- o
S LC4Paci occasiS) 2

Affiliation:

1Chemical Resource Beneficiation,
North-West University, Potchefstroom
Campus, Potchefstroom.

2 Centre of Excellence in Carbon-based
Fuels, School of Physical and Chemical
Sciences, North-West University,
Potchefstroom Campus, Potchefstroom.

3 Centre of Excellence in Carbon-based
Fuels, School of Chemical and Mineral
Engineering, North-West University,
Potchefstroom Campus, Potchefstroom.

4 African Carbon Energy, South Africa.

Correspondence to:
RH. Matjie

Email:
matjied(@gmail com

Dates:

Received: 2 Apr. 2020
Revised: 8 Mar. 2023
Accepted: 8 Mar. 2023
Published: March 2023

How to cite:

Collins, AC, Strydom, CA,, Matjie, RH,,
Bunt, JR., and van Dyk, J.C.

2023

Production of sodium-based zeolites and
a potassium-containing leach liquor by
alkaline leaching of South African coal
fines ash.

Journal of the Southern African Institute
of Mining and Metallurgy, vol. 123,

no. 3, pp. 145-156

DOI ID:
http://dx.doiorg/10.17159/2411-
9717/1167/2023

ORCID:
RH. Matjie
http://orcid.org/0000-0002-2839-3729

CA. Strydom
http://orcid.org/0000-0001-5295-2095
JR. Bunt
http://orcid.org/0000-0003-3051-2528
AC. Collins
http://orcid.org/0000-0002-5134-9638

The Journal of the Southern African Institute of Mining and Metallurgy

Production of sodium-based zeolites and a
potassium-containing leach liquor by alkaline
leaching of South African coal fines ash

AC. Collins', C.A. Strydom?, R.H. Matjie?, JR. Bunt?, and
JC. van Dyk"*

Synopsis

South African coal discards derived from feed coal for thermoprocesses pose human health and
environmental problems and incur high disposal costs. These issues need to be resolved. Coal fines
and a coal fines/ K,COj3 blend were combusted at 700°C in a laboratory rotary kiln to produce ashes
containing metakaolinite (Al03.25i0;) and illite/muscovite/orthoclase amorphous materials. The
blend ash and coal fines ash, containing 18% KO and <1% KO respectively, were leached with
water and with 1 M and 8 M NaOH at 80°C for 4 hours using a solid to liquid ratio of 1:5. The 8 M
NaOH leach yielded 17% sodalite (NagSisAlsO24(OH),) formation through SiOs*, AI(OH)4’, and
Nat precipitation in the leached ashes. The 1 M NaOH leach yielded no sodalite. X-ray fluorescence
analysis of the original ashes and leached ashes showed low Al and Si dissolution efficiencies due
to the sodalite formation. Sequential NaOH leaching resulted in the highest potassium dissolution
efficiency of 89% for the ashes of fines/K,CO3 blend and 59% for the fines. It may be possible to
increase the ash-derived zeolite concentration by using even higher NaOH concentrations (12-20
M NaOH) during leaching. Sodalite derived from coal ash could possibly be utilized for water
purification in industrial applications, or as molecule separators. The potassium-containing liquid
could be used in fertilizer manufacture.
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low-temperature combustion coal ash, alkaline leaching, sodalite, potassium leach liquor.

Introduction

Commercial power stations in many countries around the world utilize pulverized run-of-mine

(ROM) feed coal (<75 pm) to produce electricity (Bukhari et al., 2015). Due to population growth and
industrialization the demand for power is increasing (Izquierdo and Querol, 2012). During coal mining
and feed preparation in South Africa, approximately 60 Mt of coal fines (byproduct) are generated and
discarded per annum (Reddick, von Blottnitz, and Kothuis, 2007; Bunt e al., 2015). These coal discards
have similar chemical and mineralogical properties to South African gasification and combustion ROM
feed coals; however, they are characterized by a higher mineral matter (48% versus 29-32%) and higher-
vitrinite (26% versus 24%) content (Matjie ef al., 2015; Bunt et al., 2015; Rautenbach et al., 2019; 2020).
Globally, colliery and thermochemical plant activities generate 30 Gt of coal fine discards annually. High
costs are associated with the treatment and disposal of these wastes. They contribute significantly to dust
generation and acid mine drainage, and are prone to spontaneous combustion (Reddick, von Blottnitz,
and Kothuis, 2007). These negative environmental impacts need to be addressed.

Combustion of pulverized fuel (PF) in coal-fired power plants generates a number of byproducts
(Nayak and Panda, 2010). Coal ash, comprising coal fly ash (CFA) and coal bottom ash (CBA) (the main
constituent) produced during coal combustion, is one of these byproducts (Bukhari ef al., 2015). The scope
for utilizing these byproducts in other industrial applications is limited (Nayak and Panda, 2010), and the
bulk of the ash is discarded into landfills (Murayama, Yamamoto, and Shibata, 2002). The CBA and CFA,
which contain zero or trace amounts of mullite (AlsO13Si2) and anorthite (CaAl,Si>Os), have the potential to
serve as starting materials in the production of gibbsite (AI(OH)s), due to their high aluminium content (Su
et al., 2011; Yang, Zheng, and Zhang, 2014).

The recovery of aluminium from CBA and CFA containing higher proportions of mullite and anorthite
has been the focus of many investigations (King et al., 2018; Li et al., 2014; Bunt et al., 1998; Yang, Zheng,
and Zhang, 2014). Recovery methods include acid leaching of CBA and CFA (Bunt et al., 1998; Sangita,
Nayak, and Panda, 2017), alkaline leaching of CBA and CFA (Li et al., 2014; Su et al., 2011), ammonium
sulphate (NHy4)2(SO4)) roasting of CFA (van der Merwe et al., 2017), and in some investigations a
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combination of these methods. Investigations of alkaline leaching of
ash or solid waste materials have shown that the concentration and
type of alkaline lixiviant influence the dissolution of the inorganic
components. Alumina (ALO3), silica (SiO;), and aluminium silicate
precursors, which are the starting point for a variety of compounds,
are mostly obtained by mixing of the CBA/CFA with an alkaline
solution (Comrie and Kriven, 2004). Adrian and McCulloch (1966)
found that 90% recovery of Al from South African CBA/CFA with
low or zero mullite content could be achieved at high leaching
temperatures and sodium hydroxide (NaOH) concentrations.
However, even with high dissolution the process was not considered
economically viable.

Yang, Zheng, and Zhang (2014) reported that an alumina
extraction efficiency of 92% was attained by NaOH leaching of
a desilicated product containing zero mullite/anorthite from
Chinese CFA with a molar ratio of CaO to SiO; of 1:1 at elevated
temperatures and pressures. Furthermore, the formation of
NaCaHSiOy captures the silica and inhibits zeolite formation. Su
et al. (2011) stated that a two-step NaOH leach of CFA achieved
89% aluminium dissolution efficiency and that the formation
of sodalite (NagSisAlsO24(OH)2)) occurred during the first step.
Aside from being used to recover inorganic elements, this method
has also been used for synthesizing zeolite crystals (Fukasawa
et al., 2017). The alkaline solution dissolves aluminium silicates
and silica from heated CFA to form silicate and aluminate ions
during the NaOH leaching step (Jiang et al., 2015). These ions
precipitate and subsequently crystallize on the surface of the CFA
particles. Leaching conditions such as the reaction temperature,
lixiviant concentration, and leaching time influence the dissolution
efficiencies of aluminium and silicon, as well as zeolite formation. In
this investigation, the lixiviants referred to are liquid media used in
the hydrometallurgical processes to selectively dissolve high-value
inorganic elements associated with minerals contained in either
CFA/CBA or ores. Fukasawa et al. (2017) found that pulverization of
the ash prior to the hydrothermal treatment, increased the surface
area, which in turn increased the dissolution of alumina and silica
species; if these species do not form part of the inert mullite and
feldspars, a high proportion of zeolite is formed.

South African commercial power stations combust PF at
elevated temperature (approximately 1600°C), producing CBA
and CFA (Rautenbach et al., 2021; van Alphen, 2005). These ashes
comprise mainly mullite and quartz (SiOz) with small amounts of
anorthite and cristobalite (SiO2) (Rautenbach et al., 2021), which
are insoluble in NaOH solution at a leaching temperature of 80°C.
These conditions were not used in this study as they are not suitable
to produce low-temperature combustion ashes (containing soluble
AL Si, K, and Ti species) from coal fines and coal fines and K,CO;
blends for NaOH leaching.

The aim of this novel investigation was to use alkaline
solutions in an attempt to dissolve Al, K, Si, and Ti from illite
((K, H30)(AL,Mg,Fe)»(Si,Al)), orthoclase (KAlSi3Os), muscovite
(KAILy(AlSi3010(FOH);), and metakaolinite (Al,03.25i02)
amorphous materials contained in the low-temperature combustion
ashes. These ashes, with unique chemical and mineralogical
properties, were prepared in a laboratory rotary kiln by combusting
discarded coal fines (designated SA1) and a blend of ROM feed
coal and K,CO; (designated SA2 blend) at 700°C. The influence
of K»COs addition on the dissolution efficiency of Al K, Si, and
Ti from illite, muscovite, and orthoclase amorphous phases,
metakaolinite, and K species in these low-temperature combustion
ashes was investigated. Additionally, the catalytic effect of the heated
K>COs3 on zeolite formation from these ashes was investigated.
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Neither the effect of K;CO3 addition nor NaOH concentration on
the dissolution efficiency of high-value inorganic elements and
zeolite formation from low-temperature combustion ashes have
been investigated previously. The potassium species and OH™ in this
ash could also promote precipitation of the zeolite gel precursor and
the subsequent crystallization of sodalite in the leached ash.

The original ash and leached ash samples were submitted for
X-ray fluorescence (XRF) and the X-ray diffraction (XRD) analyses.
The XREF results were used in the calculations of the dissolution
efficiencies of the selected inorganic elements (Al K, Si and Ti)
after leaching of the ash samples with deionized water and sodium
hydroxide solutions.

The sodium-based zeolite (sodalite) derived from low-
temperature combustion ash has potential for industrial applications
such as water and gas purification. Furthermore, the leach liquor
containing potassium species could possibly be used as liquid
fertilizer.

Materials and methods

Coals sampling, preparation, reagents, and coal composition

The coal fines discards (SA1 and SA2) were derived from two
ROM medium-volatile bituminous South African coals from

the Highveld Coalfield. The samples were air-dried for 2 days to
reduce excess moisture not associated with the coal structure.
After drying, each sample was further pulverized in a ball mill

to obtain a particle size of <1 mm using standardized methods
(ISO 18283 and ISO 13909-4). Because of the similarities in the
qualitative XRF and qualitative XRD results for ashes derived from
SA1 and SA2, with the exception of the inorganic elements and
mineral contents (Collins, 2019), the SA2 sample was blended with
10% K,CO; (7% K,O) to prepare the SA2 blend. The K,CO; was
added during the ball milling step to ensure thorough mixing and
to produce a homogeneous sample.

The SA2 blend ash sample was produced by thermal processing
of the SA2 blend sample at 700°C. K,O could increase the
dissolution efficiency of K during alkaline leaching. Also, this
potassium species in the SA2 blend ash may promote the formation
of zeolite (sodalite) during NaOH leaching. The K,CO3 and NaOH,
each of 99.5% purity, were provided by Ace Chemicals, South
Africa. The NaOH was used to prepare 1 M (4%) and 8 M (32%)
NaOH solutions for the leaching experiments. Proximate, ultimate,
XREF and XRD analyses were used to determine the chemical and
mineralogical compositions of SA1 and SA2, as described in Collins
(2019).

Ash samples

Each coal sample was split into four 5 kg sub-samples. The sub-
samples were placed on fired clay trays and placed in the hot
zone of a laboratory rotary kiln. The temperature of the kiln was
increased to 700°C at a heating rate of 10°C/min. A residence
time of 3 hours at 700°C was set for all the sub-samples. This
step was conducted under an air flow rate of 8o ml/min to
facilitate combustion of the organic components. Kaolinite, illite,
muscovite, orthoclase, dolomite, calcite, pyrite, and added K,CO;
(in the SA2 blend) transformed at 700°C to form metakaolinite,
heated K,CO;, and illite/orthoclase/muscovite amorphous
materials. After 3 hours the laboratory rotary kiln was switched
off and allowed to cool naturally to ambient temperature. The
ash sub-samples were then removed from the kiln and blended to
form one homogenous low-temperature combustion ash sample.
These ash samples of SA1 and the SA2 blend were submitted for
XRD and XRF analyses prior to the NaOH leaching experiments.

The Journal of the Southern African Institute of Mining and Metallurgy
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Figure 1—Schematic diagram of experimental procedures and analytical methods.
T: temperature, t: residence time, HR: Heating rate, S/L: solid to liquid ratio, Lix: lixiviant, MIMOQ ashes: metakaolinite and illite/muscovite/orthoclase/heated K2COs
amorphous materials and quartz and K2COs containing SA1 and SA2 blend ashes

Analytical methods

XRF (Norrish and Hutton, 1969; ASTM D4326-13) and XRD
analyses (Rietveld, 1969; Speukman, 2012) were employed to
characterize the SA1 and SA2 blend ash samples and ashes
produced from the H,O and NaOH leaching procedures.

Experimental procedures

A schematic diagram showing the experimental procedure and
analytical methods for coal and low-temperature combustion ash
samples is presented in Figure 1.

Leaching experiments

H30 leaching

Deionized water was used to dissolve Al K, Si, and Ti containing
compounds from the low-temperature combustion ash samples.
Deionized water (100 ml) and 20 g of either SA1 ash or SA2 and
K>CO; blend ash were added to the leaching vessel for the water
leaching experiments. The slurry was stirred at 200 r/min and a
temperature of 80°C for 4 hours. The hot slurry was then filtered
to produce a leached ash residue and leach liquor (filtrate).
Sufficient deionized water (about 100 ml) was used to recover all
dissolved species from the wet ash residue. The leach liquor was
combined with the wash solution to produce the final leach liquor
sample. The washed ash residue samples were dried at 60°C in

a vacuum furnace and prepared to produce homogeneous solid
samples for XRD and XRF analyses.

Alkaline leaching

The same leaching conditions and procedure that were used for
the deionized water leaches were utilized in the alkaline leaching
tests with either 1 M or 8 M NaOH as lixiviant. The washed and
dried washed leached ash residues were submitted for XRD and
XRF analyses.

Sequential leaching of ash with deionized water and 8 M NaOH

In the first sequential leaching procedure the washed ash residue
from the deionized water leaches was returned to the leaching
vessel and leached with 100 ml of 8 M NaOH solution using the
deionized water leaching conditions to produce the final wet

ash residue. The dried leached ash residue was prepared to yield
homogeneous leached ash residue samples for XRD and XRF
analyses.
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For the second sequential leaching tests, the ash samples that
were leached with 1 M NaOH were leached again with 8 M NaOH
using the same conditions as for the deionized water leaching
procedure. The final leached ash samples were washed with water
to recover the dissolved inorganic species. Following the water
washing step, the washed leached ash residues were dried and
prepared to produce representative leached residue ash samples
for XRD and XRF analyses.

Dissolution efficiencies of inorganic elements

The dissolution efficiencies of Al, K, Si and Ti into deionized water
and alkaline solution were calculated using the XRF results for the
original ash samples and the corresponding water-washed leached
ash samples using Equation [1].

m (MO)ca—m (MO)REs
m (MO)ca

n(Mo) = x 100% [1]
Where:

n(MO) is the dissolution efficiency for the specific inorganic
element (AL K, Siand Ti);

m(MO)ca and m(MO)ges are the masses of inorganic elements in
the coal ash and leached coal ash residue respectively

(Jiang et al., 2015).
Results and discussion

Coal composition, XRD and XRF analyses

Proximate and ultimate analyses of the SA1 and SA2 blend
samples, together with XRD results for these coals, are presented
and discussed in Collins (2019).

XRF and XRD analyses of coal ashes

XRF and XRD results for the SA1 and SA2 blend ash samples
are presented in Table I. XRF analysis indicates that the SA1
ash contains high proportions of SiO, and Al,Os, with lesser
proportions of the other oxides. The XRD results show that this
material consists mainly of quartz and amorphous phases with
smaller percentages (<2%) of other crystalline phases (Table I).
The amorphous material consists primarily of metakaolinite (a
transformed product of kaolinite), and lower proportions of illite/
muscovite/orthoclase amorphous phases. This is supported by
the XRF and XRD results obtained by Bunt et al. (1998), where
VOLUME 123
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the ash produced after subjecting coal fines to thermal processing

Table I
Chemical and mineralogical compositions for the coal ash samples prepared
at 700°C (wt. %)
Sample SA1 SA2blend | Sample SAl SA2 blend
SiO, 61.9 36.5 Quartz 43.5 3.8
ALO;3 28.6 22.7 Calcite - 8.0
K>0 0.7 18.3 Anhydrite 1.5 1.2
Ca0 29 8.8 Pseudomullite 14 -
Fe;03 2.6 4.0 Hematite 14 1.2
TiO, 2.0 1.8 Anorthite/orthoclase 1.1 0.8
SO; 0.2 43 Portlandite 0.3 0.1
MgO 0.8 23 Magnetite 0.1 -
BaO - 0.4 Magnetite 0.4 0.4
SrO 0.0 0.3 Cristobalite 0.1 0.1
ZrO, - - Gypsum - 0.5
Cr,03 0.1 0.1 Graphite - 1.8
Na,O 0.0 0.1 Diopside - 4.4
P,0s5 0.1 0.3 K,COs3 - 0.9
Maghemite 0.2 -
Pyrrhotite 0.5 0.4
Kaolinite - 0.6
Amorphous 49.5 75.8
Table II
Chemical and mineralogical compositions of deionised water-leached ash (wt. %)
Sample SA1 SA2 blend Sample SA1 SA2 blend
Lixiviant H,O H>O0 Lixiviant H,O H,O0
SiO2 58.7 39.1 Quartz 35.6 3.0
ALO; 27. 23.8 Calcite 1.1 8.8
KO 0.7 133 Illite 0.4 6.6
CaO 2.7 12.3 Hematite 1.7 4.1
Fe,03 4.5 5.6 Anorthite/ortho 1.2 2.3
TiO, 1.6 1.8 Clase/albeite
SO3 2.7 1.7 Anhydrite 0.1 0.7
MgO 1.1 1.2 Sodalite - 0.5
BaO 0.5 0.6 Magnetite 0.4 0.4
SrO 0.0 0.3 Anatase 0.8 0.3
ZrO, 0.1 0.1 Pseudomullite - 0.3
Cr,03 0.2 0.0 Portlandite 0.3 0.3
Na,O 0.0 0.0 Gypsum 0.4 -
Muscovite 0.5 -
Maghemite 0.2 -
Amorphous 57.3 72.2

in a rotary kiln at 600°C consisted of metakaolinite and other
crystalline phases. The XRF results for the SA2 blend ash sample

show that this sample is composed of higher proportions of SiO,,

Al,O3, K,0, and CaO with minor proportions of SO;, Fe,05,TiO,,
MgO, P,Os, BaO, Na,0, and SrO. The higher K percentage (18%
K,O compared to 1% K,O (Collins, 2019)) in the SA2 blend ash is
due to the addition of K,COj; to the SA2 coal. The SA2 blend ash

» 148
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sample has a higher amorphous content with smaller percentages
of quartz and anorthite than the SA1 ash sample. Calcium oxide
can react with metakaolinite at elevated temperatures to form
anorthite (Hlatshwayo ef al., 2009; Rautenbach et al., 2020).
Diopside is formed from reactive silica reacting with high-
temperature carbonate products (CaO or mixture of CaO and
MgO (Hlatshwayo et al., 2009; Matjie et al., 2008).
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Figure 2—Diffractograms of SA1 and SA2 blend ash samples leached with deionized water

H:0 leaching

XRF and XRD results for the water-leached ash samples are
presented in Table II and Figure 2 respectively. It is clear from a
comparison of Tables I and II that the water-leached ash samples
yielded similar qualitative XRF, but different qualitative XRD,
results compared to those of the original ash samples before
leaching, with the exception of chemical and mineralogical
compositions. The proportion of K,O in the SA2 blend ash sample
decreased during water leaching. This can be attributed to the
dissolution of the added K,CO; in water:

K2COs + 2H20 — 2KOH + H20 + CO» (2]

This could imply that almost all the inorganic compounds
in the SA1 and SA2 blend ash samples are insoluble in water.
The crystalline mineral contents of the leached ash samples
decreased slightly compared to the original ash samples due to
the slight increase in the amorphous and sodalite contents in the
water-leached SA2 blend ash samples (Tables I and II; Figure 2).
Available Na,O from the ash samples could react with water, and
the subsequently formed KOH can react with metakaolinite to form
a small proportion of sodalite in the water-leached SA2 blend ash
sample. The potassium hydroxide may promote the formation of
zeolite (Murayama, Yamamoto, and Shibata, 2002).

Alkaline leaching

XRF analysis

XRF results for the ash samples leached with 1 M NaOH and 8

M NaOH are presented in Table III. Leaching of SA1 ash with

1 M NaOH resulted in a slight decrease in the SiO, and AL,O,
concentrations, possibly due to the dissolution of metakaolinite
and quartz in the sodium hydroxide lixiviant. The solubility of
silica in NaOH is well known (Rattanasak and Chindaprasirt,
2009) (Equation [3]). After leaching of the SA1 ash samples with
either 1 M or 8 M NaOH, the XRF analysis shows a decrease in
Si0O, and Al,O; concentrations, as expected, compared to the
original ash samples and water-leached ashes (Tables I and III).
The increase in the CaO concentration in the SA2 blend ash
sample leached with 8 M NaOH may be due to the dissolution of
K,O and insolubility of CaO in this lixiviant. Also, leaching of the
SA2 blend ash with 8 M NaOH dissolved a significant amount of
KO, with the K,O concentration decreasing from 18.3% (Table

The Journal of the Southern African Institute of Mining and Metallurgy

I) to 5.1% (Table III). The XRF results for SA1 and SA2 blend
leached with 1 M NaOH show only minor changes in the elemental
compositions compared to those of the original ash samples
(Tables I and III).

XRD analysis

XRD results for the ash samples leached with 1 M and 8 M NaOH
are presented in Table IV and Figures 3 and 4. The results indicate
a decrease in the quartz content, which can be attributed to the
dissolution of quartz in the sodium hydroxide solution (Rahman,
Pudasainee, and Gupta, 2017; Su et al.,(2011):

SiOz + 2NaOH — NazSiO3 + H20 or (Na2SiO2(OH)2) (3]

This decrease is partially due to dissolution of the metakaolinite
and quartz in sodium hydroxide solution to form an amorphous
precipitate (sodalite gel precursor) (NagAlsSisO24. (OH),.2H,0)
and sodalite, which subsequently crystallizes from this amorphous
material (Equation [4]). The sodium hydroxide leached ash samples
contained 11% to 18% sodalite (Tables II, IV and VI; Figures 2-6, 9).

The possible reaction of hydrated metakaolinite or kaolinite and
sodium hydroxide to form sodalite during the NaOH leaching is as
follows (Rahman, Pudasainee, and Gupta, 2017; Yang, Zheng, and
Zhang, 2014; Su et al., 2011).

3A|2$i205(OH)4 +8NaOH — NagSieAI6024(OH)2 + 9H,0 [4]

The increase in the amorphous material could be attributed
to the formation of sodium alumino-silicate gel in the leached
ash samples and subsequent crystallization of sodalite from this
phase. XRD analysis of the ash samples shows a slight decrease in
calcite concentration from 8.3% to 5.3% as the concentration of
Ca/K/Na-feldspars increases from 0.8% to 7.4%. Other changes
observed in the mineral composition include a decrease in diopside
concentration from 4.4% to zero and an increase in illite from
zero to 4.6%. Matjie et al. (2021), Rautenbach et al. (2020) and
Rautenbach ef al. (2021) state that Al,03-2SiO; reacts with K*
from the added potassium species to form K-feldspar in the chars
and coal ashes upon pyrolysis and combustion of South African
feed-coals. A lower pseudomullite proportion was also noted in
the SA2 blend ash sample. These minerals present in the leached
SA2 blend ash residue are insoluble in alkaline solution. The
amorphous material and quartz concentrations show only minor
changes compared to the original SA2 blend ash (Tables I and IV).
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The increased sodium concentration was supported by the presence
of sodalite (11%) in the leached ash residues (Table IV, Equation
[4]). The calcite concentration decreased from 8% to 0.3% as the
Ca/K/Na-feldspars concentration increased from 1.7% to 6%.
Mineralogical changes were seen in the XRD results due to the
dissolution of alkaline-soluble compounds and formation of sodalite
and amorphous materials in the ash leached with sodium hydroxide
solution.

Minimal changes to the mineralogical composition of the
leached ash residue samples were noted (Tables I and II). Leaching
of the SA1 and SA2 blend ash samples with 8 M NaOH not only
removed alkaline-soluble compounds, but also transformed
the metakaolinite in the ash samples to sodalite (Hassan and
Crundy,1983).

Sequential leaching

XRF and XRD analyses

XRF results for the leached ash samples produced by the

two sequential leaching procedures are presented in Table V.

XRF analysis of the leached SA1 ash residue indicates that the
concentrations of SiO,, Al,O3, and K,O decreased during leaching
with H,O and 8 M NaOH, while the proportion of Na,O increased,

Table I11

Chemical composition for the coal ash residues after leaching
with 1 M and 8 M NaOH solutions (wt. %)

Sample SA1 SA2 blend
NaOH 1M SM 1M SM
Concentration

§i0, 58.3 50.5 37.8 34.2
ALO3 259 23.1 23.5 21.6
Na,O 24 14.7 1.6 15.7
CaO 3.0 2.8 12.8 11.0
K>O 0.7 0.3 12.6 5.1
Fe;03 4.8 4.1 4.8 49
SO3 1.1 1.1 1.6 2.6
MgO 12 1.0 24 2.0
TiO, 1.6 1.5 1.9 1.8
BaO 0.5 0.6 0.5 0.6
SrO 0.0 0.0 0.3 0.3
ZrO, 0.1 0.1 0.1 0.0
Cr0; 0.1 0.1 0.0 0.0

Counts

as expected. This implies that metakaolinite and quartz dissolved
in the sodium hydroxide solution. XRF analysis of the water-
leached SA1 ash residue and the SA1 ash shows that SiO, and AL,O,
in the SA1 ash decreased during H,O and 8 M NaOH leaching. As
expected, the proportion of Na,O increased in the leached SA1
ash residue after H,O and NaOH leaching. This implies that AL,O;
and SiO,,which are associated with metakaolinite in the SA1 ash,
were dissolved in the sodium hydroxide solution to form sodalite
precipitate gel, significantly reducing the quartz content and
increasing the total amorphous content (Table VI, Figures 5 and
6). XRD analysis detected sodalite, calcite, and Ca/K/Na-feldspars
in the leached SA1 ash residue (Figures 5 and 6). These minerals
do not occur in the original SA1 ash sample (Tables I and VT).

Table IV

Mineralogical composition for the coal ash residue after
leaching with 1 M and 8 M NaOH solutions

Sample SA1 SA2 blend
NaOH Conc. 1M 8$M 1M 8$M
Ca/K/Na-feldspars 1.7 1.6 74 6.0
Quartz 30.3 21.6 2.7 1.8
Sodalite - 16.5 - 11.4
Calcite 1 0.4 5.3 0.3
Ilite - - 4.6 -
Pseudomullite - - L5 0.2
Magnetite 0.3 0.5 0.4 0.3
Portlandite - - 0.1 3.9
Haematite 1.4 0.7 - -
Anatase 0.4 0.4 - -
Graphite 0.1 - - -
Periclase 0.2 0.3 0.5 -
Cristobalite 0.1 - - -
Diopside 0.1 - - -
Dolomite 0.3 - - -
Gypsum 0.3 0.4 - 0.5
Maghemite 0.2 0.3 - -
Muscovite 0.1 - - 0.6
Rutile - - - 1.3
Amorphous phases 63.6 57.1 77.4 73.7

Note: Conc. = Concentration
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Figure 3-Diffractograms of SA1 ash leached with 1 M and 8 M NaOH
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Figure 4-Diffractograms of SA2 blend ash leached with 1 M and 8 M NaOH

XREF results for the SA2 blend ash sample show a significant
decrease in the K20 concentration, from 18% to 2% (Table V),
after leaching with either H-0 and 8 M NaOH, or 1 M NaOH and
8 M NaOH solutions. This can be ascribed to the high solubility
of potassium species in water and sodium hydroxide solution
(Equation [5]). The SiO; and ALO;3 contents decreased and the
Na20 content increased from 0.1% to 15.3% during the sequential
H.0O/I M NaOH and 8 M NaOH leaching tests (Tables I and V). The
higher proportion of Na;O in the leached SA2 blend ash residue is
due to the formation of zeolite phases in this sample (Equation [4]).

Finally, the reaction between potassium carbonate and sodium
hydroxide to form sodium carbonate and potassium hydroxide in
the leach liquors can catalyze the reaction of sodalite during NaOH
leaching of the SA2 blend ash (Murayama, Yamamoto, and Shibata,
2002; Equation [4]). The possible chemical reaction between
potassium carbonate and sodium hydroxide is as follows:

T T T
60 70 80 90 100

Position [*26] (Cobalt (Co))

K2COs + 2NaOH — Na,COs + 2KOH [5]

On cooling this amorphous material to room temperature,
sodalite crystallized (Equation [4]; Figures 5 and 6). The final ash
residues produced after the sequential leaching of the original
ash are characterized by high proportions of sodalite, Na,O, and
amorphous materials, and low proportions of quartz and K,O
compared to those of the original ash samples (Tables I - VI).

Table V

Chemical composition of the ash residues after sequential
leaching (H20 and 8 M NaOH and 1 M and 8 M NaOH
solutions) (wt. %)

Sample SAl SA2 blend
Lixiviant

S H,0/8M | 1IM/8M | H,O/8M | 1M/8M
SiO, 50.1 50.5 35.8 35.1
ALO;3 22.6 21.9 22.5 21.6
Na,O 15.8 15.1 15.3 14.7
CaO 2.3 2.8 12.5 14.4
Fe)05 4.0 4.5 5.7 5.6
MgO 0.8 1.1 1.9 24
K0 0.3 0.3 2.2 2.0
TiO, 1.4 1.5 2.0 1.9
SOs 1.9 13 1.4 1.1
BaO 0.5 0.5 0.3 0.6
SrO 0.0 0.0 0.3 0.3
ZrO, 0.1 0.1 0.0 0.1
Cr03 0.1 0.1 0.0 0.0
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Table VI
Mineralogical composition for the ash residues after
sequential leaching (H,O and 8 M NaOH and 1 M and 8 M
NaOH solutions) (wt. %)
Sample SA1 SA2 blend
Lixiviant
H,O/8M | 1M/8M | HO/8M | 1M/8M

Step1/ Step 2
Sodalite 17.6 15.5 16.9 17.9
Quartz 18.6 17.3 2.8 2.8
Ilite - - 3.3 1.2
Haematite 0.7 0.6 2.6 2.0
Ca/K/Na-feldspars 2.9 4.0 24 0.1
Portlandite - - 1.0 0.5
Calcite 0.3 0.3 0.7 0.8
Pseudomullite - - 0.5 0.4
Magnetite 0.3 0.1 0.3 0.3
Anatase 0.2 0.2 0.2 0.1
Periclase 0.1 0.1 0.1 -
Maghemite 0.3 0.2 0.1 0.2
Rutile - - 0.1 0.1
Fluorapatite 0.3 0.4 - -
Graphite - - - 0.2
Cristobalite 0.1 0.1 - -
Diopside - - - 0.2
Dolomite - 0.1 - -
Muscovite - - - 0.6
Amorphous 58.6 61.0 68.7 72.1
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Figure 5—Diffractograms of sodalite-containing SA1 ash leached with water followed by 8 M NaOH, and with 1M NaOH followed by 8M NaOH
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Figure 6—Diffractograms of sodalite-containing SA2 blend ash leached with water followed by 8 M NaOH, and with 1 M NaOH followed by 8 M NaOH

Dissolution efficiencies of inorganic elements (Al, K and Ti)

The dissolution efficiencies for Al, K, and Ti, calculated from
the XRF results for the SA1 and SA2 blend ash samples and the
corresponding leached ash residues, are presented in Figure 7.
Water leaching resulted in low dissolution efficiencies of Al, K, and
Ti. The highest K dissolution efficiency (33.4%) for the SA2 blend
ash is due to the dissolution of K,CO; in water (Equation [1]).
Leaching of the SA1 ash sample in 1 M NaOH yielded low
dissolution efficiencies of AL, K, and Ti. With 8 M NaOH leaching
the dissolution efficiency of K increased to 57.6%, while the values
for Al and Ti were relatively unchanged. This was as expected,
owing to to the reaction between NaOH and K,CO3. Leaching
the SA2 blend ash sample with 1 M NaOH yielded only low
dissolution efficiencies of Al, K, and Ti. With 8 M NaOH leaching
the dissolutions of Al and Ti were zero or negative, and for K
the highest dissolution efficiency (70.5%). The negative or low
calculated dissolution values indicate that the dissolved Al and
Siin the lixiviants co-precipitated with Na* ions into the leached
ash to form sodalite gel precursor (Tables IV and VI, Figure 7).
Sodalite subsequently crystallized at lower temperatures from this
amorphous precipitate. Both sodalite and amorphous phases (Na-K-
Ti-Ca-aluminosilicates) in the leached ash residues are accountable
for the negative or low dissolution efficiencies of inorganic elements.
The sequential leaching tests of the SA1 ash sample with either
H,0 or 1 M NaOH followed by 8 M NaOH achieved low dissolution
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efficiencies of Al and Ti, and a high K dissolution efficiency
(57-60%). This suggests either that the lixiviant concentrations were
too low for dissolution of soluble minerals and metakaolinite, or
that dissolved metakaolinite/quartz ions precipitated with Na* ions
to form sodalite. Sequential leaching of the SA2 blend ash sample
with H,0 followed by 8 M NaOH vyielded dissolution efficiencies

of 0% Al, 88% K, and 0% Ti; and 8.7% Al 89.6% K, and 0% Ti
when leaching with 1 M NaOH followed by 8 M NaOH. The high
potassium dissolution efficiency values can be ascribed to the
solubility of the potassium species from the heated SA2 blend ash
during NaOH leaching (Equation [5]). Some potassium ions did
not react with metakaolinite or crystallize together with the sodalite
after leaching with sodium hydroxide solutions. Other K* ions could
have reacted with OH ions from the sodium hydroxide solution

to form potassium hydroxide (Equation [5]). Other Na* ions could
react with CO3”" ions from K2COs to form sodium carbonate. This
reaction between potassium carbonate and sodium hydroxide may
adversely affect sodalite formation. The low dissolution efficiency
values of Al and Si during sequential leaching are associated with
sodalite and aluminosilicate formation. Sakthivel et al. (2013)
heated a mixture of alkali compound and CFA to form zeolite in
the ash. Fukasawa et al. (2017) thermally treated a mixture of CFA
and NaOH in a microwave oven at 85°C to form aluminosilicate-gel
precipitate from which hydrosodalite crystallized. Jiang ef al. (2015)
heated a blend of fly ash derived from the incineration of municipal
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Figure 8- Dissolution efficiencies for Si as calculated from the XRF results for the original ashes and corresponding leached ashes

solid waste and Na,HPOy at 200°C for 30 minutes to produce zeolite
in the ash. All zeolite formation in the ash or solid samples resulted
in the negative, low or zero dissolution efficiencies for Al and Si
from the coal ash sample during alkaline leaching (Figures 7 and 8).

Dissolution efficiency of Si

The dissolution efficiency values of Si are depicted in Figure 8.
Leaching of the SA1 and SA2 blend ash samples with H,O showed
low dissolution efficiencies for Si due to the negligible solubility
of Si in water. Low Si dissolution efficiencies were also achieved in
1M and 8 M NaOH. This can be attributed to the precipitation of
either dissolved metakaolinite (SiO;>-, AI(OH),"), or quartz, and
Na* to form sodalite gel precursor in the leached ash residues. The
low Si dissolution efficiency values resulted due to precipitation
of these ions from the sodium hydroxide leach liquors and are
consistent with results reported by Su et al. (2011); Fukasawa et al.
(2017); Jiang et al. (2015); Rahman, Pudasainee, and Gupta (2017),
and Yang, Zheng, and Zhang (2014).
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Sodium oxide and sodalite percentages in the original and
leached ash samples

The percentages of sodium oxide (XRF results) and sodalite (XRD
results) in the original ash and ash residue samples are depicted
in Figure 9. The SA1 and SA2 blend ash samples, before water
leaching, contained no sodium or sodalite (zeolite phase); this
phase only appeared after leaching with H,O. As expected, a small
increase in the sodium concentration was seen after leaching the
SA1 and SA2 blend ash samples with 1 M NaOH. Leaching of the
SA1 ash sample with 8 M NaOH solution led to the formation of
14.7% of Na,O and 16.5% sodalite in the ash residue. This same
trend was seen after NaOH leaching of the SA2 blend ash sample,
which resulted in a 15.7% Na,O and 11% sodalite content in the
residues. Murayama, Yamamoto, and Shibata (2002) found that
zeolite crystallization decreases in the presence of high potassium
(K*) concentrations. Based on the XRD results for the leached SA1
and SA2 blend ash residues in Table IV, the addition of K,CO; to
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Figure 9—Na:O in ash/ash residue (by XRE, %) versus lixiviant concentration - molar (M) versus sodalite in ash/ash residue by XRD, %)

the SA2 sample inhibited sodalite crystallization. Other sodium
ions can react with carbonate ions from potassium carbonate
to form sodium carbonate in the leach liquor. This reaction
may subsequently reduce the formation of a high proportion of
sodalite in the ash residues during sodium hydroxide leaching
(Equation [5]).

As expected, the residues from sequential water leaching (zero
Na,O) or 1 M NaOH leaching (a low proportion of Na;O) of the
SA1 ash samples contained lower proportions of sodium oxide and
sodalite compared to the samples leached with 1 M NaOH and 8 M
NaOH. Sequential leaching of the SA2 blend ash sample with 8 M
NaOH leads to an increase in sodalite concentration (>15%) in the
ash residue. Murayama, Yamamoto, and Shibata (2002) stated that
OH™ from either KOH or NaOH promotes the reactions for zeolite
formation (Equations [2 and 4]). Jiang et al. (2015) explained that,
after the initial dissolution of aluminosilicate and zeolite crystal,
equilibrium is reached between the zeolite and soluble SiOs*” and
Al(OH)y4 anions. Changing the leaching conditions will disrupt the
equilibrium and formation of zeolite will again be initiated.

Conclusions

South African low-temperature combustion ash produced at
700°C was leached in alkaline media in an attempt to solubilize
Si0y?” and Al(OH) 4~ ions from metakaolinite in the ash and

form synthetic sodium zeolite for possible use in the water
purification industries or as molecule separators. The recovery of
potassium species for utilization in the fertilizer industry was also
investigated. The leaching of the SA1 ash sample with H,O and 1 M
and 8 M NaOH solutions yielded only low dissolution efficiencies
of Si, Al, Ti, and K compared to the SA2 blend samples (with
added K,CO3) leached with 1 M and 8 M NaOH. A high dissolution
efficiency of 89% K was achieved by sequential leaching of the SA2
blend ashes using 1 M and 8 NaOH. Small percentages of Al and

Si dissolution resulted due to the formation of sodalite precursor
gel in the leached ashes after sequential leaching with 1 M and 8 M
NaOH. Crystallization of sodalite from the sodalite precursor gel
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(amorphous material) resulted in the formation of aluminosilicate
glasses. The increase in NaOH concentration from 1 M to 8 M
NaOH resulted in a higher proportion of sodalite (16.5%) forming
in the SA1 ash residue. A lower proportion of sodalite (11%) was
formed in the SA2 blend ash residue due to the reaction between
potassium carbonate and sodium hydroxide.

The formation of higher proportions of sodalite and amorphous
materials in the leached ash residues resulted in different
mineralogical and chemical properties of ash residues during the
sequential NaOH leaching of the SA1 and SA2 blend ashes.

To improve the proportion of sodalite in the leached ash,
the mixture of the spent potassium carbonate (waste) from the
thermo-chemical plants and coal fine discards (waste), as well as
coal fines, could be combusted at 700°C to produce potassium- and
metakaolinite-containing ash and low-temperature combustion ash
for the proposed alkaline leaching process using 12-20 M NaOH.
Furthermore, ash-derived zeolites, as well as the low-temperature
combustion ashes, should be submitted for morphological
characterization, XRD, and particle size distribution analyses using
high-resolution transmission electron microscopy (HRTEM)
or scanning electron microscopyusing energy dispersive X-ray
spectroscopy (SEM-EDS) and Raman techniques.
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