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Abstract
The increasing demand for pure aluminum and aluminum compounds of industrial quality from kaolinite ore cannot be
overemphasized. Nigeria is one of the African countries endowed with abundant solid mineral resources that have not been
sufficiently exploited to assist its indigenous industries. A wide array of applications of pure aluminum and its compounds are
available, such as paper filling, refractories, adsorbent, catalysis, and paint additives. In this study, the upgrading of a Nigerian
biotite-rich kaolinite ore by a hydrometallurgical route was investigated in oxalic acid media. During leaching studies, the effects
of parameters including reaction temperature, lixiviant concentration and particle size on the extent of ore dissolution were
examined. At optimal conditions (1.0 mol/L C2H2O4, 75 °C), 92.0% of the initial 10 g/L ore was reacted within 120 min. The
dissolution curves from the shrinking core model were analyzed and found to conform to the assumption of surface diffusion
reaction, and the calculated activation energy of 33.2 kJ/mol supported the proposed model. The unreacted product (~8.0%)
analyzed by XRD was found to contain siliceous impurities and could serve as a valuable by-product for certain industries.
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1 Introduction

Recent years have seen increasing demand for pure aluminum
and aluminum compounds of industrial value from kaolinite
ore and varieties [1–3]. Kaolinite (Al2Si2O5(OH)4) made of
silica (SiO4) tetrahedral sheets and gibbsite (AlO2(OH)4) oc-
tahedral sheets with a 1:1 alternating arrangement, is an im-
portant industrial mineral with unique properties that include

small surface area, low cation exchange capacity, platelet par-
ticle structure, and inertness [4–6]. These properties make it
suitable for numerous industrial applications, particularly as
paper filling and coating, refractories, ceramics, extender, ce-
ment, catalysis, adsorbents, paints, plastics, rubber and for
other defined polymeric uses [7]. In all of these, the extent
of whiteness and brightness indexes are the most important
parameters for specific consideration of the suitability of pure
kaolinite for various industrial applications.

However, continuous efforts are needed to improve the ore
whiteness index by removing the proximate impurities that
may have an adverse effect on its industrial usage. For exam-
ple, depending on the nature of kaolinite variety, impurities
which often have an adverse effect on industrial ore quality
and thus must be treated include quartz, anatase, feldspar and
iron [8]. These are expressed as segregate phases or combined
in the kaolinite lattice. Of these impurities, iron often consti-
tutes the major impurity in the kaolin ore body. Iron can be
removed by several methods such as physical separation: flo-
tation or magnetic separation, or by leaching with suitable
leachants including organic/inorganic acids. For example, hy-
drochloric acid (HCl), oxalic acid (C2H2O4), sodium
dithionite (Na2S2O3) and phosphoric acid (H3PO4) are widely
used in kaolinite ore processing to improve its industrial utility
[9]. Titanium dioxide, the second most common mineral
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impurity found in kaolin, usually occurs in three modifica-
tions: anatase, brookite and rutile [10]. Researchers have fo-
cused on alternative routes of purification via bioleaching pro-
cesses using heterotrophic bacteria such as Thiobacillus
ferrooxidans [11–13]. However, there are many unresolved
problems regarding the fitness of such processes for industrial
use due to the microorganisms and the contaminants that may
be associated with it. For this reason, and because of its
bleaching power, oxalic acid is efficient and a better candidate
for removal of iron and other impurities from the kaolin ore
body, and is currently applied to improve the whiteness index
for added industrial value [14]. This leachant has been found
to moderately enhance the intercalation and attrition of the
substrates at defined optimal leaching conditions, in terms of
porosity, surface area and number of active sites [15].

Therefore, in light of the high bleaching strength of oxalic
acid leachant, and given the limited data currently available
regarding its use in the treatment of Nigerian kaolin ore vari-
eties [16] for added industrial value, this study was initiated to
explore its potential use. Biotite-rich kaolinite ore is widely
distributed with proven reserves in some Nigerian states, with
few efforts toward mining it for metallurgical uses thus far.
Thus, it is our hope that the data obtained in this study will be
utilized for predicting a possible pathway for upgrading the
ore for defined industrial applications.

2 Materials and Method

2.1 Materials

The biotite-rich kaolinite ore used for this investigation was
sourced from Nane Didan Bundugu area (longitudes
12°03 46.5 N and latitudes 06°29 77 E), Zamfara State,
Nigeria. The ore was ground and sieved using the American
Standard Test Method (ASTM) to four particle sizes: −75 +
45 μm, −90 +63 μm, −112 +90 μm and − 134 +107 μm. The
finest particle size of −75 +45 μm, assumed to have a larger
surface area unless otherwise stated, was used for all the dis-
solution experiments in this study. Deionized water was used
to prepare all aqueous solutions.

2.2 Physicochemical Tests

2.2.1 Moisture Content (MC)

In the assessment of dryness or otherwise, 5.0 g of biotite-rich
kaolinite ore was weighed into a crucible and oven-dried for
5 h. The sample was removed and transferred immediately
into the desiccator to cool in order to prevent atmospheric
moisture interference. The ore was re-weighed and the differ-
ence in weight was recorded. TheMC tests were carried out in
triplicate and the results were averaged [17].

2.2.2 Loss of Mass on Ignition (LOMOI)

In this test, 5.0 g of the ore was weighed into a crucible and
kept in a muffle furnace for 2 h. The crucible was removed and
transferred into a desiccator to cool, and the sample was re-
weighed. The test was performed in triplicate, as the results
taken as percentage LOMOI [17].

2.2.3 pH Determination

Twenty grams of the finest particle size (−75 +45 μm) was
dissolved in distilled water and thoroughly stirred. The pH
of the aqueous suspension was determined using a HANNA
Model 215 pH meter. Measurement of the pH of the aqueous
suspension was also carried out in triplicate [17].

2.3 Leaching Procedure

Leaching experiments were conducted in a 600ml Pyrex glass
reactor equipped with a thermometer to control the tempera-
ture and a stirrer to homogenize the solution. A 10 g/L sample
of the pulverized ore was added to the prepared solution at a
predetermined leachant concentration at a specified tempera-
ture. The fraction of ore dissolved with respect to the mass of
the sample was varied at various time intervals (5 to 120 min)
and at various oxalic acid (C2H2O4) concentrations (0.1–
1.5 mol/L). The leaching solution withdrawn was filtered
and analyzed. The loss in weight of the sample during
leaching was calculated by the difference, and the amount of
aluminum in the leachate was spectrophotometrically deter-
mined; iron and other metals present in the leach liquor were
estimated using a Buck Scientific Accusys 211 atomic absorp-
tion spectrophotometer. The concentration that gave the
highest fraction dissolved was used for the optimization of
other parameters including reaction temperature and particle
size variations. Also, from the relevant Arrhenius relations,
the activation energy, Ea, and Arrhenius constants were ob-
tained to gain a better understanding and prediction of the
dissolution mechanism for subsequent use in solvent extrac-
tion investigations [18]. The residual product at optimal
leaching conditions was analyzed using X-ray diffraction
(XRD), energy-dispersive X-ray spectroscopy (EDS) and
scanning electron microscopy (SEM) analyses for material
purity tests. The leaching process previously reported is con-
sistent with the following stoichiometry [19, 20]:

During the ore dissolution, oxalic acid (C2H2O4) dissoci-
ates to produce bi-oxalate ion (HC2O4

−):

C2H2O4→Hþ þ HC2O4
−; ð1Þ

and thus releases the oxalate ion (C2O4
2−):

HC2O4
−→Hþ þ C2O4

2−; ð2Þ
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forming bi-oxalate ion, which reacts and possibly masks iron
and other impurities (Eq. 3) in the solution, leaving aluminum
ion as the major species.

Fe2O3 þ Hþ þ 5HC2O4
−→2Fe C2O4ð Þ22− þ 3H2Oþ 2CO2 ð3Þ

3 Results and Discussion

3.1 Physicochemical Studies

The percentage of the ore moisture content gave 0.53 ±
0.041%. This result is in good accord with some other
literature values. However, this value is lower than
those from Rio Maior and Somical, Portugal, where
their humidity content yielded 1.60 and 0.77%, respec-
tively. The difference in data from the two Portuguese
cities (Rio Maior and Somical) compared with the value
obtained in this study could be due to the nature of the
ore, topography, or environmental or geographical con-
ditions [15, 17].

The resulting percentage weight of the volatile com-
pounds in the biotite-rich kaolinite mineral after ignition
was 13.3 ± 0.01%, almost the same as samples from the
two Portuguese cities (Rio Maior and Somical), where
13.21% was recorded as the percentage LOMOI [17,
21].

The pH value of the aqueous suspension recorded for the
ore under study was 6.05. This showed that the surface of the
ore body is slightly acidic. Similarly, pH 5.35 and 4.50 were
previously obtained from other ore sources [17].

3.2 Ore Characterization

The chemical analysis of the biotite-rich kaolinite ore,
as examined using a PANalytical MiniPal energy disper-
sive X-ray fluorescence spectrometer, gave SiO2

(23.98%), Fe2O3 (8.59%), Al2O3 (3.76%), K2O
(2.59%) and MnO2 (0.03%), respectively. As examined
by EDS, the raw ore gave oxygen (42.34%), aluminum
(2.62%), silicon (13.44%), iron (1.97%), and carbon
(38.61%), with sulfur and titanium occurring from low
to minute levels (≤ 1%). The XRD results showed that
kaolinite (Al2.00Si2.00O9.00: 96-900-9231), biotite
(Mg6.55Fe3.46Al5.29Ti1.34Si11.36K4.00O48.00: 96-900-0844)
and quartz (Si3.00O6.00: 96-900-9667) were the major
compounds present in the ore. Other compounds detect-
ed in low to trace levels (≤1%) were rutile (TiO2: 14-
85450-1667) and hematite (Fe2O3: 71-1460-2841). The
parent ore structure was examined with an FEI Nova
NanoSEM 230 analyzer equipped with an emission
gun at 5000 magnification, which confirmed that the
kaolinite ore under study consisted of large particles
stacked together to form agglomerates (Fig. 1) [22].

Fig. 1 SEM micrograph of raw biotite-rich kaolinite mineral
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3.3 Leaching Investigations

3.3.1 Effect of Leachant Concentration

The effect of oxalic acid (C2H2O4) concentration on the extent
of the biotite-rich kaolinite ore reacted was studied within an
acid range of 0.1–1.5 mol/L at 55 °C. The amounts of the ore
reacted with different oxalic acid concentrations at different
leaching times are shown in Fig. 2.

Conditions:[C2H2O4] = 0.1–1.5 mol/L, reaction tempera-
ture = 55 °C, particle size = −75 +45 μm.

As summarized in Fig. 2, the fraction of the ore
reacted increased with increasing acid concentration.
For example, with 0.1 mol/L and 1.0 mol/L C2H2O4

solution, the extent of ore dissolution reached 19.0%
and 59.0% within 120 min at 55 °C. However, the extent
of the ore dissolution decreased from 59.0% to 56.0%
with increasing lixiviant concentration from 1.0 mol/L
to 1.5 mol/L at defined conditions. The possible reason
for this decrease in the amount of the ore reacted could
be precipitation phenomena at higher oxalic acid

strengths [23, 24]. Thus, 1.0 mol/L C2H2O4 was record-
ed as optimal leachant concentration and was subse-
quently used for optimization of other leaching parame-
ters in this study.

3.3.2 Effect of Reaction Temperature

In this section, the experiments were carried out in a temperature
range of 25–75 °C using the ore sample with the finest particle
size (−75 +45 μm) and 1.0 mol/L oxalic acid concentration at a
moderate rate of stirring (300 rpm). An appropriate plot was
made from the experimental data, as summarized in Fig. 3.

Figure 3 shows that the extent of the ore reacted increased
with increasing reaction temperature. For example, the extent
of the ore dissolution for 25 °C and 75 °C was 27.0% and
92.0% within 120 min, respectively. The fraction of the ore
reacted was more sensitive to reaction temperature between 65
and 75 °C, as there could be a rapid formation of layers on the
particle surface, altering leachant penetration to the reactive
region at lower temperatures [25].
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3.3.3 Effect of Particle Size

The experiments were conducted using three different particle
size ranges, namely −75 +45 μm, −90 +63 μm, and − 112 +
90 μm, while two other parameters were kept constant: tem-
perature at 75 °C and oxalic acid concentration at 1.0 mol/L.
The effect of particle size on the fraction of ore reacted is
illustrated in Fig. 4, which demonstrates that the dissolution
rate increased with decreasing ore particle size under the op-
timal conditions.

Figure 4 demonstrates that with −75 +45 μm, −90 +
63 μm and − 112 +90 μm, the fraction of the biotite-rich
kaolinite ore reacted at 75 °C with 1.0 mol/L C2H2O4

solution was 92.0%, 88.0% and 82.3% within 120 min,
respectively. It is obvious that the ore with finest particle
size, which was assumed to have a larger surface area,
reacted significantly more than other two particle sizes.
These results confirm those of other studies showing that
increased particle size resulted in a decrease in the disso-
lution rate, which was attributed to the decrease in contact
mass with the larger particle size [26, 27]. At optimal
conditions (75 °C, 1.0 mol/L C2H2O4), the metal species

in the leach solution for the dissolution of 10 g/L ore
during 120 min reaction gave 1564.7 mg/L Al3+,
123.4 mg/L Fe3+, 70 mg/L Mn2+ and 17.6 mg/L Ti2+,
respectively. Other metal ion species detected (Ca, Mg)
occurred in low to trace amounts (≤1 mg/L). The treatment
and purification of this solution with appropriate
extracting agents will be reported in due course.

3.4 Discussion

3.4.1 Kinetic Analysis

Following the above dissolution data, the possible path-
ways for elucidating the exact mechanism for the defined
ore leaching reactions are often based on key factors in-
cluding stoichiometry, rate constant, reaction order, activa-
tion energy and data correlation [28]. In heterogeneous
leaching reactions, for example, there are two prominent
reaction steps on which the overall mechanism relies: film
diffusion to the surface of the particle, and diffusion
through the product layer.

0

0.2

0.4

0.6

0.8

1

0 20 40 60 80 100 120

Fr
ac

tio
n 

of
 b

io
tit

e-
ri

ch
 

ka
ol

in
ite

 d
iss

ol
ve

d

Leaching time (min.)

-75+45μm

-90+63μm

-112+90μm

Fig. 4 Fraction of kaolinite
reacted against leaching time for
different particle sizes

R² = 0.9576
R² = 0.8808

R² = 0.9013

R² = 0.9147

R² = 0.9179

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0 30 60 90 120

1-
3(

1-
X

)2/
3 +

2(
1-

X
)

Leaching time (min.)

0.1 mol/L

0.25 mol/L

0.5 mol/L

0.75 mol/L

1.0 mol/L

Fig. 5 Plots of 1 − 3(1 − X)2/3 +
2(1 − X) versus leaching time as a
function of leaching time.
Conditions: same as in Fig. 2

Mining, Metallurgy & Exploration (2019) 36:1091–1099 1095



However, irrespective of the dissolution pathway during
heterogeneous processes, several kinetic model mecha-
nisms have been mobilized to better understand the defined
dissolution pathways [29, 30]. Thus, in this study, attempts
were made to subject all experimental data obtained (runs
at different reaction temperatures and acid concentration)
to a shrinking core model (SCM) mechanism used in solid-
state reactions. The SCM assumes that the reaction prod-
ucts remaining in the solid phase form a layer of “ash” that
encloses the unreacted core. The equations of the shrinking
core model as previously proposed and used in this study
can be expressed as [31]:

1−3 1−Xð Þ2=3 þ 2 1−Xð Þ ¼ Kd:t diffusion controlled processð Þ ð4Þ
1− 1−Xð Þ1=3 ¼ Kc:t chemical reaction controlled processð Þ ð5Þ

X is the fraction of biotite-rich kaolinite ore reacted, t is the
reaction time, and Kd and Kc are the reaction rate constants.
The dissolution data in Figs. 2, 3, and 4 were appropriately
fitted into the shrinking core model Eqs. (4) and (5). It is
important to note that the dissolution data fitted perfectly with

model Eq. (4), with an average correlation (R2) value of
0.9576 as compared to an R2 value of 0.422 obtained with
Eq. (5) testing. Therefore, the dissolution process by oxalic
acid leachant in this study is apparently dominated by the
diffusion-controlled mechanism, and Eq. (4) was applied. To
estimate the reaction order, the dissolution data in Fig. 2 were
linearized with Eq. (4) as summarized in Fig. 5.

The diffusion rate constant (Kd) obtained from Eq. (4)
was used to construct the Arrhenius plot, lnKd versus ln
[C2H2O4]. The derived slope equivalent of 0.7603 from
Fig. 6, with a correlation coefficient of 0.976, reveals a
first-order dissolution relationship at defined leachant
concentrations.

The dissolution data in Fig. 3 were also linearized using Eq.
(4) to obtain the following plot (Fig. 7).

The slopes of Fig. 7 were assumed to be equal to the in-
verse of the completion time for the reaction of the entire
particle; therefore, at 75 °C, 92.0% dissolution was achieved
within a residence time of 2 h. Hence, to obtain the same yield
at 25 °C, the ore dissolution would require about 40 h of
treatment.
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In Fig. 8, appropriate plots of lnK versus 1/T were con-
structed, and the apparent activation energy was obtained
from the following relations:

K ¼ Aexp −
Ea
RT

� �
; ð6Þ

linearized as:

lnK ¼ lnAþ −
Ea
R

� �
1

T
; ð7Þ

K is the reaction rate constant, A is the pre-exponential
factor, Ea is the activation energy (kJ/mol), R is the gas con-
stant, and T is the reaction temperature.

The activation energy for the dissolution of the biotite-
rich kaolinite ore derived from Fig. 8 gave 33.2 kJ/mol,
which supported the proposed mechanism. From the liter-
ature, higher activation energy (≥ 40 kJ/mol) implies that
the mechanism is controlled by a chemical reaction, while
lower activation energy (≤ 40 kJ/mol) suggests a diffusion
reaction as the rate-controlling step [32]. Thus, it is appro-
priate to state that the dissolution pathway in this study
followed a diffusion control mechanism. Activation ener-
gy values of various kaolinite varieties from different
sources reported by other authors are summarized in
Table 1.

One can clearly see in Table 1 that the kaolinite ore sourced
from Nane Didan Bungudu (northern Nigeria) requires lower
energy for upgrade to industrial added value compared with
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Fig. 8 Arrhenius relation ln Kd
versus 1/T (K−1)

Table 1 Reported activation
energies of kaolinite ore
processing by acid leaching from
different sources

Origin Activation energy
(Ea), kJmol−1

Proposed mechanism References

Zacatecas (Mexico) 46.32 Chemical control Martinez-Luevanos
et al., 2011 [33]

Mongolia (China) 78.3 Chemical control Feng et al., 2014 [34]

Egbeda (Nigeria) 41.34 Chemical control Baba et al., 2015 [16]

Nane Didan Bungudu (Nigeria) 33.2 Diffusion control This study

AlC

O

Si

0 1 2 3 4 5 6 7 8 9 10
keVFull Scale 1459 cts Cursor: 10.125  (2 cts)

Spectrum 1Fig. 9 The EDS spectrum of the
C2H2O4-leached residue of the
biotite-rich kaolinite at optimal
conditions

Mining, Metallurgy & Exploration (2019) 36:1091–1099 1097



ore sourced from the western part of the country [16] and with
other ores sourced from different countries.

3.4.2 Residual Product Analysis

The elemental composition of the residual product at optimal
conditions demonstrated in Fig. 9 by EDS gave Al (5.82%), Si
(20.25%), O (53.04%) and C (20.88%). This result showed
that the undissolved species at optimal leaching examined by
XRD contain siliceous impurities: SiO2 (45-209-1788) with
traces of aluminum species (≤1%) detected.

The SEM pattern of the acid-leached residue at optimal
conditions (75 °C, 1.0 mol/L C2H2O4, −75 +45 μm) shown
in Fig. 10 reveals that the unreacted product exhibits a vermic-
ular shape with irregular bulk edges and surfaces that are
much smoother compared with the parent ore (Fig. 1) [35].
The surface characteristics of the residual product at optimal
conditions are summarized in Fig. 10, indicated as a, b, and c
spots, which confirmed the presence of Al, Si and O, respec-
tively [15].

4 Conclusion

The present study examined the dissolution rate of biotite-rich
kaolinite ore using C2H2O4 solution as the leachant. The effect
of reaction temperature, leachant concentration and particle
size on the extent of the ore dissolution was investigated.
The results obtained suggest that the dissolution rate increased
significantly with leachant concentration and reaction temper-
ature, and decreased with increasing particle size. At optimal

conditions, 92.0% of the initial 10 g/L ore reacted within
120 min, and the unleached product revealed by XRD and
EDS analyses contained siliceous impurities that could serve
as a by-product for some industries.

The dissolution data were also analyzed by shrinking
core models (SCM) and found to follow the diffusion con-
trolled reaction. The calculated activation energy of
33.2 kJ/mol supported the proposed reaction mechanism.
Hence, the results of this investigation reveal that oxalic
acid leachant is effective for upgrading a biotite-rich kao-
linite ore of Nigerian origin for industrial value. The pu-
rification of the leachate obtained at optimal leaching in
this study will be reported in due course.
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