) using Cu K� as the X-ray sources (0.02◦/s,
between 2� = 15◦–90◦).

Finally, the presence of Cr6+ in the leaching solution has
been tested using the Colorometric analysis method (Standard
Methods – 3500–Cr.B) [15]. All chemicals used for this experi-
ment are of analytical reagent grade. A hexavalent chromium
(Cr6+) containing stock solution of 100 ml  volume is prepared
by dissolving 141.4 mg  of potassium dichromate (K2Cr2O7) in
distilled water. Then 1 ml  of this stock solution is diluted to
100 ml  by using DI water. This sample is named as CRM dur-
ing the analysis. In another volumetric flask, distilled water
is added (as transparent solution) and named as BLANK.
Finally, the FeCr leaching solution is diluted 100 times and
added into another volumetric flask, the latter is named as
NUM. The colour chelating agent used for this analysis is
1,5-diphenylcarbazide (DPC, Special Grade, Merck). During the
analysis, the steps defined in the standard are followed.

3.  Results  and  discussion

3.1.  Materials

The chemical composition of the precursor material has been
determined by XRF (Table 2) and EDS analyses. The results
show that ferro chromium alloy contains a high amount of
chromium (∼68%) and iron (∼29%) with trace amount of other
transition metals such as Mn, Co and Ni.

An additional experiment has been conducted to deter-
mine the carbon content of the powder. The result reveals that
the indigenous alloy contains ∼5 wt.% carbon.

The particle size analysis of the ferro chromium alloy, after
the ball milling, shows that an average particle size (Dv50)

of 2.78 �m is achieved, eventually (Fig. 1). SEM images of the
milled powder justify the particle size analysis’ result and
reveal an irregular morphology, as expected (Fig. 2) [16].
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Table 2 – XRF analysis of an indigenous ferro chromium alloy and the residue after leaching (el.%).

Fe Co Ni Si Cr Other

Precursor 29.49 0.08 0.54 

Residue 14.479 0 0.417

Fig. 2 – SEM images of the ball milled ferro chromium alloy
10,000× magnification (4 h, 235 rpm, 10:1 BPR) (SEM image
at smaller magnification (5000×) in upper left-hand is
given).

Fig. 3 – XRD pattern of the precursor ferro chromium alloy
(red line) and the residue after leaching (black line). (For
interpretation of the references to color in this figure legend,

3.3.  Taguchi  experimental  analysis  of  leaching  process
the reader is referred to the web version of this article.)

XRD result of the precursor material shows that the main
sources of iron in the ferrochromium are CrFe (03-065-4528),
CrFeC (00-005-0720), Fe2SiO4 (01-074-1002) and Fe3O4 (01-076-
0956). And the main sources for chromium are CrFe, CrFeC and
Cr7C3 (00-036-1482) as given in Fig. 3. All those compounds are
commonly encountered species during the characterization
of the high carbon-ferro chromium alloy [17–21]. Moreover, a
small amount of calcium carbonate (01-072-1652) is detected
in high carbon contained ferro chromium alloy which is orig-

inated from the production process, as described by Neizel
et al. [18]
0.66 68.34 Balance
 8.77 52.235 Balance

3.2.  Leaching  reactions  of  the  ferro  chromium  with
sulphuric  acid

FeCr is found to be highly resistant to sulfuric acid leaching.
Capilla and Delgado [22] claim that when the leaching occurs
at 200 ◦C, it leads sulphate based precipitate formation fol-
lowing the Eq. (2). Then Nadirov et al. [23] have proposed that
at high temperature (>80 ◦C) sulfuric acid leaching, fayalitic
dissolution may happen following Eq. (3). Then, Salmimies
et al. [24] have studied the sulfuric acid leaching of magnetite
and indicated that magnetite has relatively high resistance to
sulfuric acid leaching (Eq. (4)). Finally, carbides being a good
refractor are known to be resistant to sulfuric acid leaching as
stated by Kuznetsov et al. [25]. Herein, it is also important to
mention that calcium carbonate that is present in the precur-
sor transforms into calcium sulphate following the Eq. (5), as
suggested by Havlik et al. [26].

Moreover, Liu et al. [14] have defined the sulphuric acid
reaction of the trace amount of other transition metals (Ni,
Co) that are present in the precursor (as detected by XRF),
following Eqs. (6) and (7).

The possible reactions that may occur during the interac-
tion of the precursor material (ferro chromium)  with sulphuric
acid are described below (see Eq. (2)–(7)) [14,23–28];

CrFe + H2SO4 → FeSO4 + Cr2(SO4)3 + H2 (2)

2FeO ∗ SiO2 + 2H2SO4 → 2FeSO4 + H4SiO4 (3)

Fe3O4 + 4H2SO4 → FeSO4 + Fe2(SO4)3 + 4H2O (4)

CaCO3 + H2SO4(aq) → CaSO4 + CO2 + H2O (5)

H2SO4 + Co → CoSO4 + H2 (6)

H2SO4 + Ni → NiSO4 + H2 (7)

Additional characterization to detect hexavalent
chromium existence in the leaching solution is done (see
Supplementary file). The colour of the FeCr leaching solution
(named as ‘NUM’) is detected to be between green and blue,
which is similar to other trivalent solutions given in the liter-
ature [29] and different than the synthetically prepared Cr6+

solution (named as ‘CRM’, pink in colour). This observation
can be explained by the fact that the Cr3+ in the leaching
solution cannot be oxidized to a different valence state due
to the insufficient oxidation potential of sulphuric acid, as
stated previously by Geveci et al. [30].
Nine different experiments have been designed following
Taguchi’s orthogonal array. The parameters and the level of
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Table 3 – The parameters and the results of experiments based on L9 (34) Taguchi’s orthogonal arrays.

Experiment
No.

s  Molar of acid
solution (M)

Solid:liquid
ratio (vol.)

Temperature
(◦C)

Rotation rate
of the flask
(rpm)

AAS Fe
(g/L)

S/N for Fe
(db)

AAS Cr
(g/L)

S/N for Cr
(db)

1 0.5 1:50 RT 30 10.81 20.67 18.15 25.18
2 0.5 1:100 60 100 9.59 19.64 10.16 20.14
3 0.5 1:200 90 200 9.1 19.19 28.32 29.04
4 2 1:50 60 200 12.38 21.86 36.64 3128
5 2 1:100 90 30 10.82 20.68 36.64 31.28
6 2 1:200 RT 100 7.04 16.95 4.99 13.97
7 5 1:50 90 100 13.1 22.35 38.31 31.67
8 5 1:100 RT 200 9.35 19.42 13.83 22.81
9 5 1:200 60 30 10.03 20.03 31.65 30.01

ml) r
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Fig. 4 – S/N values for iron of (a) molarity (M); (b) S:L (ml:

ach experiment with AAS analysis’ result have been pre-
ented in Table 3. In leaching operation, the amount of metal
ons is desired to be maximized. Thus, “larger is better”
pproach is chosen, accordingly. S/N ratios are calculated
sing the Eq. (8), where n represents the total number of
eplications of each test run; y represents the extraction yield
f metals (chromium and iron) achieved in each experiment

32–33]. The S/N curvatures for all parameters in case of iron
nd chromium have been given in Figs. 4 and 5(a–d), respec-
ively.

/N = −10 ∗ log

(
1
n

∗
i=0∑
n

(
1

yi
2

))
(8)
Analysis of Variance (ANOVA) is used to identify the effect
f each parameter on the metal extraction yields. The most
ffective parameters on Cr leaching are revealed to be: tem-
erature and rotation rate of the flask (Tables 4 and 5). On
atio; (c) temperature (◦C); (d) rotation rate of flask (rpm).

the other hand, the most effective parameters on Fe leaching
are revealed to be: solid:liquid ratio (vol:vol) and temperature
(Tables 6 and 7).

When the leaching efficiencies of chromium and iron from
the indigenous alloy have been calculated, ∼73% and ∼56%
have been determined, respectively. These values have been
determined by using AAS results, according to Eq. (1). This
equation is used in Lui et al. [14] work and El bar et al. [7]
work, previously.

Then, by using Eq. (9) a theoretical calculation about the Fe
and Cr recoveries based on Taguchi approach is done. “T” refers
to the average S/N ratios of all experiments, ‘C’ demonstrates
the estimated S/N value related to the optimum leaching con-
ditions. a3, b1, c3 and d1 are chosen as they are the levels of
parameters to get maximum amount of metal ions into the

solution (Figs. 4 and 5). The estimated value (C) is calculated
as 23.165 db and 35.56 db for Fe and Cr, respectively. These
correspond to 14.43 and 84.81 g/L Fe and Cr ions in the leach-
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Fig. 5 – S/N values for chromium of (a) molarity (M); (b) S:L (ml:ml) ratio; (c) temperature (◦C); (d) rotation rate of flask (rpm).

Table 4 – ANOVA analysis of chromium’s leaching from ferro chromium alloy.

Parameter Degree of freedom Sum of square Mean of square F value

Molarity 2 18.95
Solid:liquid 2 46.97
Temperature 2 154.59
Rotation rate of the flask 2 82.26
Error
Total 8 302.76

Table 5 – Revised ANOVA analysis of chromium’s leaching from ferro chromium alloy.

Parameter Degree of freedom Sum of square Mean of square F value

Temperature 2 154.59 77.30 4.69
Rotation rate of the flask 2 82.26 41.13 2.50
Error 4 65.91 16.48
Total 8 302.76

Table 6 – ANOVA analysis of iron’s leaching from ferro chromium alloy.

Parameter Degree of freedom Sum of square Mean of square F value

Molarity 2 1.17
Solid:liquid 2 12.78
Temperature 2 5.26
Rotation rate of the flask 2 1.02
Error
Total 8 20.22

Table 7 – Revised ANOVA analysis of iron’s leaching from ferro chromium alloy.

Parameter Degree of freedom Sum of square Mean of square F value

Solid:liquid 2 12.78 6.39 11.73
Temperature 2 5.26 2.62 4.82
Error 4 2.18 0.54
Total 8 20.22
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ng solution, respectively. An additional control experiment is
onducted at 90 ◦C, 30 rpm, 1:50 volumetric solid:liquid ratio
vol:vol), in 5 M sulphuric acid solution, for 150 min  to confirm
he experimental results. Fe and Cr concentrations in the con-
rol experiment’s solution are detected as 13.22 ± .1.3 g/L and
9.0 ± .0.82 g/L, respectively.

 = T + (a3 − T) + (b1 − T) + (c3 − T) + (d1 − T) (9)

The correlations between the numerical values obtained
n pursuit of Eq. (9) and AAS results are found to be 46% for
hromium and 92% for iron. These values have harmony with
haracterizations results and the outcomes given in the open
iterature [33–36].

As stated previously, the high resistance of intermetal-
ic and carbide particles to sulphuric acid leaching could
xplain this observation. Meanwhile, low leaching kinetic of
hromium in sulphuric acid as well as possible formation of
hromium sulphate particles during leaching process could
epresent other reasons [31]. By the same token, Geveci et al.
30] have stated that lost in leaching efficiency of chromium
an be attributed to the formation of stable chromium sul-
hate layer over the chromium particles during sulphuric
cid leaching. To justify our hypothesis XRD analysis of the
esidue has been carried out (see Fig. 3, black line). XRD result
f the residue showing the presence of chromium sulphate

Cr2(SO4)3) verifies the reaction given as Eq. (2). Moreover,
he presences of CrFeC, Cr7C3, Fe3O4, Fe2SiO4 and CrFe in
he residue substantiate the fact that some amount of inter-

etallics, carbide and oxide (CrFeC, Cr7C3, Fe3O4, Fe2SiO4 and
rFe) have dissolved, some remain without being leached

25,31,37].
Chromium sulphate peaks identified in XRD results indi-

ate the formation of a new phase as a result of leaching.
revious work on sulphuric acid leaching of chromium con-
aining particles reveal that upon the leaching reaction
hromium sulphate forms and covers the particle surface [30].

When comparing the residue’s and the precursor’s XRF
nalyses Ca amount is always found to be less than 1% both in
he precursor and the residue (Table 2). And, the amount of Fe,
r, Ni, Co are noted to be decreased from the precursor to the
esidue due to the dissolution reactions indicated in Eqs. 2–7.
n the other hand, sulphur content is found to be increased
fter leaching operation (from 452 ppm to 14.095%el.) follow-
ng the sulphate particles’ formation, which is believed to
egatively affect the leaching kinetic [28–30].

Further discussion on the independent parameters’ effect
n Fe and Cr leaching efficiencies is done based on Figs. 4 and 5.
igs. 4a and 5a reveal that the S/N ratios of molarity for leach-
ng of iron and chromium reveal similar trends: first a slight
hen a remarkable improvement is noted when acid molar-
ty is increased from 0.5 to 2 M,  then 2 M to 5 M.  Ige et al.
6] have reported a similar result and claimed that iron ion
oncentration in the leachate is increased in more  concen-
rated sulphuric acid solutions. This fact is also valid for
hromium leaching where higher chromium ion concentra-

ion is detected in more  concentrated sulphuric acid solutions
6,14].

On the other hand, solid:liquid ratio is found to be inversely
nteracting with the leaching efficiencies of both iron and
;9(6):14103–14115 14109

chromium,  as expected: higher solid amount meaning more
available material to be leached out, which results in higher
leaching efficiency, eventually (Figs. 4b, 5b).

Figs. 4c, 5c demonstrate that temperature has a positive
correlation with the iron and chromium concentrations in the
leachate. An increase in temperature (from 25 ◦C to 90 ◦C) pro-
motes the activity of atoms and molecules in the leachate as
stated in previous studies [6,14], leading in an increase in the
leaching efficiencies.

Finally, the rotation rate of the flask in the rotary evapora-
tor system first decreases (from 30 to 100 rpm) then increases
(from 100 to 200 rpm) the leaching efficiencies of iron and
chromium.  Possible changes at the solid/liquid interface upon
leaching and deterioration of chromium sulphate layer over
the particles might explain this performance.

3.4.  Kinetic  analysis  of  ferro  chromium’s  leaching

Once the optimum parameters have been determined to max-
imize the leaching efficiencies of iron and chromium (5 M, 1:50
s:l (vol:vol) ratio, 90 ◦C, 30 rpm and 150 min), additional exper-
iments have been run to kinetically investigate the process.

First, an experiment at the optimum conditions defined by
Taguchi has been performed for 360 min  to observe the change
in metal recoveries of Cr (red line in Fig. 6b) and Fe (black line
in Fig. 6a) upon the leaching duration. During the experiment,
12 samples have been taken out of the leaching solution at dif-
ferent time lapse (0, 1, 5, 15, 60, 90, 120, 150, 180, 240, 300 and
360 min). Both Cr and Fe recoveries have been noted to rapidly
increase in the first 60 min  of leaching, then roughly get sta-
bilized after 150 min. A scrutiny look in Fig. 6a and b reveal
that in the first 15 min. of the leaching reaction, the efficien-
cies increase exponentially, then between 15 and 60 min  the
efficiencies rise with different slopes, and finally from 60 to
150 min  fluctuations in the recoveries with a positive slope are
observed in Fig. 6a and b. This trend is very similar to what has
been stated in the literature [38]. Ruiz et al. [38] have classified
this type of leaching kinetic in three parts: induction, conver-
sion and stabilization. They have explained that the induction
is the shortest period lasting around 20 min  and afterwards
the conversion has taken place where metal complexing hap-
pened in the solution, and lastly at the stabilization, leaching
operation ended with its highest recovery efficiency [38].

Noting that leaching is a heterogeneous reaction that
occurs between solid and liquid phases, the reaction begins
primarily at the powder/acid solution interface and the disso-
lution progressively occurs by reducing the size of the powder.
Therefore, for the leaching process of the ferro chromium alloy
(with 5% C content), as agreed with Sokic et al.’s [39] study, not
only the chemical reaction of sulphate ions with the powder,
but also the diffusion of lixiviant species should be considered
to explain the mechanism. Considering this fact, the univer-
sal formula used for kinetic modelling of leaching reaction are
reviewed and the R2 (Table 8) values and Cross Correlation
Coefficient (CCC) (Table 9) values of Cr and Fe recoveries at
different temperatures are calculated according to Ş en [44].

Herein x, a, t and n stand for metal fraction, initial metal
amount, time (min) and constant values.

The maximum values of R2, R2
adj and CCC for Fe and Cr dis-

solution, are achieved when the ‘mixed kinetic control’ model
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Table 8 – Kinetic models and the calculated R2, adjusted R2 and mean of squares values for Cr and Fe leaching.

Expression Controlling mechanism R2 (adjusted R2) SSE

Fe 45 ◦C Fe 60 ◦C Fe 90 ◦C Cr 45 ◦C Cr 60 ◦C Cr 90 ◦C Fe 45 ◦C Fe 60 ◦C Fe 90 ◦C Cr 45 ◦C Cr 60 ◦C Cr 90 ◦C Ref.

1 − 2
3 ∗ x −

(1 − x)
2
3 = k ∗ tn

Diffusion through
product layer

0.617
(0.5532)

0.8582
(0.8346)

0.6426
(0.583)

0.6408
(0.5809)

0.9241
(0.9114)

0.7384
(0.6948)

0.002863  0.003698 0.007638 0.000704 0.003394 0.01658 [40]

ln(a/a-x) = k*tn Chemical reaction
control model

0.6766
(0.6227)

0.942
(0.9323)

0.8045
(0.772)

0.762
(0.7226)

0.994
(0.9929)

0.8992
(0.8824)

0.000163  0.000561 0.005114 0.000001 0.000007 0.001160 [41]

−ln(1 − x) = k * tn Mixed model
(surface reaction
control; lixiviant
diffusion model)

0.6784
(0.6248)

0.9392
(0.9290)

0.8357
(0.8083)

0.763
(0.7235)

0.9945
(0.9936)

0.9363
(0.9256)

0.001201  0.005271 0.04945 0.000031 0.000299 0.05841 [39]

1 − (1 − x)
1
3 =

k ∗ tn

Chemical reaction
control

0.6755
(0.6237)

0.9409
(0.9310)

0.8213
(0.7915)

0.762
(0.7231)

0.9944
(0.9935)

0.9232
(0.9104)

0.000130  0.000503 0.004668 0.000003 0.000031 0.005820 [42]

1 −
(1 − 0.45 ∗ x)

1
3 =

k ∗ tn

Surface reaction
control by shrinking
core model

0.6764
(0.6225)

0.9421
(0.9324)

0.802
(0.769)

0.7623
(0.7227)

0.9941
(0.9931)

0.9044
(0.8884)

0.000026  0.000087 0.000785 0.000001 0.000006 0.001038 [43]

1 − (1 − x)
2
3 =

k ∗ tn

Shrinking core
model (Film
diffusion control-
dense-shrinking
model)

0.6726
(0.618)

0.9387
(0.9285)

0.7398
(0.6964)

0.7610
(0.7212)

0.9912
(0.9898)

0.8464
(0.8208)

0.000468  0.001159 0.008566 0.000014 0.000141 0.01272 [42]
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Fig. 6 – Recovery-time graphs of (a) iron and (b) chromium.

Table 9 – Kinetic models and the calculated CCC values for Cr and Fe leaching.

Expression Controlling mechanism Fe 45 ◦C Fe 60 ◦C Fe 90 ◦C Cr 45 ◦C Cr 60 ◦C Cr 90 ◦C Refs.

1 − 2
3 ∗ x − (1 − x)

2
3 = k ∗ tn Diffusion through product layer 0.6875 0.8106 0.7013 0.7002 0.8411 0.7518 [40]

ln(a/a-x) = k*tn Chemical reaction control model 0.7209 0.8494 0.7850 0.7643 0.8723 0.8297 [41]
−ln(1 − x) = k * tn Mixed model (surface reaction

control; lixiviant diffusion model
0.7207 0.8480 0.7999 0.7650 0.8726 0.8467 [39]

1 − (1 − x)
1
3 = k ∗ tn Chemical reaction control 0.7211 0.8488 0.7930 0.7617 0.8726 0.8407 [42]

1 − (1 − 0.45 ∗ x)
1
3 = k ∗ tn Surface reaction control by

shrinking core model
0.7206 0.8493 0.7834 0.7679 0.8725 0.8321 [43]

1 − (1 − x)
2
3 = k ∗ tn Shrinking core model (Film

diffusion control-dense-shrinking
model)

0.7175 0.8478 0.7526 0.7599 0.8712 0.8050 [42]

Fig. 7 – Recovery-rotation rate of the flask graphs of (a) iron and (b) chromium.
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Table 10 – Calculated R2, R2adj and SSE values for different n (n = 1-0.3) in kinetic expression of this study.

n values R2 (R2 adj) SSE

Fe 45 ◦C Fe 60 ◦C Fe 90 ◦C Cr 45 ◦C Cr 60 ◦C Cr 90 ◦C Average
of Fe

Average
of  Cr

Fe  45 ◦C Fe 60 ◦C Fe 90 ◦C Cr 45 ◦C Cr 60 ◦C Cr 90 ◦C Average
of Fe

Average
of  Cr

1 0.6784
(0.6248)

0.9392
(0.9290)

0.8357
(0.8083)

0.763
(0.7235)

0.9945
(0.9936)

0.9363
(0.9256)

0.8178
(0.7874)

0.8979
(0.8809)

0.001201 0.005271 0.04945 0.000031 0.000299 0.05841 0.0186 0.0196

0.9 0.6921
(0.6491)

0.9356
(0.9249)

0.8594
(0.8360)

0.7720
(0.734)

0.9939
(0.9929)

0.9514
(0.9433)

0.8290
(0.8033)

0.9058
(0.8901)

0.001150 0.005576 0.04230 0.000030 0.000330 0.04455 0.0163 0.0150

0.8 0.7078
(0.6591)

0.9306
(0.9191)

0.8841
(0.8648)

0.7819
(0.7455)

0.9905
(0.9889)

0.9650
(0.9592)

0.8408
(0.8143)

0.9125
(0.8979)

0.001091 0.006010 0.03488 0.000028 0.000517 0.03204 0.0140 0.0109

0.7 0.7259
(0.6803)

0.9238
(0.9111)

0.9095
(0.8944)

0.7928
(0.783)

0.9833
(0.9805)

0.9764
(0.9725)

0.8531
(0.8286)

0.9175
(0.9120)

0.001023 0.006604 0.02723 0.000027 0.000909 0.02163 0.0116 0.0075

0.6 0.7470
(0.7048)

0.9143
(0.9001)

0.9353
(0.9246)

0.8049
(0.7724)

0.9708
(0.9660)

0.9841
(0.9814)

0.8655
(0.8432)

0.9199
(0.9066)

0.000945 0.007423 0.01946 0.000025 0.001588 0.01459 0.0093 0.0054

0.5 0.7710
(0.7329)

0.9008
(0.8842)

0.9605
(0.9539)

0.8176
(0.7872)

0.9503
(0.9421)

0.9854
(0.983)

0.8774
(0.8570)

0.9178
(0.9041)

0.000855 0.008598 0.01188 0.000024 0.002702 0.01334 0.0071 0.0054

0.4 0.7967
(0.7629)

0.8795
(0.8594)

0.9818
(0.9788)

0.8282
(0.7996)

0.9164
(0.9024)

0.9749
(0.9707)

0.8860
(0.8670)

0.9065
(0.8909)

0.000759 0.01044 0.005472 0.000108 0.004551 0.02301 0.0056 0.0092

0.3 0.8178
(0.7974)

0.8409
(0.8144)

0.9893
(0.9875)

0.8282
(0.7998)

0.8564
(0.9325)

0.9391
(0.929)

0.8827
(0.8654)

0.8746
(0.8871)

0.000681 0.01378 0.003216 0.000022 0.007814 0.05580 0.0059 0.0212
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Fig. 8 – Kinetic curves of sulphuric acid leaching of (a) iron; (b) chromium.
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Fig. 9 – ln K − 1/T  plo

s used (n = 1). Additionally, SSE values are also calculated (see
able 8). The results agree with the literature’s outcome and
onfirm that [39] both surface reaction and lixiviant diffusion
o solid particles are important in leaching of ferro chromium
lloy. To further support this observation, experiments at the
ptimum leaching conditions with different flask’s rotation
ates (0, 30 and 60 rpm) have been conducted (Fig. 7a and b).
he stagnant acid solution yields the worst efficiency. Such
ehaviour has been also observed in Lui et al.’s [14] work. Fig. 7a
nd b demonstrate that the difference in the leaching efficien-
ies (recovery %) at the different flask’s rotation rates is always
ower than 40%, which substantiates the effect of chemical
eaction on leaching [39] mechanism.

To evaluate the leaching mechanism in detail, fitting of
inetic model could be made by modifying n value in the for-
ula −ln(1 − x) = k * tn. If n is near to 1, the reaction is described

s an ideal chemical reaction control, then when n value is
qual to or lower than 0.5 diffusion control mechanism over-
omes. The calculations demonstrate that the highest average
2 (and R2

adj) and CCC values (for 45 ◦C, 60 ◦C and 90 ◦C) are
chieved when n = 0.4 is used (R2: 0.886) for iron (Fig. 8a), and

 = 0.6 is utilized for (Avergaer A R2: 0.9199) chromium leaching
Fig. 8b) which could be seen in Table 10.

Further, activation energy of each leaching reaction is
alculated based on Arrhenius equation (Eq. (10)). EA, R
nd T stand for activation energy (kJ/mol), gas constant
8.314 J/mol K) and temperature (K) respectively.

n K = ln A − EA

R ∗ T
(10)
Following Eq. (10) the activation energies are calculated as
6.12 kJ/mol and 142.8 kJ/mol for iron and chromium leaching
Fig. 9), respectively. These energy values show resemblance
 iron; (b) chromium.

with the activation energies reported in the open literature
[14,36,45].

4.  Conclusion

The outcomes of this study can be summarized as follows:

- For the first time in the open literature, an indigenous ferro
chromium alloy with 5%C content is leached with sulphuric
acid in a rotary evaporator system.

- The optimization of the leaching process is achieved by
Taguchi experimental design. Then, further kinetic analysis
is realized to discuss the leaching mechanism in detail.

- The highest efficiency is achieved when FeCr alloy is
leached in 5 M sulphuric acid solution with 1:50 volumet-
ric solid:liquid ratio at 90 ◦C for 150 min, with a flask rotation
speed of 30 rpm. Leaching efficiencies of iron and chromium
are found to be ∼56% and ∼73%, respectively. The reason
of such efficiency is believed to be related to the existence
of carbides (CrFeC, Cr7C3,), iron silicon oxide (Fe2SiO4) and
CrFe intermetallics in the precursor and the formation of
chromium sulphate ((Cr2(SO4)3) particles during leaching
process.

- ANOVA analysis reveals that volumetric solid:liquid ratio
(vol:vol) and temperature are important parameters for iron
leaching; whereas in the case of chromium leaching, rota-
tion rate of the flask and temperature are found to be
significant parameters.
- The kinetic investigation of ferro chromium leaching shows
that both leaching of iron and chromium have been con-
trolled by surface reaction and lixiviant diffusion through
solid particles. Activation energies for each leaching process
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are calculated to be: 46.12 kJ/mol for iron and 142.8 kJ/mol for
chromium.
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