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Influence of acid leaching and calcination on iron removal of coal kaolin
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Abstract: Calcination and acid leaching of coal kaolin were studied to determine an effective and economical preparation method of calcined
kaolin. Thermogravimetric—differential thermal analysis (TG-DTA) and X-ray diffraction (XRD) demonstrated that 900°C was the suitable
temperature for the calcination. Leaching tests showed that hydrochloric acid was more effective for iron dissolution from raw coal kaolin
(RCK), whereas oxalic acid was more effective on iron dissolution from calcined coal kaolin (CCK). The iron dissolution from CCK was
28.78wt%, which is far less effective than the 54.86wt% of RCK under their respective optimal conditions. Through analysis by using
Mdssbauer spectroscopy, it is detected that nearly all of the structural ferrous ions in RCK were removed by hydrochloric acid. However,
iron sites in CCK changed slightly by oxalic acid leaching because nearly all ferrous ions were transformed into ferric species after firing at
900°C. It can be concluded that it is difficult to remove the structural ferric ions and ferric oxides evolved from the structural ferrous ions.
Thus, iron removal by acids should be conducted prior to calcination.
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1. Introduction

Coal kaolin, coal gangue dominated by kaolin, is widely
deposited in China, and it is estimated that the amount up to
11.09 billion tons has been deposited in reserves [1]. Be-
cause coal gangue is generated simultaneously with the
production of coal, the strong demand for coal in China over
the last decades has resulted in a considerable increase in
coal gangue waste [2]. It has been estimated that 4.5 billion
tons of coal gangue are stockpiled at 1700 waste dumps oc-
cupying 15000 hectares of land [3]. Consequently, the waste
takes up large areas of land, which results in water and soil
pollution, soil erosion, and other environmental problems
[4-5]. The disposal of this coal wastes has turned out to be
an increasing economic and environmental burden because
of the increasing regulatory laws and the increasing costs of
landfill expenses [6].

To minimize the waste of resources and to protect the
environment, many researchers have focused on alternative
utilization of coal gangue. The main ingredients of coal
gangue are carbonaceous and clay minerals, which can be
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used as raw industrial materials. Beneficial uses of coal
gangue include power generation [7] and original substances
for construction materials such as cement, bricks, and con-
crete [8-9]. However, the utilization rate of coal gangue in
cement as an admixture is always lower than 15% because
of its weak cementitious capability [10]. In addition, a large
amount of valuable mineral resources such as SiO,, Al,Os,
Fe,0;, Ca0, and other oxides existing in the coal gangue
can be extracted as beneficial materials for value-added
products. Mesoporous Al,QOs, calcined kaolin/TiO, compos-
ite particle material (CK/TCPM), and porous ceramics have
been successfully synthesized from coal kaolin [11-13].

For large-scale utilization of coal gangue, kaolin products
have been examined by many researchers. When used for
kaolin products, the coal gangue must meet the required
thermal stability and whiteness [14]. Therefore, research has
been conducted on two procedures: calcination and iron re-
moval.

Cheng et al. [15] investigated the thermal transformation
of coal kaolinite by thermogravimetric analysis—mass spec-
trometry (TG-MS) and infrared emission spectroscopy.
Results show that after calcination, some kaolinite structures
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break down, and the iron-containing minerals are converted
to free oxides that impart color to the product. The mini-
mum brightness occurs from 500°C to 600°C for kaolin
samples, whereas a sharp improvement in optical properties
for all the samples from 1000°C to 1100°C agrees well with
the crystallization of mullite, as indicated by the XRD stud-
ies [16]. In addition, after calcining coal kaolin from Jiaozuo
at 900°C for 4 h with a 5wt% reducing agent and a 2wt%
chlorinating agent, the whiteness of the kaolin product in-
creased from 45.84wt% to 88.68wt% and satisfied the de-
mands for rubber filling and moderating paper coating [17].

The main contaminant in clay and kaolin minerals is iron,
which is negatively related to lightness [18]. Leaching stud-
ies have been performed for iron removal that employed
various chemicals such as oxalic acid, hydrochloric acid,
citric acid, carbohydrates, and ascorbic acid [19-21]. For
oxalic acid, Ambikadevi and Lalithambika [22] reported that
the optimum conditions required for achieving brightness >
80% are a temperature of 100°C, an oxalic acid concentra-
tion of 0.1 mol/L, and a reaction time of 90 min. Ox-
alic—sulphuric acid treatments showed better iron extraction
yields than that when sulphuric acid was used alone [21].
On the other hand, physical methods such as flocculation
and high-gradient magnetic separation also achieved good
performances [23-25].

In these methods, chemical processing to remove the
contaminated iron oxides from clay and silica minerals was
considered as the most cost-efficient method [26]. In the
present investigation, iron dissolution from coal kaolin by
hydrochloric and oxalic acids is studied before and after cal-
cination. Factors such as acid concentration, temperature,
reaction time, and solid-to-liquid ratio (S/L) are examined to
achieve reasonable conditions. The residues of coal kaolin
are characterized by XRD and *'Fe Mdssbauer spectroscopy
to probe the impacts of acid leaching and calcination on iron
removal and the phase of ferrum that were not presented in
previous studies and to provide insight into future coal kao-
lin processing.

2. Experimental
2.1. Raw materials

Raw coal kaolin (RCK) used in this study was obtained
from northeast China. The sample was crushed to pass
through a 0.074 um sieve for analysis, and moisture was
removed by placing the sample in a desiccator after drying
at 105°C and self-cooling. Table 1 shows that the chemical
and mineralogical compositions were tested by XRD and
inductively coupled plasma optical emission spectrometer
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(ICP-OES) analysis. It is evident that the major phases of
RCK are kaolinite and quartz minerals; however, the quan-
tity of iron present demonstrates that RCK is highly con-
taminated. The valence states of iron were tested by Beijing
General Research Institute of Mining and Metallurgy.

Table 1. Chemical and mineral characteristics of the coal
kaolin sample

Category Component Content / wt%
SiO, 36.75
Al,Oq 25.66
Fe,04 344
CaO 0.25
Chemical composition MgO 0.71
K,0 0.38
Na,O 0.24
TiO, 0.89
Loss on ignition* 31.24
Fe?* in RCK 71.86
Valence state of iron Fez: fn RCK 26.14
Fe"in CCK 17.39
Fe*"in CCK 82.61
. Kaolinite
Minerals
Quartz

Note: *—Calcining at a temperature of 900°C.

Hydrochloric acid (37wt%) was obtained by the Hang-
zhou Chemical Reagent Company. Other analytical grade
reagents including oxalic acid, sodium acetate, glacial acetic
acid, hydroxylamine hydrochloride, and phenanthroline
were obtained by Sinopharm Chemical Reagent Co., Ltd.

2.2. Thermal analysis

To observe the changes in the physical properties of RCK
during thermal treatment, the RCK sample was placed in an
STA449 F3 thermal analysis system for TG-DTA. The
10-mg sample underwent thermal treatment with a linear
heating rate of 10°C/min, from 20°C to 1300°C, in a flow-
ing air atmosphere (60 mL/min). Typical temperature points
of 600, 700, 800, 900, 1000, 1100, and 1200°C were se-
lected to analyze the mineral composition by calcining coal
kaolin with a muffle roaster. Each sample was heated for 2 h
and then cooled down in a dryer.

2.3. Leaching studies

As indicated in Table 1, due to calcination the Fe** and
Fe?" contents resulted in significant differences in RCK and
calcined coal kaolin (CCK). Iron leaching tests were con-
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ducted by two different methods. The first method involved
the use of hydrogen chloride to leach iron from RCK, and
the other involved the use of oxalic acid to leach iron from
CCK.

Leaching tests were conducted in a 50-mL glass beaker
that was placed on a magnetic hot plate for heating and stir-
ring. The speed of agitation was constant to ensure suspen-
sion of the particles. The leaching agents were prepared at
desired concentrations by dissolving known masses or vol-
umes of acids in distilled water. Thus, the variables that af-
fect coal kaolin bleaching and iron leaching are temperature,
acid concentration, S/L, and duration of the process.

2.4. Characterization and evaluation

The iron leached from the kaolin was measured by using
the 1, 10-phenanthroline colorimetric method. Other ele-
ments including Si and Al were tested according to the
China Standard: GB/T 14563—2008 specification and test
method of kaolin clay. X-ray analysis was performed by the
Rigaku D/Max-2550pc powder diffractometer, using Cu K,
(4 = 0.154059 nm) radiation at 40 kV and 250 mA. The
scans were run from 5° to 85.0° (26), with an increasing step
size of 0.02° and a scan rate of 5°/min. Data were processed
by using MDI-Jade version 7.0 software.

*Fe Méssbauer spectra were recorded at room tempera-
ture with a standard constant acceleration spectrometer by
using a >’Co/Pd source. The velocity scale (10 mm/s) was
calibrated with a standard o-Fe foil, and all isomer shifts
were given with respect to the center of the a-Fe spectrum.
The 1.5-g samples were placed in a 2-mm-thick holder and
were prepared as absorbers. The entire spectral Mdsshauer
parameters were fitted to Lorentzian lines by a least-squares
method that used the 1SO fit programme [27]. The various
phases of iron in the samples were determined by comparing
the Mdssbauer parameters with the previous results [28-31].
Quantitative phase identification of iron in the samples was
calculated with reference to the Huffman method [28].

3. Results and discussion
3.1. Mineral and thermal characterization

The weight loss TG-DTA curves as the functions of the
temperature of RCK are illustrated in Fig. 1. In the first
stage of the endothermic reaction, the mass loss from 20°C
to 100°C was 3wt% because of the loss of surface water,
bound water, and void water. From 100°C to 275°C, a net
weight gain of 1wt% was recorded, which is attributed to
oxygen chemisorptions occurring prior to the onset of com-
bustion [32]. The second stage from 275°C to 654°C was

exothermic and showed a significant mass loss of up to
29wit% of the sample. The mass of the sample then became
stable. This major mass loss and intense exothermicity is
because of the combustion of organic matter and carbon.

100 2.0

95 1.5
1.0 T,
] N E
= 05 =z
= 85 =
o =
80 . =
-0.5 Eg
75 -1.0
?{’) 1 1 1 1 1 1 oL 5
0 200 400 600 800 1000 1200
Temperature / °C
Fig. 1. Thermogravimetric—differential thermal analyzer

(TG-DTA) curves of coal kaolin under air atmosphere.

Fig. 2 shows that the structure lost its crystallographic
order between 500°C and 900°C when compared with RCK,
the mineral phases of which are kaolinite, quartz, and dickite.
Moreover, new diffraction peaks occurred because of the
generation of crystals such as hematite and silicon. The
dominant mineral in RCK altered to metakaolin. Dehy-
droxylation continued up to 963°C, and the gradual oxola-
tion of the metakaolin generated a complex amorphous
structure of aluminum-silicon spinel (SisAl;01,) [33]. These
reactions contributed to a weak endothermic effect. With an
increase in temperature, an inconspicuous exothermic effect
reappeared because the amorphous substance nucleated and
formed mullite (3Al,05:2Si0O;) crystals and highly crystal-
line cristobalite (SiO,). However, the formation of these
minerals is a disadvantage to the product of calcined kaolin.
Therefore, the coal kaolin calcined at 900°C was selected
for leaching with oxalic acid.

3.2. Leaching RCK by hydrochloric acid

Previous orthogonal experiments indicated that hydrogen
chloride was more suitable for leaching iron from RCK.
Leaching tests with RCK by hydrochloric acid were con-
ducted with various acid concentrations, reaction tempera-
tures, time, and S/L. The effect of one factor on iron re-
moval was obtained while keeping other factors constant.
Fig. 3(a) shows the effect of acid concentration on iron dis-
solution while maintaining 20°C for2 handan S/Lof 1 g :
4 mL. It was observed that with the increase of acid concen-
tration, the dissolution of iron increased until the acid con-
centration was 2.0 mol/L. Beyond this concentration, the
effect was less significant. Thus, the iron leaching rate of
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48.43wt% was achieved as the maximum value. It can be higher cost and does not always lead to better performance
suggested that an increase in hydrochloric acid results in of the iron leaching rate.
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Fig. 3. Effects of hydrochloric acid on iron dissolution from raw coal kaolin (RCK): (a) effect of acid concentration at 20°C and an
S/L of 1 g : 4 mL for 2 h; (b) effect of temperature at 2.0 mol/L and an S/L of 1 g : 4 mL for 2 h; (c) effect of reaction time at 2.0
mol/L, 40°C, and an S/L of 1 g : 4 mL; (d) effect of S/L at 2.0 mol/L and 40°C for 2 h.



P.W. Zhu et al., Influence of acid leaching and calcination on iron removal of coal kaolin

Fig. 3(b) illustrates the increase in the iron leaching rate
with an increase in temperature. The constant factors were
2.0 mol/L hydrochloric acid, 2 h, and an S/L of 1 g : 4 mL.
Results show the dissolution of iron was slow and varied
between 40°C and 60°C. Two stages of rapid increase in the
iron leaching rate were observed including that from 20°C
to 40°C and from 60°C to 80°C. These results indicate that
the increased temperature contributes to a swelling effect
within the internal structure of RCK, which improves the
reaction activity of the iron leaching. However, the compo-
nent analysis of the leaching residues indicates that aluminum
dissolution at 60°C is 6.47wt%, which is significantly higher
than 1.07wt% corresponding to that of 40°C. These condi-
tions are harmful to the kaolin product; therefore, 40°C was
selected for the temperature in the following leaching tests.

Fig. 3(c) shows the dissolution of iron at various times
with 2.0 mol/L hydrochloric acid at 40°C andan S/L of 1 g :
4 mL. During the first half of the experiment time, the dis-
solution of iron increased rapidly, and a maximum iron
leaching rate of 53.1wt% at 2 h was achieved. The slow de-
crease in iron leaching rate indicates that the particle surface
may have been blocked by a product layer. It can be con-
cluded that 2 h is suitable for iron leaching from RCK by
hydrochloric acid.

Changes in the S/L had a limited effect on the dissolution
of iron from RCK, as shown in Fig. 3(d). Tests were con-
ducted under the conditions of 2.0 mol/L hydrochloric acid
at 40°C with a 2 h reaction time. In the range from 1 g : 2
mL to 1 g : 6 mL, the dissolution of iron had a small change
within 6wt%. However, the iron leaching rate affected by
S/L appeared to show a clear trend, such that the dissolution
of iron increased with S/L after the first cut increased. When
S/L was 1 g : 3 mL, the maximum iron leaching rate was
54.86wt%.

In this work, suitable conditions for the RCK iron leaching
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process were achieved, which are 2.0 mol/L hydrochloric
acid at 40°C with a 2 h reaction timeand an S/L of 1 g : 3 mL.

3.3. Leaching CCK by oxalic acid

Before leaching CCK by oxalic acid, a comparative
leaching test was conducted on CCK by hydrochloric acid
under the suitable conditions achieved in the previous sec-
tion. The results show that the dissolution of iron was only
11.76wt%, which is undesirable. However, ferric ion can
form a stable water-soluble chelate with oxalic acid. Lee et
al. [34] reported that oxalic acid was the most promising
solvent reagent because of its acid strength, good complex-
ing characteristics, and high reducing power over those of
other organic acids. Hence, oxalic acid was examined to de-
termine an optimum condition of higher iron dissolution
from CCK.

First, tests were conducted to establish the iron dissolu-
tion with oxalic acid concentration at room temperature
(20°C) and an S/L of 1 g : 3 mL. Fig. 4(a) shows the results
of dissolution over a period of 16 h. The iron dissolution
was independent of the oxalic acid concentration from 0.05
to 1 mol/L, although the dissolution rate did increase when
the oxalic acid concentration increased during the early stage.
However, the trends in iron leaching rates varied with time.
From 0.05 to 0.5 mol/L, the iron leaching rate first increased
with an increase in reaction time. When the reaction time
reached 8 h, the maximum value was obtained, and the iron
dissolution rate then decreased. This result indicates that a
long reaction time causes side effects in iron dissolution. At
1.00 mol/L, the iron dissolution continued to decrease over
16 h, which demonstrates that lengthy reaction time and
high oxalic acid concentration are harmful to iron dissolu-
tion from CCK. The reasonable conditions at room tempera-
ture were determined to be 0.1 mol/L oxalic acid concentra-
tion at 8 h for the maximum iron dissolution of 28.78%.
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Fig. 4. Effects of oxalic acid on iron dissolution from calcined coal kaolin (CCK): (a) effect of acid concentration at 20°C; (b) effect

of temperature at 0.1 mol/L acid concentration.
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Fig. 4(b) shows the effects of temperature on iron disso-
lution over time while maintaining an oxalic acid concentra-
tion of 0.1 mol/L. At lower temperatures below 60°C, the
removal of iron increased with an increase in reaction time
before gradually decreasing. The maximum point of iron
dissolution always occurred from 1 to 16 h. At 20°C, the
maximum point of iron dissolution was 28.78wt% at 8 h.
For 40°C, it was 28.75wt% at 4 h, and for 60 °C it was
17.93wt% at 4 h. At higher temperatures above 60°C, iron
dissolution decreased from the maximum to minimum lev-
els with an increase in reaction time. The results observed in
Fig. 4(b) illustrate that high temperature enhanced iron dis-
solution whereas lengthy reaction time restricted iron disso-
lution, causing the maximum iron dissolution shift to a
lower reaction time with temperature increase.

In these tests, the effect of iron dissolution at 40°C in 4 h
was approximately the same as that at 20°C in 8 h. Both are
suitable conditions for iron removal by 0.1 mol/L oxalic
acid. Moreover, leaching of CCK by oxalic acid obtained an
iron leaching rate of 28.78wt%, which is better than that by
hydrochloric acid at 11.76wt%.

Finally, a contrast test was conducted to examine the ef-
fects of iron dissolution from RCK by oxalic acid under the
determined suitable conditions of 40°C and 4 h reaction
time. The results show that the iron leaching rate reached
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49.84wt%, which is less than that by hydrochloric acid at
54.86wt%, and confirms that hydrochloric acid is better for
iron dissolution from RCK.

3.4. Product analysis by Mdssbauer spectroscopy studies

Four samples were investigated to demonstrate the ef-
fects of calcination, hydrochloric acid, and oxalic acid on
iron distribution in kaolin through Mdéssbauer spectroscopy,
which provided information on iron site geometry and iron
valence [35]. RCK, CCK, and coal kaolin processed by hy-
drochloric acid (CKHA) and CCK processed by oxalic acid
(CCKO) obtained from the above experiments were used
under their respective optimal conditions.

Fig. 5 shows the Mdssbauer spectra of the four samples
at room temperature. In Fig. 5(a), the Mdssbauer spectrum
of RCK consists of a doublet and a singlet with two different
isomer shifts (IS) and quadrupole splitting (QS). The dou-
blet with IS = 1.002 mm/s and QS = 2.123 mm/s can be as-
sociated with Fe"!, which may substitute for AI"" in kaolinite.
The singlet, with IS = 1.16 mm/s and QS = 2.85 mm/s, cor-
responds to the dominant part of iron and could be related to
structural ferrous ions. The iron contents of the four samples
(Table 2) were calculated from the relative surfaces of their
respective subspectra, which are referred to as atom quanti-
ties.
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Fig. 5. Maossbauer spectra of kaolin samples at room temperature: (a) raw coal kaolin (RCK); (b) coal kaolin processed by hydro-
chloric acid (CKHA); (c) calcined coal kaolin (CCK); (d) calcined coal kaolin processed by oxalic acid (CCKO).
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Table 2. Mossbauer parameters of iron-bearing phases in four samples at room temperature

Sample IS/ (mm-s™) QS/(mm-s™) MHF /T Assignment Content / wt%
RCK 0.341 — — Fe' 64.064
1.002 2123 — Fe" 35.936
CKHA 0.212 0.584 — Fe 100
ceK 0.256 -0.116 51.923 Iron oxides 51.571
0.182 0.994 — Fe' 48.729
0.282 -0.112 51.993 Iron oxides 54.606
ceko 0.168 0.980 — Fe 45.394

Fig. 5(b) shows the Mdsshauer spectrum of CKHA. It is
composed only of one doublet with IS = 0.212 mm/s and QS
= 0.584 mm/s, which corresponds to Fe"'. That is, after
leaching by hydrochloric acid, the Fe" species in RCK was
effectively removed. However, the Fe"' in kaolinite is not
easily dissolved by hydrochloric acid.

After heating at 900°C for 2 h, additional sextets ap-
peared in CCK (Fig. 5(c)) that led to a magnetic hyperfine
field (MHF) of 51.923 T with IS = 0.256 mm/s and QS =
—0.116 mm/s. The ferrous cells trapped within the normal
dioctahedral aluminum structure then transformed into Fe*
species. When the Fe' disappeared, the hematite and mag-
netic irons increased according to the magnetically split
sextets. Theoretically, the content of Fe"" will decrease be-
cause high temperature leads to a partial collapse of the kao-
linite crystal, which contributes to the transformation of Fe""
into iron oxide. In fact, Table 2 shows an increase. Thus,
some octahedral Fe" must have transformed into Fe"' octa-
hedral species, which increased the difficulty of iron re-
moval.

After processing by oxalic acid, the chemical treatment
did not significantly influence the line profiles of the Md&ss-
bauer spectrum (Fig. 5(d)). The iron distributions of CCKO
also changed slightly compared to those of CCK. From Ta-
ble 2, it can be inferred that the relative content of Fe'"' in
CCKO decreased compared to that of Fe'"' in CCK. This re-
sult indicates that at least small parts of Fe"' were dissolved.

The spectroscopy study demonstrates the adverse effects
of calcination on iron removal. Because of the calcination
process, nearly all ferrous ions changed into ferric species,
which caused lower iron dissolution by chemical treatment.
For this reason, the iron leaching rate from CCK (28.78wt%)
is significantly less effective than that of RCK (54.86wt%)
under their respective optimal conditions.

4. Conclusions

TG-DTA and XRD analysis were conducted to deter-

mine a suitable temperature for calcined kaolin preparation.
Two chemical methods were then proposed for iron removal
to study whether acid leaching before or after calcination
was more effective. Reasonable conditions for each process
were obtained through many experiments with the variables
of concentration, reaction temperature, and time. The raw
materials and products were analyzed by Mdssbauer spec-
troscopy to determine the effects of calcination and acid
leaching on the iron distribution of RCK. The following
conclusions were drawn:

(1) 900°C is a suitable temperature for the calcination of
RCK. Below 900°C, conditions are unfavorable for decar-
burization; those over 900°C cause the formation of mullite
and cristobalite, which is detrimental to the kaolin product.

(2) With regard to RCK leaching by hydrochloric acid,
the maximum iron leaching rate (54.86wt%) was achieved
under the conditions of 2 mol/L hydrochloric acid at 40°C
with a 2 h reaction time and an S/L of 1 g : 3 mL.

(3) For CCK, the effect of iron dissolution (28.75wt%) at
40°C in 4 h was approximately the same as that at 20°C for
8 h (28.78wt%). 0.1 mol/L oxalic acid was used for both
conditions.

(4) Mdssbauer spectroscopy showed that nearly all of the
structural ferrous ions in RCK were removed by acids.
However, iron sites in CCK altered slightly after processing
by oxalic acid because nearly all ferrous ions were trans-
formed into ferric species after firing at 900°C.

(5) The structural ferric ions and ferric oxides evolved
from ferrous ions by acids were difficult to remove; there-
fore, iron removal by acids should be achieved prior to cal-
cination.
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