
RESEARCH Open Access

Effects of alkali solution on the dissolution
kinetics and optimization processes of iron
from Akwuke ore
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Abstract

Background: The dissolution process kinetics and optimization of iron from Akwuke ore were investigated in this
study. The effects of process parameters such as agitation rate and ore particle size on the dissolution process were
also examined. The Akwuke ore was characterized employing the XRD, FT-IR, SEM, and UV-spectroscopy.

Results: The results from the rate constants indicated that the diffusion through the boundary layer process
with R2 > 0.96 was the rate-determining mechanism. The maximum iron dissolution rate of 83.2% was obtained at 45-μm
particle size while 81.2% and 72.6% iron dissolution rates were obtained at 490 and 390 rpm agitation rates, respectively.
Silicon oxide, aluminum oxide, and iron oxide were present in Akwuke ore as indicated from the XRD analysis. The RSM
predicted optimum value of the iron dissolution rate from the numerical optimization was experimentally validated to
confirm the satisfactory performance of the quadratic model.

Conclusion: This study concludes and presents the potential extraction of iron from Akwuke ore, which will be of
immense benefit in hydrometallurgical process.
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Background
Globally, the demand for iron is steadily on the increase,
and this is because it is used in civil engineering con-
structions as an excellent reinforcement in building brid-
ges and houses. Also, the utilization of iron in steel
manufacturing has been reported. Iron as one of the
most prevalent of all metals is also among the earth’s
crust abundant elements. Iron ores are embedded in
minerals such as hematite, pyrite, and ilmenite in the
form of iron (III) oxide (Olvera-Venegas et al. 2017).
However, oxides in iron constitute impurities that re-
quire removal as it affects the commercial value of iron.
Different hydrometallurgical extraction processes have
been used to study the extraction processes of iron and
other valuable metals of interest from their oxide bear-
ing nature (Kokes et al., 2014). Recently, attention has

been directed towards the use of acid or alkaline re-
agents in the dissolution process to extract valuable
metals from their oxide nature. Previously, Nadeem
et al. (2014) used formic acid as a dissolution reagent in
the leaching studies of magnesite from magnesite ore.
Olvera-Venegas et al. (2017) investigated iron dissol-
ution from kaolin using bisulfate from sodium thiosul-
fate as a reducing agent and citric acid as a complexing
agent. Also, in a study carried out by Seyed and Azizi
(2018), lead and zinc were leached out from an Iranian
low-grade oxide ore with maximum recoveries of 72.12%
and 85.52%, respectively. However, to the best of our
knowledge, there are no studies on the alkaline dissol-
ution process of iron from Akwuke ore, which is the
focus of this study. Accordingly, the objective of this
work is to examine the dissolution of iron from Akwuke
ore using sodium hydroxide (NaOH) as a dissolution re-
agent after the initial analysis of Akwuke ore confirmed
the presence of iron in oxide form. The characterization
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of Akwuke ore and the effects of process parameters
(agitation rate and ore particle size) that affected the
iron dissolution process were investigated. Also, the dis-
solution kinetics and numerical optimization of the
process parameters were evaluated.

Methods
Raw material collection and preparation
The Akwuke ore sample was obtained from the Akwuke
community located in Enugu State Nigeria. The ore
sample was crushed and dried after which it was sieved.
The ore sample was homogenized after oven drying it at
100 °C.

Characterizations of Akwuke ore
The various phases in the Akwuke ore were identified
using Siemen D500 XRD. The XRD analysis was per-
formed at a 1° divergence slit between the 2Ѳ ranges of
20–70° while maintaining the voltage at 35 kV. Phase
and elements identification was made using the joint
committee on powder diffraction standard (JCPDS) file
number. The Fourier transform infrared (FTIR) analysis
of the raw ore sample was analyzed using a SHIMADZU
8400s infrared spectrophotometer. The spectra pattern
was observed in transmission mode with a resolution of
4 cm¯1 in the range of 4000 to 350 cm¯1. The ore sample
was analyzed at three different particle sizes using SEM
(ASPEX 3020) at 10 kV to determine their surface mor-
phological characteristics. The UV-VIS spectrophotom-
eter (SHIMADZU UV-1900i) was used to examine the
Akwuke ore at a wavelength between 200 and 1000 nm.

Dissolution procedure
The dissolution process of Akwuke ore was examined in
a 250-mL beaker using 20 g of the ore sample. The bea-
ker was heated on a hot plate which contained a mag-
netic stirrer for continuous mixing. The experiment was
conducted at room temperature with 3M sodium hy-
droxide (NaOH) concentration, which was prepared as
the dissolution reagent and put into the beaker. At a
constant solid to liquid ratio, 20 g of the ore sample at
different particle sizes (45–600 μm) was added into the
beaker containing NaOH. The solution was mixed at
varying agitation rates (90–490rpm). After the specified
time, agitation rate, and particle size, the samples were
withdrawn from the beaker filtered and the liquid phase
analyzed for iron content using the atomic absorption
spectrophotometer (iCE 3000 series ThermoFisher sci-
entific). The dissolution rate of iron from Akwuke ore
was calculated following Seyed and Azizi (2018) and
expressed in Eq. (1).

R %ð Þ ¼ CA � V
CO �M

� 100 ð1Þ

From Eq. (2), R (%) is the dissolution rate of Iron; CA

(gL¯1) is the concentration of iron in the dissolution li-
quor; V (L) is the dissolution liquor volume; Co is the
iron content in the oxide ore; and M (g) is the mass of
the iron oxide.

Statistical analysis
The statistical method used in this study investigates the
kinetic model validity by estimating the degree of correl-
ation between the experimental and model calculated
data. The correlation coefficient (R2) and the root mean
square error (RSME) of Eqs. (2) and (3), respectively,
were used to judge the degree of the model representa-
tion of experimental data (Kitanovic et al. 2008). The
model goodness of fit to experimental data was evalu-
ated using the lower values of RMSE and higher R2

values (Kitanovic et al. 2008). From Eqs. (2) and (3),
Xexp and Xcal are experimental and model calculated
conversion values; n is the number of data points.

R2 ¼ 1 −

Pn
n¼1 Xexp − Xcalð Þ2

Pn
n¼1 Xexp − Xcalð Þ2 ð2Þ

RMSE %ð Þ ¼
ffiffiffi
1
n

r
Xn

n¼
Xexp −Xcal

Xexp

� �2

ð3Þ

Experimental design methodology
The central composite design (CCD) of response surface
methodology (RSM) with two categorical variables was
employed to correlate and study the influence of the ore
particle size and agitation rate on the dissolution rate
(%) of iron from Akwuke ore. The CCD methodology
allows the investigation of a quadratic model for the
response (% dissolution rate). The quadratic model
which correlates the relationship between the response
(Y) and the independent variables under investigation is
presented in Eq. (4).

Y ¼ βoþ
X

j¼1
βi:xiþ

X

j¼1
βii:xi2

þ
X

i¼1

X

j¼2
βij:xixjþ e ð4Þ

where xi, xi2, and xixj are the linear, quadratic, and
interactive terms of the quadratic model, respectively,
while e is the random error (Elibol, 2002). βo, βi, βii,
and, βij represent the intercept, coefficients of the linear,
quadratic, and interactive terms, respectively, as shown
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in Eq. (4). The Design Expert (version 7.0, Stat Ease Inc.
Minneapolis, USA) was used for statistical analysis. The
statistical significance for the ANOVA of the quadratic
model was investigated using the p value, F value, R2, and
the lack of fit test (Elibol, 2002). The levels and ranges of
the independent variables in the CCD design are presented
in Table 1. The experimental design matrix in terms of the
actual values of the independent variables (ore particle size
and agitation rate) with the corresponding actual and pre-
dicted responses is shown in Table 2. The response surface
plots generated from the significant model equation was
used to study the interactive effects of the independent vari-
ables on the response (Ani and Ochin, 2018). Furthermore,
a numerical optimization process was used to predict the
optimum dissolution rate of iron from Akwuke ore, which
was validated experimentally.

Kinetics of iron dissolution from Akwuke ore
The dissolution process of metals from ores of different
types involves a heterogeneous solid to liquid reactions
(Liddell, 2005). To understand the dissolution process
kinetics, the shrinking core model, which was explained
in detail by Liddell (2005) is widely used. However, the
dissolution process of iron from Akwuke ore is a rate-
limiting phenomenon. The rate-limiting mechanism of
the iron dissolution process was investigated using the
surface chemical reaction (Eq. (5)) and the diffusion-
controlled (Eq. (6)) processes of the shrinking core
model (Liu et al. 2014; Das et al. 2015). The suitability of
the shrinking core model emanates from the fact that it
relates the conversion fraction (X) of the ore solid par-
ticle to the reaction rate constant (K) and reaction time
(t) (Liu et al. 2014; Das et al. 2015).

1 − 1 −Xð Þ1=3 ¼ Ks:t ð5Þ

1 −
2
3
X − 1 − Xð Þ23 ¼ Kd � t ð6Þ

The rate constant for the surface chemical reaction
(Ks) was obtained from the slope of the linear plot of 1
− (1 − X)1/3 versus time (t) using Eq. (5). Also, the rate
constant for the diffusion process (Kd) was obtained

from the slope of the linear plot of 1 − 2
3X − ð1 − XÞ23

versus time (t) using Eq. (6). The obtained rate constants
with their corresponding R2 values were used to judge
the rate-limiting mechanism that governs the dissolution

process of iron from Akwuke ore. However, the rate-
limiting mechanism was believed to be the slowest step
between the surface chemical reaction and the diffusion-
controlled processes of the shrinking core model (Asim
et al. 2013; Baba et al. 2014; Yi et al. 2014).

Results
Effects of process parameters
Effect of particle size and agitation rate on iron dissolution
from Akwuke ore
The effects of ore particle sizes on iron dissolution rates
from Akwuke ore was investigated at room temperature
while varying the particle sizes from 45 μm, 75 μm, 150
μm, 300 μm, and 600 μm. Other experimental conditions
such as agitation rate and reaction time were kept constant
at 490 rpm and 240 min, respectively. Experimental results
in Fig. 1 showed that the iron dissolution rate from Akwuke

Table 1 Independent variables and levels

Name Unit − 1 level + 1 level − alpha + alpha

Particle size μm − 45 600 − 69.94 714.94

Agitation rate rpm − 90 490 − 7.15 572.84

Table 2 Experimental design matrix with responses

Std. Particle
size
(μm)

Agitation
rate
(rpm)

Responses

Actual Predicted

1 45.00 90.00 78.02 73.84

2 600.00 90.00 78.21 76.27

3 45.00 490.00 72.08 72.49

4 600.00 490.00 70.04 72.70

5 69.94 290.00 69.03 71.38

6 714.94 290.00 74.07 73.25

7 45.00 7.16 73.06 77.07

8 45.00 572.84 76.08 73.59

9 45.00 290.00 84.99 86.26

10 322.50 290.00 85.05 86.26

11 322.50 290.00 86.11 86.26

12 322.50 290.00 88.08 86.26

13 322.50 290.00 87.09 86.26

Fig. 1 Effects of ore particle sizes on the dissolution rate of iron
from Akwuke ore
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ore increased from 78.4 to 83.2% at lower ore particle sizes
of 75 μm and 45 μm, respectively. The rate of iron dissol-
ution from Akwuke ore was also found to have decreased
at 150 μm (62.1%), 300 μm (57.2%), and 600 μm (43.3%).
The effects of agitation rates on the dissolution rates

of iron from Akwuke ore were examined at room
temperature in the ranges of 90–490 rpm under the fol-
lowing constant conditions of 45-μm particle size and
240 min reaction time. Results showed that the dissol-
ution rates of iron from Akwuke ore increased rapidly
with an increase in agitation to the optimum rates of
72.6% and 81.2% at 390 rpm and 490 rpm, respectively
(Fig. 2). The result in Fig. 2 indicates that the dissolution
rates at 90 rpm, 190 rpm, and 290 rpm were 41.1%,
46.8%, and 56.2%, respectively.

Kinetics of iron dissolution from Akwuke ore
The rate constants for the surface chemical reaction
process (Ks) as shown in Tables 3 and 4 were within the
ranges of 0.0019–0.0025 min¯1 and 0.0013–0.0022 min¯1

for the agitation rate and ore particle size, respectively.
Also, from Tables 3 and 4, the rate constants for the
diffusion-controlled process (Kd) were within the ranges
of 0.0016–0.0021 min¯1 and 0.0010–0.0020 min¯1 for
agitation rates and ore particle sizes, respectively. Obser-
vations made from the rate constants showed that the
rate-determining mechanism governing the dissolution
of iron from Akwuke ore favored the diffusion-
controlled process. The obtained R2 values were also in
support of the diffusion-controlled process as the rate-
determining mechanism. This was as the R2 values for
Kd were within the ranges of 0.995–0.998, while for Ks
it was within the ranges of 0.918–0.996 (Tables 3 and 4).
The experimental kinetic plots obtained at different
agitation rates and ore particle sizes are presented in
Figs. 3, 4, 5, and 6.

Discussion
UV analysis of Akwuke ore
The UV spectroscopy investigates the bonding structure
and organic nature of the Akwuke ore. The peak ranges
were from 200 to 1000 nm while four visible peaks were
observed from the UV spectrum of Akwuke ore as
shown in Fig. 7. The wavelength at maximum absorb-
ance (ʎmax) was observed at 253 nm and was indicative
of the charge transition in montmorillonites which was
within the ranges of 24–255 nm (Manoj and Kunjo-
mana, 2011). The charge transition could be attributed
to the migration of an electron to an oxo-ligand in the
Akwuke ore. The saturated absorbance in some mont-
morillonites with divergent scattering might be respon-
sible for the UV wavelength at 315 nm which shifted
downwards to 538 nm. The UV light absorbance in
Akwuke ore reduced at a higher wavelength (859 nm)
and might be due to a large conjugated system in the
Akwuke ore, which tends to shift the peak towards a
long wavelength (Fig. 7).

XRD analyses of Akwuke ore
The pattern of the XRD analysis of Akwuke ore in the
2Ѳ range at about 20–70° is presented in Fig. 8. Accord-
ingly, the elements in oxide form in Akwuke ore could
also be seen in Fig. 8. These elements with their corre-
sponding JCPDS file number includes Silicon oxide (42–
0022), aluminum oxide (46–1215), iron oxide (40–1139),
sphalerite (01–0792), and cassiterite (41–1445). The
presence of iron oxide (Fe2O3) indicated the possibility
of leaching out this compound (iron) from Akwuke ore.
The mineralogical composition of Akwuke ore also
showed the presence of a siliceous mineral in the form
of Silicon oxide otherwise known as quartz (Fig. 8). The

Fig. 2 Effects of agitation rates on the dissolution rate of Iron from
Akwuke ore

Table 3 Rate constants and R2 at different agitation rates

Agitation
rates (rpm)

Surface chemical Diffusion controlled

Ks (min¯1) R2 Kd (min¯1) R2

90 0.0025 0.918 0.0021 0.995

190 0.0023 0.981 0.0022 0.998

290 0.0022 0.974 0.0020 0.987

390 0.0018 0.973 0.0017 0.978

490 0.0019 0.970 0.0016 0.976

Table 4 Rate constant and R2 at different ore particle sizes

Particle
sizes (μm)

Surface chemical Diffusion controlled

Ks (min¯1) R2 Kd (min¯1) R2

45 0.0013 0.994 0.0010 0.997

75 0.0014 0.995 0.0013 0.998

150 0.0018 0.995 0.0015 0.998

300 0.0019 0.995 0.0017 0.998

600 0.0022 0.996 0.0020 0.998
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structural packing of the Akwuke ore layer arrangement
was also investigated using the XRD analysis. Results de-
duced showed that silicon oxide and cassiterite existed
in tetragonal sheet arrangements. Iron and sphalerite
existed in the hexagonal sheet arrangements while
aluminum oxide existed in the orthorhombic sheet
arrangement.

FTIR analysis of Akwuke ore
Since the inorganic nature of the Akwuke ore is known
to be embedded with metal oxides, the FTIR spectros-
copy was used to study the functional groups of these
metallic oxides. The FTIR spectrum of Akwuke ore is
presented in Fig. 9, and it ranges from 3460 to 457 cm¯1.
The peak at the vicinity of 3460 cm¯1 was indicative of
the characteristics vibration of the OH stretching in sili-
cates and water compounds. This vibration is similar to
3406.30 cm¯1 observed from the FTIR spectrum analysis
of azaraegbelu clay ore (Ohale et al. 2017) and was

attributed to the OH stretching in most silicates (Ohale
et al. 2017). The band at 1583.93 cm¯1 was due to the
CO3 stretching of calcite, which was indicative of hector-
ite (Madejova and Komadel, 2001). The peak at 1098.36
cm¯1 was assigned to the Si–O stretching of cristobalite
in montmorillonite. The Si–O stretching vibration was
observed at 801 cm¯1 and was indicative of silica. Also,
the Si–O deformation of feldspar in palygorskite ap-
peared at 457 cm¯1 (Fig. 9).

Scanning electron microscope (SEM)
The surface morphologies of the investigated Akwuke
ore at three different particle sizes are shown in Fig. 10.
The micrographs were captured at 6 μm, 20 μm, and 60
μm. At 6 μm in Fig. 10a, the micrograph shows a rough,
porous, and spherical surface. The porous and rough
surface could be due to the natural weathering process,
which was intense in the area where the ore was located.
There was no much difference between the 20 μm and
60 μm SEM micrographs (Figs. 10b, c) as both showed

Fig. 3 Plot of 1 − (1 − X)1/3 versus dissolution time at different
agitation rates

Fig. 4 Plot of 1 − (1 − X)1/3 versus dissolution time at different ore
particle sizes

Fig. 5 Plot of 1 − 2
3 X − ð1 − XÞ23 versus dissolution time at different

agitation rates

Fig. 6 Plot of 1 − 2
3 X − ð1 − XÞ23 versus dissolution time at different

ore particle sizes

Ani and Chukelu Bulletin of the National Research Centre          (2020) 44:151 Page 5 of 12



filamentous and irregular edges, which was identical
with hematite (Baioumy et al. 2013).

Effect of particle size and agitation rate on iron
dissolution from Akwuke ore
The finer grind of ore particles produced at 45 μm and
75 μm may have allowed the alkali to penetrate the in-
ternal pores of the ore, contributing to an increase in
the iron dissolution rate (Fig. 1). Also, previous studies
reported that the finer ore particles produced at lower
particle sizes provided an increased surface area to alka-
line volume ratio, which enhanced the dissolution rate

(Nadeem et al. 2014; Madakkaruppan et al. 2016; Seyed
and Azizi, 2018).
The observations made from the particle size effect

further indicated that the coarse nature of the ore parti-
cles might not be suitable for the iron dissolution. The
findings of this study indicated that increasing the ore
particle size reduced the dissolution rate of iron from
Akwuke ore and was in strong agreement with previous
works on the dissolution process of metallic oxides from
ores (Baba et al. 2012; Jianrong et al. 2016; Madakkaruppan
et al. 2016; Adekola et al. 2018).
However, the 490 rpm and 390 rpm agitation rates

might have permitted a homogenous mixing of the

Fig. 7 UV-visible spectroscopy of Akwuke ore

Fig. 8 XRD pattern of Akwuke ore with identified elements
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Fig. 9 FTIR analysis of Akwuke ore

Fig. 10 a–c SEM analysis of Akwuke ore at particle sizes of a 6 μm, b 20 μm, and c 60 μm
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alkaline solution with the reacting ore particles, which
resulted in a higher dissolution rate (Fig. 2). Also,
Madakkaruppan et al. (2015) reported that the increase
in agitation rate enhances reagent diffusion to the sur-
face of the reacting ore particle resulting in improved
dissolution and process kinetics.

Comparative fitness of the kinetic models
The rate-determining mechanism between the surface
chemical and diffusion-controlled processes of Eqs.
(5) and (6), respectively, was further investigated. This
was done by plotting the experimental conversion
values (Xexp) and model calculated conversion values
(Xcal) for both processes as shown in Fig. 11a, b. The
degree of correlation between the experimental and
calculated conversion values was judged from the R2

values in Fig. 11a, b. It can be seen from Fig. 11a that
the diffusion-controlled process gave a good correl-
ation between the experimental and calculated con-
version values with R2 value of 0.977 when compared
to the surface chemical process with R2 value of
0.882 in Fig. 11b. Similarly, in the kinetics of chro-
mium dissolution from Philippine chromite ore, Chen
et al. (2013) reported that the diffusion process gave
a better straight line with a relatively good fit (R2 >
0.98). The criteria for evaluating the fitness of the
kinetic models to experimental data was also investi-
gated using the RMSE tool. The RSME values for
both the diffusion-controlled and surface chemical
processes are shown in Fig. 11a, b. Observations
made indicated that the RSME value for the
diffusion-controlled process was less than 5% while it
was greater than 5% for the surface chemical process.
These results further validate the diffusion-controlled
process as the rate-limiting and suitable mechanism
for the iron dissolution process from Akwuke ore.

Analysis of variance (ANOVA)
Examining the ANOVA of the quadratic model in Table 5,
it was found that the p value of the model term AB was in-
significant (p > 0.05). The insignificant term was removed
from the model (Eq. (7)) to obtain a significant model equa-
tion (Eq. (8)) that contains only the significant variables
(Ferdowsi and Yoozbashizadeh, 2017). The significant
model of Eq. (8) was used to investigate the effects and in-
teractions of the agitation rate and ore particle size on the
rate of Iron dissolution. The model p value of 0.0003 indi-
cated the statistical significance of the quadratic model in
predicting the iron dissolution rate (Table 5). The model
with an R2 value of 0.888 implies that 88.8% of the iron dis-
solution process was explained by the model. The R2 value
of 0.888 was also in good conformance with the predicted

Fig. 11 a, b Correlations between experimental and calculated conversion values

Table 5 ANOVA for response surface quadratic model

Source Sum of
Squares

df Mean
Square

F Value p value
Prob > F

Model 502.13 5 100.43 10.97 0.0003 Significant

A-Particle size 3.48 1 3.48 0.38 0.0069

B-Agitation
rate

12.1 1 12.1 1.32 0.008

AB 1.24 1 1.24 0.14 0.724

A2 338.45 1 338.45 36.98 0.005

B2 207.77 1 207.77 22.7 0.002

Residual 64.07 7 9.15

Lack of Fit 56.97 3 18.99 10.7 0.22 Non-significant

Pure error 7.1 4 1.78

Cor total 566.2 12

Std. Dev. 3.03 R2 0.888

Mean 78.61 Adj R2 0.806

C.V. % 3.85 Pred R2 0.869

Press 416.24 Adeq precision 7.241
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and adjusted R2 values of 0.869 and 0.806, respectively
(Table 5). The closeness of the R2 values further indicated
the suitability of the quadratic model in explaining the rela-
tionship between the rate of Iron dissolution and the inde-
pendent variables of agitation rate and ore particle size (Ani
and Ochin, 2018). The adequacy of the model was also
confirmed through the mode lack-of-fit test. The model
non-significant lack-of-fit (0.22) implies a good fit of the
proposed model (Ani et al. 2018). The model adequate
precision of 7.241 indicated a proper signal to noise
ratio of the model as it was greater than 4 (Ferdowsi
and Yoozbashizadeh, 2017; Zhang et al. 2010).
Model equation

%ð Þ dissolution ¼ þ65:43001þ 0:063714A

þ0:076334B − 1:00450E

− 005AB − 9:05787E − 005A2

− 1:36628E − 004B2

ð7Þ
Significant model equation

%ð Þ dissolution ¼ þ65:43001þ 0:063714A

þ0:076334Bþ 9:05787E − 005A2

− 1:36628E − 004B2

ð8Þ

Numerical optimization of the process variables
The optimization process aims to predict the optimum
values of the independent variables of the agitation rate
and ore particle size. However, at the predicted optimized
values, a maximum iron dissolution rate was achieved.
The ranges of variables and goals with weight and import-
ance were properly placed as shown in Table 6. The
optimization process using Design Expert 7.0 predicted
the optimum agitation rate and particle size of 366.00 rpm
and 48.00 μm, respectively. At these optimized values, a
maximum iron dissolution rate of 86.35% was obtained
from Akwuke ore (Table 6). The optimized particle size

value of 48.00 μm was also in conformance with previous
studies that reported that the reduction in ore particle
size to a finer grain enhanced the dissolution process
(Baba et al. 2012; Asim et al. 2013; Chen et al. 2013;
Madakkaruppan et al. 2016). The optimized iron dis-
solution rate of 86.35% was further validated experi-
mentally using the optimized values of 366.00 rpm
and 48.00 μm for agitation rate and particle size, re-
spectively. The result shows that the iron dissolution
rate of 82.3% was obtained after the experimental val-
idation. This value was close enough to the predicted
value of 86.35%, which confirmed the adequacy of the
quadratic model.

Diagnostic and response surface plots
The confirmation of the model validity was evident as
the normal probability plot in Fig. 12 shows a straight
line. This indicates that the residual plots were properly
aligned to the model fitted regression line. The inter-
active influences of the particle size and agitation rate
on the iron dissolution from Akwuke ore were investi-
gated. The significant model of Eq. (8) was used to con-
struct the 2D contour and 3D response surface plots in
Figs. 13 and 14. The lines of the 2D contour plot in Fig.
13 indicated a particular response (iron dissolution) ob-
tained from the interactive effects of the ore particle
size and agitation rate. The contour lines indicated that
a maximum iron dissolution rate of 84.04% was ob-
tained from Akwuke ore. Fig. 14 shows the 3D response
surface plot of the iron dissolution process from
Akwuke ore as a function of ore particle size and agita-
tion rate. It was evident from the 3D surface plot that
the increase in agitation rate and reducing the ore par-
ticle size gave a better iron dissolution result. This was
as the surface curve increased towards the increase in
agitation rate and decreased towards the ore particle
size (Fig. 14).

Conclusion
In this study, the iron dissolution process from Akwuke
ore was investigated and the following conclusions were
drawn.

Table 6 Numerical Optimized solutions and values for the quadratic model

Name Goal Lower Upper Weight Weight Importance

Limit Limit

Particle size Is in range 45 600 1 1 3

Agitation rate Is in range 90 490 1 1 3

(%) dissolution Maximize 69.03 88.08 1 1 3

Solutions

Number Particle size Agitation rate (%) dissolution Desirability

1 48.00 366.00 86.35 0.909 Selected
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Fig. 12 Normal probability plot of residual

Fig. 13 Interactive 2D contour response surface plot for ore particle size and agitation rate
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� The characterization of Akwuke ore by XRD
showed the presence of iron oxide, silicon oxide, and
aluminum oxide while the FTIR result indicated the
presence of hectorite and montmorillonite.

� Under the process conditions of ore particle size of
45 μm and agitation rate of 490 rpm, the dissolution
rate of iron from Akwuke ore was 82.2% and 81.2%,
respectively.

� The kinetic analysis supported the diffusion process
of the shrinking core model as the rate-determining
mechanism governing the iron dissolution process
from Akwuke ore.

� The quadratic model of the CCD was used to model
the iron dissolution process while the numerical
optimization process of the CCD predicted a
maximum iron dissolution rate of 86.35% with
agitation rate and ore particle size of 366.00 rpm
and 48 μm, respectively.
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