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Abstract
Kaolin (china clay) is a rockmaterial that is very rich in kaolinite. A kaolin ore fromDebre Tabor,
Ethiopia containing 59.2wt%SiO2, 24.9wt%Al2O3, 2.4 wt%Fe2O3, and 8.22wt% loss on ignition
(LOI)was physically beneficiated, chemically leached, and thermally treated for possible industrial
use, especially for ceramicmembrane fabrication. The leaching experiments were carried out using
oxalic acid solutions as leaching reagents for the iron extraction process. The effect of acid
concentration, reaction temperature, and contact time on iron leachingwas investigated. It was
determined that the rate of iron extraction increasedwith the oxalic acid concentration, leaching
temperature, and contact time. A substantial reduction of iron oxide (2.4 to 0.36wt%) from the raw
kaolinwas observed at operating conditions of 2.0Moxalic acid, the temperature of 120 °C, and
contact time of 120min. Amaximumkaolinwhiteness index of 81.4%was achieved through this
leaching process. Finally, the physically beneficiated, chemically leached, and thermally treated kaolin
rawmaterial was used to fabricate a low-cost kaolin-based ceramicmembrane. After firing at 1100 °C
the ceramicmembranewas found to have amass loss of 11.04± 0.05%,water absorption of 8.9±
0.4%, linear shrinkage of 14.5± 0.05%. It was demonstrated to be chemically stable, having less than
3%mass loss in acid solution, and less than 1%mass loss in alkali solution. The newly developed
membranes have thus properties comparable to commercial ceramicmembranes.

1. Introduction

One such abundant and inexpensive geomaterial for ceramicmembrane fabrication is kaolin [1]. Kaolin (china
clay) is a rockmaterial that is rich in kaolinite. Kaolinite is a commonhydrous aluminosilicatemineral found in
sediments, soils, and sedimentary rocks, with chemical compositions of Al2Si2O5(HO)4. Kaolinite normally
appears as stacked pseudo hexagonal platelets, with a commonbooklet-like shape. Each kaolinite layer is
considered as a strong dipole, where the siloxane surface is hydrophobic and dominated by negative charges,
while the aluminum surface exhibits positive charges and is hydrophilic. Thus, the individual layers of kaolinite
are strongly bondedwith hydrogen and dipolar interactions. The key properties of kaolin are opacity, electrical
andmechanical property, whiteness and brightness, and particle shape and size distribution [2].

Ethiopia has a huge reserve of kaolin (20Million tons), which spreads in different parts of the country such as
Tigray, Amhara, Oromia and SouthernNations, Nationalities, and Peoples Regions, butmining at depth,
continuous and progressive research on kaolin deposits and their occurrences, an increased level ofmineral
impuritiesmake commercial applications not viable [3]. Themajor impurities in kaolin are quartz,mica,
feldspar, and iron oxideminerals. To improve the quality of kaolin deposits to possiblymeet some industrial
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requirements, the coloring impurities (mainly iron oxides and other small amounts offluxing components)
must be removed through efficient, economical, and environmentally friendly beneficiationmethods.

Beneficiation is an upgrading process that is removingmineral impurities such as feldspar, quartz,mica,
muscovite, iron oxide, titaniumoxide, and clay.Many beneficiation techniques can be used for upgrading the
quality and the production of a desired particle shape and size distribution of kaolin clay. Themost widely
applied physical beneficiation techniques aremagnetic [4], flotation [5–7], gravity separation [7], and selective
flocculation [8].

Chemical beneficiationmethods involve the removal ofmineral impurities fromkaolin clay by organic and
inorganic acids such as oxalic acid [9–15], citric acid [16, 17], thiourea dioxide [18], sodiumdithionite [19],
sulfuric acid [20–22], and hydrochloric acid [13]. The effect of different organic acids and their concentration in
iron removal fromkaolin ore has been reported by Saikia et al [17]. Results indicate that the iron removal
efficiency of oxalic acid is themost promising organic acid. Similarly, Lee et al [23] reported that oxalic acid
solution is the best iron leaching reagent because of its acid strength, good complexing characteristics, and high
reducing and bleaching power over those of other organic acids leachants (malonic, citric, and ascorbic acid).
Due to the relatively low cost, availability, and very good potential for industrial applications, oxalic acidwas
chosen as a leachant for the leaching experiments in this work.

In recent decades, biological beneficiationmethods have been also used to removemineral impurities from
kaolin clay. Several studies have been applied biological beneficiation techniques for removingmineral
impurities fromkaolin clay by using different kinds of fungi [24–26] and bacteria [27–29]. Biological
purification techniques aremore economical, eco-friendly, not energy-intensive, andmaintains the crystal
structure of kaolin clay to a large extent [30, 31] but a very slow process for industrialmass production.

Numerous researchers have studied the beneficiation and characterization of kaolinminerals in order to use
as an adsorbent [32, 33], as afiller [34], as a pharmaceutical excipient [35] and as a startingmaterial for the
production of refractories [36] and ceramic bodies [37–42]. However, the selection of themost suitable
beneficiation technique depends on the amount and type ofmineral impurities present. Hence, the beneficiation
process applicable to one type of claymay not be appropriate for another [43]. Thismay involve physical,
chemical, and thermal beneficiation techniqueswhich alter themineral composition, the crystalline structure,
surface functional groups, and the specific surface area of clay. It is therefore important to improve the quality of
kaolin clays to possiblymeet ceramic industry requirements. Although very limited studies on the synthesis and
characterization of Ethiopian kaolin have been reported in the literature [3, 32, 44], ceramic properties ofDebre
Tabor kaolin have not been studied. In order tofill this research gap, the present studywas carried out to
determine the characteristics of the kaolin clays and examine the ceramicmembrane properties.

Compared to polymericmembranes, ceramicmembranes canwithstand harsh environments due to their
high thermal stability, high chemical stability, excellentmechanical strength, biocompatibility, durability,
energy efficiency, availability, and sustainability [45]. These excellent propertiesmake ceramicmembranes a
primary candidate to be used forwater treatment and desalination applications.Many studies have been
reported to explore ceramicmembrane applications formembrane-basedwater purification techniques such as
reverse osmosis [46, 47], forward osmosis [48, 49], pervaporation [50], electrodialysis [51], andmembrane
distillation [52–55].

The present study is aimed to characterize the kaolinmineral found in a deposit ofDebre Tabor in the
Amhara region, Ethiopia, to beneficiate the kaolinmineral sample and characterize the beneficiated kaolin, to
promote the beneficiated kaolin for themanufacture of low-cost kaolin-based ceramicmembranes forwater
treatment and desalination application.

2. Experimentalmethod

2.1.Materials
The studied crude kaolinwas collected from the local area, Debre Tabor Town, located in the state of theAmhara
Region, Ethiopia. Over 5million tons of kaolin deposit occurs atDebre Tabor [3]. Laboratory grade chemicals,
such as sodiumhexametaphosphate, oxalic acid, hydrochloric acid, sodiumhydroxide, and iron standard
solutionwere used for the present study. To avoid cross-contamination among different samples or fromother
sources de-ionizedwater was used for the present study.

3.Methods

3.1. Beneficiation of crude kaolin
Debre Tabor kaolin orewas beneficiated to improve its silicon oxide (SiO2) and aluminumoxide (Al2O3) by
removingmineral impurities (feldspar, quartz,mica,muscovite, iron oxide, titaniumoxide, and clay)with a
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sequential beneficiation process. Some of the course impurities were removed from crude kaolin by physical
separation of dirt, followed bymilled using a ballmillingmachine and screened through a 45μmmesh
sieve [33].

Then, the crude kaolinwas suspended in deionizedwater (1:5 kaolin towater ratio) in the presence of a
chemical dispersant (1%of sodiumhexametaphosphate, Na6(PO3)6) and then stirredmanually for 10min using
a glass rod and allowed to stand for 48 h. The dispersed claywas settled by gravity and fractionated into three
layers: the first layer was kaolin clay (top); the second layer was silt (middle), and the third layer was fine sand and
mica (bottom). Thewaterwas decanted and the kaolin clay was separated from leached clay and dried in an oven
at 103 °C for 24 h to obtain the beneficiated hydrous kaolin.

3.1.1. Leaching hydrous kaolin by oxalic acid
The leaching experiments were carried out in a 300ml round bottom flask placed in amagnetic stirrer hot plate
with temperature control. The hydrous kaolinmaterial wasmixedwith the oxalic acid solution at different
concentrations (0.1M, 0.5M, 1.0M, 1.5M, and 2.0M) at a 1:10 solid to solution ratio andmaintained at
different targeted temperature (80 °C, 90 °C, 100 °C, and 120 °C) for 2 h under continuousmoderate stirring
(300 rpm). A 10ml slurry sample was taken every 20minutes till the reaction time of 120min. it was filtered
using a nylon syringe filter with a porosity of 0.2μmthen centrifuged immediately at 1000 rpm for 10min. Since
the resulting solution is a higher concentration, a 1:100 dilutionwas used for the subsequent analysis. The clear
diluted solutionwas analysed for iron content by Inductively Coupled PlasmaOptical Emission Spectroscopy
(ICP-OES,Optima 2100DV, Perkin Elmer Instruments, Shelton, CT,USA). Awavelength of 238.204 nmwas
used for iron detection but an alternative wavelengthwas also used for controlling possible interferences from
other elements (239.562 nm) [56]. All experiments were performed in triplicate, all data are expressed as the
mean± standard deviation.

The residue product was thenfiltered, repeatedly washedwith distilledwater to remove any unspent oxalic
acid, dried at 103 °C for 24 h. Finally, the acid-treated hydrous kaolinwas activated through thermal treatment
in amuffled furnace at 700 °C for 3 h, resulting in the formation of calcined kaolin (seefigure 1). Its
transformation tometakaolin, an amorphous Al-Si phase fromwhich aluminum is easily leached by acid
leachants (sulfuric, hydrochloric and, oxalic acid) [57, 58]. According to the previous studies [13, 32, 57],
physical beneficiation and calcinationwerewidely applied first and then followed by leachingwith acid. In this
study, the physical beneficiation and leachingwith oxalic acidwere applied first and then followed by
calcination. In order to remove a high level of iron oxides fromkaolin clay, chemical leaching of the clay prior to
high-temperature calcinationwas applied.Moreover, leachingwith oxalic acid before calcination is important
to prevent the extraction of aluminum fromkaolin through the oxalic acid leaching process. Another study
proves that the structural ferric ions and ferric oxides fromkaolinwere difficult to remove using acid as a
leaching reagent; therefore, iron removal by acids should be conducted prior to calcination [13].

3.2. Characterization of kaolin clay
The particle size distributions of kaolinwere determined by the laser diffraction particle size analyser
(Mastersizer 3000,Malvern Instruments, UK) usingwater as dispersingmedium. The kaolin powder

Figure 1.Beneficiation process of debre tabor kaolin clay.
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morphology, as well as themicrostructure formed in the sample, was examined using a Scanning Electron
Microscope (JEOL, JSM-6010LV, Tokyo, Japan). The pHof the aqueous suspensionwas determined using a
benchtop pHmeter (Mettler Toledo SevenCompactTM pH/Ionmeters S220, Switzerland). The specific surface
area, pore-volume, and pore diameter of kaolin powderweremeasured using surface area and pore size analyzer
(ModelNova 2000e, USA).

Thermal Analyses (DSC/TGA,ModelQ600, TA Instruments, USA)were used to analyze the thermal
behavior of kaolin clay. Themethod ofWavelengthDispersive x-ray Fluorescence (WD-XRF, Philips PW2400,
Almelo, TheNetherlands) spectrometers elemental analyses of clays has been continuously showing the class of
alumino-silicates towhich the analyzedmaterial corresponds. The elements determined in clays have been
presented as a relative percentage of the elements expressed as oxides in thewhole sample. The identification of
the crystalline phases was carried out by x-rayDiffraction (XRD,D2 phaser, Bruker, Germany) usingCu-Ka 1
radiation at a scanning rate of 2°min−1. Fourier Transform Infrared (FTIR) spectroscopy (Perkin Elmer
Spectrum100,USA) over the range of 4000 to 400 cm−1 was used tomeasure kaolin powderOH-stretching and
bending vibrationmodes.

3.2.1. Loss on ignition test (LOI)
The loss on ignitionwas determined using the expression equation (1).

( )=
-
-

M M

M M
LOI 12 1

2 3

WhereM1 is theweight of empty crucible;M2 is theweight of crucible and sample before calcination;M3 is
theweight of crucible and sample after calcination.

3.3. Preparation and characterization of themembranes
Preparation of ceramicmembranes and testing of the samples was done on laboratory scale. To evaluate the
suitability of beneficiated kaolin clay properties for ceramicmembrane, flat green bodies were used. Aflat green
bodywas prepared using beneficiated kaolin (without any reactive additives) by a dry pressingmachine (Enerpac
Hydraulic Press,Model RC50,USA) at a pressure of 4.6×102 bar for 5min. Theflat green specimenswere cut
into a rectangular shape (20mm long by 20mmwide)with a thickness of 1mm.The test specimenswere dried
in an oven at 110 °C for 24 h and thenfired at 500 °C, 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C, and 1100 °C for 1
h using a laboratory furnace (NaberthermP330Muffle Furnace, Germany). The sintered sample was ready for
analysis of various physical properties (mass loss, linear shrinkage, water absorption, porosity, wettability,
chemical stability, and surfacemorphology). All tests were performed in triplicate, all data are expressed as the
mean± standard deviation.

3.4.Mass loss
Mass losses of theflat ceramic bodies were calculated according to equation (2).

⎜ ⎟
⎛
⎝

⎞
⎠

( )=
-

´
M M

M
Mass loss 100 2T110

110

In equation (2),M110 is theflat ceramic bodymass at 110 °Cor dry claymineral sample,MT is theflat
ceramic bodymasses fired tofinal temperature T (1100 °C).

3.4.1. Linear firing shrinkage
Theflat green ceramic bodies prepared previously were dried in an oven at 110 °C for 24 h andfired to afinal
temperature of 500 °C, 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C, and 1100 °C for 1h. The shrinkage percentage
that occurred during thefiring process was determined using the dimensions (volume) of theflat green ceramic
specimen before and after the firing process. The total linear shrinkage percentage of theflat green kaolin-based
ceramic specimenwas determined by using equation (3).

⎜ ⎟
⎛
⎝

⎞
⎠

( )=
-

´
V V

V
Total linear shrinkage 100 3

f

o

0

whereVo is the volume of the specimen beforefiring andVf is the volume specimen after firing.

3.4.2.Water absorption and porosity
Water absorption and porosity of the flat ceramic specimenswere determined by the boilingwatermethod. The
flat ceramic specimens prepared in the linear shrinkage part and sintered to different final temperatures ranging
from500 °C to 1100 °Cwere immersed in boilingwater for 2 h and cooled to room temperature. After boiling
the specimenswere immersed inwater for 24 h and then the surface waswipedwith tissue paper. The percentage
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ofwater absorptionwas evaluated using the expression equation (4).

⎜ ⎟
⎛
⎝

⎞
⎠

( )=
-

´
M M

M
Water absorption 100 4s d

d

whereMs is themass of the saturated specimen,Md is themass of the dry specimen.
The porosity of theflat ceramic bodywas evaluated using the expression equation (5).

⎛

⎝

⎜
⎜⎜

⎞

⎠

⎟
⎟⎟

( )
r

=

-

´

M M

V
Porosity 100 5

s d

w

f

whereMd is themass of the dry specimen (g),Ms is themass of the saturated specimen (g), ρw is the density of
water (1 g cm−3 at 4 °C), andVf is the volume of the fired specimen (cm3).

3.4.3. Contact anglemeasurement
Contact anglemeasurement has been performed on ceramic specimens to evaluate their surface hydrophilic
characteristics. Thewettability properties offlat ceramic specimens fired to differentfinal temperatures ranging
from500 °C to 1100 °Cweremeasured by the sessile dropmethod (KrussDSA 10Mk2,Germany) using distilled
water at room temperature. All contact angle readings were taken 10min after a 0.5mlwater droplet was placed
on themembrane surface.

3.4.4. Chemical stability test
Chemical resistance tests were carried out in an acidic or basic environment. Aflat ceramic specimen fired at
different temperature (500 °C, 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C, and 1100 °C)was immersed in acid
solution (hydrochloric acid solutions at pH= 1.0 and alkali solution (sodiumhydroxide solutions at pH= 13.0)
at ambient temperature for 24 h. Theflat ceramic specimenswere removed from the solutions (acid and alkali),
rinsedwith distilledwater, and dried in an oven at 110 °C for 24 h. Theweight of theflat ceramic specimenwas
measured before and after the test and the chemical resistance of the specimenwas calculated by the following
equation (6).

⎜ ⎟
⎛
⎝

⎞
⎠

( )=
-

´
M M

M
Chemical resistance 100 6

0 pH

0

whereMo is themass of the specimen before pH attack and,MpH is itsmass after removing the specimen from
the acidic (HCl, pH= 1.0) or basic (NaOH, pH= 13.0) solutions.

4. Results and discussion

4.1.Material characterization
4.1.1. Physical properties of kaolin clay
The density of the beneficiated kaolin is 2.64 gcm−3 as compared to 2.5 gcm−3 for the raw kaolin (see table 1).
This weight increasemay be due to an increase in Al2O3 content from24.9 to 29.4%during the beneficiation
process. The pHvalues of the raw, beneficiated& acid leached, beneficiated, acid leached and calcined, and
commercial kaolinwere 5.85, 5.05, 5.15, and 5.41, respectively. This showed that the surface of the raw,
beneficiated& acid leached, beneficiated, acid leached and calcined, and commercial kaolin body is slightly
acidic. Similar results are reported in the literature [33] for raw and beneficiated kaolin.

Figure 2. Samples of (a) raw kaolin; (b) beneficiated and acid leached kaolin; (c) beneficiated, acid leached and calcined kaolin;
(d) commercial kaolin.
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The particle size distribution of raw, beneficiated& acid leached, beneficiated, acid leached& calcined, and
commercial kaolin ismainly in the range of 3.52–45μm (D50= 10.8μm), 3.37–30.5μm (D50= 10.6μm),
3.7–42.3μm (D50= 11.4μm), and 0.48–0.99μm (D50= 0.8μm), respectively. The slight decrease of particle
size of the beneficiated sample compared to the raw kaolin size is due to the dissolution of the iron oxides and
oxyhydroxides. There is a substantial increase in particle size of the beneficiated, leached, and calcined sample
compared to the raw, beneficiated, and leached kaolin as a result of calcination. According to these results, the
particle sizes of beneficiated and acid leached, and beneficiated, acid leached and calcined samples are adequate
for uses of the ceramic products because of containing fine particles.

Figure 2 shows the color changes of the kaolin before and after beneficiation; in the raw kaolin sample, a
beige coloration is evident, the beneficiated and acid leached kaolin is essentially white, while imparts color to
calcined kaolin (low brightness due to iron oxide impurity) and commercial kaolin (high brightness). The color
of beneficiated and acid-leached kaolin is very close to the commercial kaolin. As additional data,figure 3 shows
the images of the kaolin clay sample before and after beneficiationwith a particle size of less than 45μmobserved
at an opticalmicroscope (SMZ25). The observationwith reflected lightmicroscopy indicates that: the raw kaolin
clay appears in different colors (show by the arrows): slightly white with a brownish red, yellow, and black color
impurity due to iron oxide, titanoferrous, and pyrite (iron sulphide)/ilmenite, respectively, having the lowest
whiteness index value of 72.0%; the beneficiated and acid leached kaolin is essentially white, having the highest
whiteness index value of 81.4%. A similar observationwas obtained by Scorzelli et al [59]. After the beneficiated,
acid leached and calcined process, a yellow color pigmentwas appeared in the sample (see figure 3(c)). This is
due to the presence of iron-stained titania. Thus, themicroscopic observation indicates that oxalic acid leaching
has not completely removed the titaniumdioxide (TiO2) content. It was observed that 84.83%of iron impurities
were removed from raw kaolinwith an increase of whiteness index from72 to 81.4%. This reveals that the

Figure 3.Opticalmicroscope images of (a) raw kaolin; (b) beneficiated and acid leached kaolin; (c) beneficiated, acid leached and
calcined kaolin; d) commercial kaolin; taken by (15.75×, OpticalMicroscopy, SMZ25).

Table 1.Physical characteristics of raw, beneficiated and acid leached,
beneficiated, acid leached and calcined kaolin, and commercial kaolin.

Characteristic RK BALK BALCK CK

Density (g cm−3) 2.5 2.64 2.64 2.66

pH 5.85 5.05 5.14 5.41

Particle size distribu-

tion (%)
D10,μm 3.52 3.37 3.7 2.50

D50,μm 10.8 10.6 11.4 6.62

D90,μm 45.0 30.7 42.3 21.5

Whiteness Index (ISO) 72.0 81.4 79.2 88.14

Texture Fine Finer Finer Very

finer

Specific Surface Area

(m2 g−1)
11.6 30.5 19.4 12.1

Pore volume (cc g−1) 0.025 0.029 0.034 0.033

Pore size (Å) 20.6 14.9 19.5 19.4

RK: RawKaolin; BALK: Beneficiated andAcid LeachedKaolin; BALCK:

Beneficiated, Acid Leached, andCalcinedKaolin; CK:Commercial Kaolin.
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beneficiated kaolin reaches an adequatewhiteness index for the ceramics industry. According to the literature,
the ceramic industry demands an ISOwhiteness index above 80.0% [19].

The surface area of separate kaolin samples wasmeasured by the Brunauer-Emmett-Teller (BET)multipoint
method. Themeasured specific surface area of kaolin ranges from11.6 to 30.7m2 g−1 for the various treatment.
The lowest specific surface area (11.6m2 g−1)was found for the raw kaolin clays while the highest specific surface
area (30.7m2 g−1)was obtained for the beneficiated and acid leached kaolin (see table 1). Similar results are
reported in the literature [15, 60, 61] for natural kaolinite clays. As can be seen in table 1, the surface area is
increasedwith oxalic acid treatment. It increases in the order of BALK>BALCK>CK>RK. The increase in
the surface area from raw kaolin clay to the beneficiated and acid-treated kaolin clay is due to the removal of the
impurities within the pore kaolinmineral through the beneficiation process. However, the surface area of the
beneficiated and acid leached kaolin clay treated at high temperature (700 °C) for 3 h is slightly decreasing to a
value of 19.4m2 g−1, whereas during calcination the pore volume and pore size increased due to losing their
structure [61, 62].

4.2. XRF characterization
The chemical composition of raw, beneficiated, and acid leached, beneficiated and acid leached and calcined,
and commercial kaolin as determined byWD-XRF is summarized in table 2. The analysis result showed that the
composition of SiO2 andAl2O3 varying between 59.20 and 60.30%, and 24.90 and 34.90%, respectively. On the
other hand, the loss on ignitionwas varied between 8.22 and 10.87%. These amounts were closest to the values
determined for theoretical kaolin, indicating that after clay description and classification the kaolinite was
enriched. In the present study, the samples treatedwith 2.0Moxalic acidweremet the standard specification for
the production of ceramics. The iron oxide (Fe2O3) composition of the studied beneficiated and acid leached
kaolinwas compared to the standards set for ceramics [63] indicating the presence of small levels of iron oxides
and hydroxides in the samples. The SiO2/Al2O3 andAl2O3/Fe2O3mass ratios range from2.05 to 2.38 and 10.4
to 76.7, respectively, for the different beneficiation steps. The lowest SiO2/Al2O3 values corresponding to the
white kaolinite levels and the highest Al2O3/Fe2O3 values corresponding to alumina-rich, with a certainwhitish
color. From an industrial point of view, theAl2O3/Fe2O3mass ratio could be used to define the possible end uses
of the clays in the ceramic paste formulation [64]. Due to its lower iron oxide content and SiO2/Al2O3mass
ratio, and higher Al2O3/Fe2O3mass ratio, beneficiatedDebre Tabor kaolin is a suitable cheap rawmaterial for
developing ceramicmembrane for water purification. Finally, the results show that the laboratory beneficiation
improves the kaolin sample to a very high gradewith amineralogical, thermal, and physical properties and
chemical composition close to that of commercial kaolin (see tables 1 and 2).

4.2.1. XRDanalysis
The structural changes that appeared on the raw kaolin and beneficiated claymaterial were studied using the
x-ray diffraction technique. The raw, beneficiated, and acid leached, beneficiated, acid leached and calcinated
and commercial kaolin clay showswell-defined diffractions at 2 theta value of 12.18–13.8°, 23.55–24.9°, and
62.5°, these peaks are typically corresponding to kaolinite [32, 42]. On the other hand, the peaks corresponding

Table 2.Chemical composition inwt%of raw, beneficiated and
acid leached, beneficiated, acid leached and calcined, and
commercial kaolin.

Oxide RK BALK BALCK CK

SiO2 59.20 60.10 60.30 59.10

Al2O3 24.90 27.60 29.40 34.90

Fe2O3 2.40 0.36 0.53 0.84

CaO 3.26 5.77 4.51 —

MgO 0.18 — 0.04 0.24

Na2O 3.84 1.83 1.55 —

K2O 3.85 2.46 2.11 4.5

MnO 0.12 — 0.01 —

P2O5 0.47 — 0.11 0.11

TiO2 1.65 1.05 1.15 —

SiO2/Al2O3 2.38 2.18 2.05 1.69

Al2O3/Fe2O3 10.4 76.7 55.5 41.6

LOI* 8.22 10.7 0.98 10.87

RK: RawKaolin; BALK: Beneficiated andAcid LeachedKaolin;

BALCK: Beneficiated, Acid Leached, andCalcinedKaolin; CK:

Commercial Kaolin; Loss on ignition (LOI*) at 1100 °C, for 1h.
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to the 2 Theta values 27.5° and 41.6°, which are typical characteristics of quartz [65–67]. The obtained x-ray
diffraction patterns indicated that the beneficiated, acid-leached, and calcinatedmaterial is rich in kaolinite and
quartz. This is a confirmation that the quartzmaterial was not completely removed through beneficiation, acid
leaching, and calcination [67]. The presence of quartz in themineralogical composition of the beneficiated, acid-
leached, and calcinated kaolin sample results in increasing the silicon dioxide (SiO2) content [66]. This result
supports the x-ray fluorescence result presented in table 2. A small peak corresponding to the 2 Theta values of
68.9° for beneficiated, acid leached, and calcined kaolin figure 4(c), which is typically characteristic of titanium
oxide (TiO2). This is a confirmation that the titaniumoxide is released after calcination [32]. This result
supports the opticalmicroscope image of beneficiated, acid-leached, and calcined kaolin presented in
figure 3(c).

4.2.2. DSC/TGA analysis
The thermal analyses (DSC/TGA) of the powdered raw, beneficiated and acid leached, beneficiated, acid leached
and calcined, and commercial kaolinmaterials were performed usingDSC/TGA,ModelQ600 apparatus
operating under a constant dry airflow at a heating rate of 10 °Cmin−1 between room temperature and 1100 °C.
Commercial kaolinwas used as referencematerial for all experiments. TheDSC/TGAprofiles of the raw,
beneficiated, and acid leached, beneficiated, acid leached and calcined, and commercial kaolin are shown in
figures 5(a)–(d). The total weight loss ofmasswas 6.9wt% for raw, 9.14wt% for beneficiated and acid leached,
0.55wt% for beneficiated, acid leached and calcined, and 9.14wt% for commercial kaolin. TGAprofile of the
studied samples consists of two distinct stages. In thefirst stage of the endothermic reaction, themass loss of raw,
beneficiated and acid leached, beneficiated, acid leached and calcined, and commercial kaolin in the
temperature range 30 °C–140 °Cwas 0.3wt%, 1.25wt%, 0.099wt%, and 0.16wt%, respectively which is
attributed to the loss of surface, adsorbed/interlayer, and voidwater [64, 68, 69]. From140 °C to 360 °C, a net
weight gain of 0.062wt%and 0.34wt%was recorded for beneficiated, acid leached, and calcined kaolin, and
commercial kaolin, respectively, which is attributed to oxygen chemisorption occurring prior to the onset of
combustion (figures 5(b), (d)).

In the second stage of the endothermic reaction, severalmass losses were observed in the temperature range
of 400 °C–800 °Cdue to the loss of hydroxyl groups (dehydroxylation of the kaolinite) from the kaolin structure
[44, 64, 68–71]. In this stage, phase transformation chemical reaction occurred kaolin (Al2Si2O5(OH)4) to
metakaolin (Al2Si2O7) and showed a significantmass loss of up to 6.09wt%of the raw, 7.2wt%of the
beneficiated and acid leached, and 0.38wt%of beneficiated, acid leached and calcined, and 8.9wt%of the
commercial kaolin. Thismajormass loss and intense endothermicity are because of the combustion of organic
matter and carbon. The conversion of kaolin tometakaolin is further supported by the results from theXRD
analysis by the disappearance of kaolinite peaks.

It can be determined inDSC curves that exothermic peaks appeared for all the kaolin powder samples. The
exothermic peak occurs at a temperature between 50 °C to 60 °C for all indicated the removal of the free water
molecules present in the kaolinmineral. The endothermic peak experienced at 140 °C for beneficiated and acid

Figure 4.X-ray diffraction (XRD)patterns of (a) raw kaolin; (b) beneficiated and acid leached kaolin; (c) beneficiated, acid leached,
and calcined kaolin; (d) commercial kaolin.
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leached kaolinwas corresponding to hygroscopic water loss (figure 5(b)). The endothermic peak experienced at
504°C for raw, beneficiated and acid leached, and commercial kaolinwas corresponding to organicmatter
decomposition and the transformation of kaolin tometakaolin caused by the dehydroxylation of a coordinated
and structural watermolecule [61, 71]. The absence of anymajor endothermic peak at 504 °C for beneficiated,
acid leached, and calcinated kaolin confirmed that almost complete removal of structural water could be
achieved in beneficiated, acid leached, and calcinated kaolin sample (figure 5(c)). All samples exhibit an
exothermic peak at 1003 °C–1013 °C in theDSCpattern due to an amorphous transformation and formation of
spinel and/ ormullite in theminerals (figures 5(a)–(d)). This transformation doesn’t engage in anymass loss.
Similar results were obtained in their studies with kaolin [61, 68, 69, 71].

4.2.3. FTIR analysis
FTIRwas used to identify the crystal structures, functional groups existing in the samples, and other structural
defects. FTIR spectra of the raw, beneficiated and acid leached, beneficiated, acid leached and calcined, and
commercial kaolin are illustrated infigures 6(a)–(d). The peaks of the raw, beneficiated, and acid leached, and
commercial kaolin clearly shows a sharpness at those bands but the beneficiated, acid leached and calcined
kaolin exhibit an insignificant peak. Bands at 763 and 690were related to the perpendicular vibrations of Si-OH
[72]. A band at 910 cm−1 was attributed toOHdeformation linked to iron cation (Fe3+) and aluminum cation
(Al3+) [60].

Bands at 1114 cm−1 and 1018 cm−1 were attributed to the stretching vibration of Si-O and/or Al-O and the
symmetric stretching vibrations of Si-O-Si bonds. This confirms that the studied kaolin contained a high
proportion of silicon oxide. The spectra of the beneficiated and acid leached kaolin (figure 6(b)) show the new
small intensity peaks at 1634 cm−1, comparing to the spectrumof the raw, beneficiated, acid leached and
calcined, and commercial kaolinwhich could be described asH-O-Hbendingmodes of water [73]. Bands at
3620 cm−1 and 3693 cm−1 in raw, beneficiated, and acid leached, and commercial kaolinwas assigned to theOH
stretching of water [74]. Beneficiated, acid leached and calcined do not containOH− andAl-O because of the
loss of the structural hydroxyl group due to the calcination process (calcination leads to the dehydroxylation at
temperatures in the range of 400 °C–800 °C), while Si-O bands appeared during the calcination process

Figure 5.TGA/DSCdiagrams of (a) raw kaolin; (b) beneficiated and acid leached kaolin; (c) beneficiated, acid leached, and calcinated
kaolin; (d) commercial kaolin.
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(figure 6(c)). The FTIR result shows that thermal treatment was adequate to convert kaolin tometakaolin. The
formation ofmetakaolin can be inferred by the disappearance ofmultiple bands in the FTIR spectrumof kaolin
in thewavenumber range of 3600–3700 cm−1. Beneficiated, acid-leached and calcined kaolin has enhanced
percent transmittance than the raw and commercial kaolin.

4.2.4. SEMobservations
The scanning electronmicrographs of the different kaolin samples are presented infigures 7(a)–(d). The SEM
image (figure 7(a)) reveals the presence of large particles that appeared to have been formed by severalflaky
particles stacked together to form a compact arrangement in hexagonal shapes, irregular bulk edges, and
surfaces, andflattened platelets structure of kaolinite [3, 18, 21, 32, 34, 75]. In comparison to the commercial
kaolin clay (figure 7(d)), the beneficiated and acid leached product (figure 7(b))was similarmorphological
features. After oxalic acid leaching and calcination figure 7(c), the platelet structure/larger particles of the kaolin
were broken down, disaggregated, and produced amore porous structure which caused an increase in surface
area (table 1).Moreover, due to the removal of the impurities from raw kaolin,more distribution,
fragmentation, and fewer aggregations occurred during beneficiation. This results in the formation of amore
porous structure. it is also evident that the surface of beneficiated, acid-leached, and calcinated kaolin has
homogenous and clear particles with a smallflake shape. A similar observationwas reported in the literature
[18, 32, 34, 61, 75, 76] for kaoliniteminerals.

4.3. Leaching studies
4.3.1. Effect of contact time and acid concentration
The effect of oxalic acid concentrations (0.1M to 2.0M) at different leaching times on iron removal from the
hydrous kaolin is shown in figure 8. The dissolution curves appear to be parabolic as oxalic acid concentration
increases from0.5M to 2.0M. It can also be observed that iron dissolutionwas very slow at an oxalic acid
concentration of 0.1M. Themaximum removal of iron at different concentrations of oxalic acid, i.e., 0.1M,
0.5M, 1M, 1.5M, and 2Mat 120 °C for 120minwas 27.68± 0.74, 77.65± 0.5, 73.49± 0.2, 83.02± 0.1 and
84.83± 0.24%, respectively. As summarized infigure 8, theminimumandmaximum iron ore dissolution are
19.97± 0.4% and 84.83± 0.24% at a contact time of 120min, leaching temperature of 120 °C for an oxalic acid
concentration of 0.1M and 2.0M, respectively. Thus, 2.0Moxalic acidwas to be themaximum concentration
for leaching of iron fromhydrous kaolin. This suggests that the oxides, hydroxides, and hydrated oxides of total
iron impurities associatedwith kaolin clay are easily solubilized in oxalic acid. According to the results of the
present study, it can be concluded that the removal of iron increased by increasing the reaction time and oxalic

Figure 6. FTIR spectra of the samples (a) raw kaolin; (b) beneficiated and acid leached kaolin; (c) beneficiated, acid leached and
calcined kaolin; (d) commercial kaolin
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Figure 7. SEMobservations of (a) raw kaolin; (b) beneficiated and acid leached kaolin; (c) beneficiated, acid leached and calcined
kaolin; (d) commercial kaolin.

Figure 8.Effect of leaching time and acid concentration on the extraction of iron from raw kaolin (120 °C, less than 45μm).

11

Mater. Res. Express 8 (2021) 115201 TMZewdie et al



acid concentration, indicating that both parameters play amajor role in the dissolution of iron. Several studies
also observed a similar trend during the removal of iron fromkaolin clay [11], and other claymaterials
[23, 77, 78].

4.3.2. Effect of contact time and temperature
Fromfigure 9, it can be observed that the removal of iron increasedwith leaching temperature and reaction time,
indicating that both parameters play amajor role in the extraction of iron. As can be seen in thefigure, the
maximum removal efficiency of iron is found to be 46.47± 0.31%, 62.91± 0.1%, 74.69± 0.8%, and 84.83±
0.24% at a temperature of 80, 90, 100, and 120 °C, respectively. This shows amarginal increase in the amount of
the hydrous kaolin reactedwith leaching timewithin the studied temperature ranges (80 °C–120 °C). It is also
indicated that iron dissolution using oxalic acid could be thermally activated to improve its removal efficiency.
Therefore, a higher leaching temperature and longer time enhance iron dissolution due to the enhancement in
diffusion rate or chemical reaction. Several studies also observed a similar trend during the removal of iron from
kaolin clay [11, 43], and other claymaterials [23, 77, 78].

4.4. Characterization of themembranes
In general, these Ethiopian kaolin deposits, after their beneficiation, acid leaching, and calcination, are able to
give kaolin clay of the required properties for the commercialmarket. Themineralogy, chemical analysis, and
physical properties offinal beneficiated Ethiopian kaolin clay successfullymatch the required specifications for
many industrial processes. The suitability of raw clay for its use in themanufacture of ceramic products is
determined by themineralogy, chemistry, and physical properties of thematerial. This work has demonstrated
that the beneficiated Ethiopian kaolin clay is a suitable cheap rawmaterial for developing ceramicmembrane for
water purification and this shows that the beneficiation techniques (physical, chemical, and thermal) applied in
the study areworthy following.

Clays with a chemical composition of 5%ormore of Fe2O3 are used as red-firing clays, thosewith between 1
and 5%are buff-burning clay and those containing less than 1%arewhite burning clays [79–82]. Therefore, it
was concluded from the chemical composition of the studied samples, due to the low amount of iron oxide (less
than 1%) in the clays (table 2), beneficiated and acid-leached kaolin clays could be used for ceramicmembrane
production.Moreover, in order to evaluate the suitability of the studied kaolin for ceramic products, themass
loss, linear shrinkage, water absorption, porosity, wettability property, chemical stability, and surface
morphology of theflat ceramic bodies were studied at differentfiring temperatures (500 °C–1100 °C for 1 h).

Figure 9.Effect of leaching time and temperature on the extraction of iron from raw kaolin (80 °C–120 °C) (2.0Moxalic acid, less than
45μm).
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Figure 10 displays the opticalmicroscope and SEM image of ceramic bodies sintered at 500 °Cand 1100 °C
andmass loss and linearfiring shrinkage offired flat ceramic samples at different firing temperatures (500 °C–
1100 °C). Themass loss of theflat ceramic specimen fired at 500 °Cwas found to be 5.58± 0.08.On further
increase of the finalfiring temperature to 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C amass loss of 7.98± 0.07%,
9.80± 0.01%, 10.11± 0.05%, 10.86± 0.02%, and 11.00± 0.09%, respectively was observed. Finally, the
maximummass loss for theflat ceramic specimen fired at 1100 °Cwas observed to be 11.04± 0.05%
(figure 10(c)), which is in good agreementwith the loss on ignition (table 2) and thermogravimetry analysis
(figure 5). The values ofmass loss were increased linearly from500 °C–900 °C and then increasemarginally with
increasing temperature to amaximummass loss of 11.00± 0.09%. Similar observations were reported in the
literature [37].

Similarly, the linear shrinkage of samples continuously increasedwith an increase in temperature
(figure 10(c)). Theflat ceramic specimenwas found to shrinkwith a change volume of 0.5± 0.02% and 7.23±
0.01%when fired tofinal temperatures of 500 °C and 600 °C, respectively. The shrinkage between 500 °C and
600 °Cwas a consequence of the combustion of organicmatter. On further increase offinal firing temperatures
of 700 °C, 800 °C, 900 °C, 1000 °Ca shrinkage increase was observed to values of 10.54± 0.07%, 11.02± 0.03%,
11.02± 0.4%, and 13.81± 0.08%, respectively. Finally, themaximum shrinkage of volume for the flat ceramic
specimen fired at 1100 °Cwas observed to a value of 14.5± 0.05%. The shrinkage of the flat sheetmembrane is
further incremented as the temperature increased. The increment in the shrinkage is due to the formation of a
sintering neck caused by the diffusion of the particles in the flat sheetmembrane. This was confirmed by the
formation of themullite phase; this was also reported in the literature for kaolin and other claymaterials [81,
83–87]. Fromoptical images, it can be seen that the flat sheet ceramicmembrane has shrunkwhen the sintering
temperature increased from500 °C to 1100 °C.Moreover, the SEM images indicated that the surface
morphology changedwith changing sintering temperature from500 °C to 1100 °C (figures 10(a)–(b)).

Figure 11 displays thewater absorption and porosity offired flat ceramic samples at different firing
temperatures.Water absorption of aflat ceramic specimen is 21.3± 0.06% after firing at a temperature of 500 °C
and is decreased up to 19.2± 0.12, 18.4± 0.3, 17.08± 0.26, 16.47± 0.08, 14.5± 0.01, and 8.9± 0.4% after
firing at a temperature of 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C, and 1100 °C, respectively. It can be stated that
water absorption values tended to decrease with an increase offiring temperature due to the particles close
together and reduce porosity during thefiring process. A similar trendwas reported in the literature for the
kaolin-based ceramic body [44], and other types of the clay-based ceramic body [81, 85].

As can be depicted infigure 11, two stages are observed for the porosity profile. In thefirst stage, the porosity
of the flat ceramic specimen increases from29.24± 0.04% to 36.54± 0.9%when thefiring temperature is
increased from500 °C to 700 °Cwhile it decreases to 25.08± 0.55, 22.26± 0.3,19.63± 0.89, and 14.96± 0.62%
keeping the temperature to 800 °C, 900 °C, 1000 °C, and 1100 °C, respectively. A similar trendwas observed in
the literature for kaolinite clayminerals [37]. Thefirst stage of the curve (increased pattern) indicates an opening
of themacropores andmesopores with temperature, whereas the second stage of the curve (decreased pattern) is
caused by the fusing of the grains under the effect of heat and the particles tend to agglomerate with each other
that enhance the densification of theflat ceramic bodies [38, 88]. An increase infinalfiring temperature leads to a
decrease in the porosity of theflat ceramic bodies down to a value of 14.96± 0.62%.A similar trendwas reported

Figure 10.Opticalmicroscope and SEM images of ceramic bodies sintered at (a) 500 °C; (b) 1100 °C, and (c)Themass loss and linear
firing shrinkage of flat ceramic bodies sintered at different firing temperatures (500 °C–1100 °C) for 1 h.
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in the literature for kaolin based ceramic specimens [1, 41, 44, 71, 83, 86, 89–94] and other types of clay-based
ceramic specimens [37, 85, 95, 96]. Finally, the porosity of aflat ceramic specimen is directly related towater
absorption, both properties show a similar trend in the firing temperature range 700 °C–1100 °C.

Figure 12 illustrates thewettability properties of the fired flat ceramic specimen at different temperatures.
The results show that all the contact angles of the flat ceramic specimens are lower than 90°. This is a
characteristic of hydrophilic surfaces that are capable to absorbwater. The contact angle values of the flat
ceramic specimens fired at 500 °Cand 600 °Cwere 2.2°± 0.07 and 5.4°± 0.1, respectively, which indicates
superhydrophilic behavior. An increase infiring temperature leads to an increase in the contact angle of the flat
ceramic specimens up to values of 18.3°± 0.68with afiring temperature of 1100 °C and still in the range of
hydrophilicity behavior. Similar observations were reported in literature [53, 94].

Figure 11.Variation of water absorption and porosity offlat ceramic specimens produced frombeneficiated and acid leached kaolin at
various final calcination temperatures (500 °C–1100 °C for 1 h).

Figure 12.Wetting anglemeasurements offlat ceramic specimens produced frombeneficiatedDebre tabor kaolin at various final
calcination temperatures (500 °C–1100 °C for 1 h).
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The chemical stability was estimated in terms of weight loss after immersing theflat ceramic specimen in
acid and alkali solution. A small part of the ceramicmembranewas kept in acidic conditions in contact withHCl
solution (pH= 1) and alkali conditions in contact withNaOH solution (pH= 13) separately for 24, 48, 72, 96,
and 120 h at atmospheric conditions. Then theflat ceramic specimenswere taken out from the solution, washed
with distilledwater, and dried at 110 °C for 24 h. Theweight loss in acid solutionwas recorded to be 0.38± 0.11,
1.23± 0.09, 1.71± 0.02, 2.15± 0.03, and 2.34± 0.11% for 24, 48, 72, 96, and 120 h contact time, respectively.
Whereas, theweight loss in alkali solutionwas found to be 0.060± 0.008, 0.066± 0.034, 0.31± 0.063, 0.5±
0.054, and 0.57± 0.06% for 24, 48, 72, 96, and 120 h contact time, respectively. The obtained results reveal that
theflat ceramic specimens with the acid solutionwere observed to losemoreweight thanflat ceramic specimens
with an alkali solution (figure 13). On the other hand, as immersion time increases, themass loss of the flat
ceramicmembrane also slightly increased in both acid and alkali conditions. Nevertheless, the prepared flat
ceramic specimen offers good chemical stability in acidic (<3%mass loss in acid solution) and excellent
chemical stability in basicmedia (<1%mass loss in alkali solution). The obtained results are comparable with
kaolin based ceramic bodies [71, 83, 89, 91, 97] and other types of clay-based ceramic bodies
[37, 83, 95, 96, 98, 99].

Scanning electronmicroscopy (SEM)micrographs reported in figures 14(a)–(g) show the surface offlat
ceramicmembrane sintered at different temperatures and give information on the surfacemorphology of the
membrane as a function of the temperature treatment (500 °C, 600 °C, 700 °C, 800 °C, 900 °C, 1000 °C, and
1110 °C). SEMmicrographs indicate that the effect of sintering temperature on themicrostructure of the kaolin-
based ceramicmembrane is remarkable; a progressive reduction of porosity or a typical sequence of enhancing
densification can be observedwhen the sintering temperature increases from500 °C to 1100 °C
[41, 83, 86, 91, 99]. Theflat ceramicmembrane sintered at 1100 °Cwith a porosity of 14.96± 0.62%, consisted
of non-uniform grain size and strongly interconnected (the particles agglomerate together creatingmore dense
structure), and formation of large pores (larger diameter) (figure 14(g)), whereas the flat ceramicmembrane
sintered at 500 °Candwith a porosity of 29.24± 0.04%, consisted of loosely interconnected kaolin grains (open
pore structure), poor consolidated and small pores (figure 14(a)). A further increase in temperature to 700 °C
causes a visible change in the surfacemorphologywith a porosity of 36.54± 0.9% show a highly porous
structure (figure 14(c)).Moreover, it was visible that the pore size and pore structure changedwith an increase in
the sintering temperature [1, 41, 83, 91, 93, 99]. It is to be noted that the degree of bonding between the kaolin
particles became strongerwith an increase in the temperature. Since the higher sintering temperature givesmore
consolidation and densification, and formation of voids and large pores for the kaolin-based ceramic
membrane. The observations of the SEM indicate that themembrane did not contain any damages, e.g., cracks.

Figure 13.Mass loss offlat kaolin-based ceramicmembrane (sintered at 1100 °C for 1 h) versus exposure time in acid solution (HCl,
pH= 1) and alkaline (NaOH, pH= 13) solution.
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Finally, it concludes that the studied kaolin-basedmembrane has comparable characteristics such as surface
morphology [41, 83, 86, 91], water absorption, and porosity [41, 44], thermal andmechanical properties [86]
with those of commercial kaolin based ceramicmembranes. Therefore, the studied kaolin-basedmembrane is
suitable for water purification and desalination applications.

5. Conclusions

The raw kaolin hasmuch higher impurities, unlike the commercial kaolin. It is well known that iron-containing
minerals impact the optical, chemical, andmineralogical properties of ceramicmembranes. However, the
treatment processes (beneficiation and acid leaching) can reduce the iron percentage to a lower level to reach the
requirement of ceramicmembrane for water purification applications. Leaching of ironwith oxalic acid
solutions at different temperatures, acid concentrations, and leaching timewasmore effective. Leaching results
indicated significant removal of iron oxide (2.4 to 0.36wt%) from raw kaolin using 2.0Moxalic acid at 120 °C
for 120min contact time. It was possible to raise the kaolinwhiteness index (ISO) from72.0 to 81.4%with this
beneficiationmethod. The kaolin based ceramicmembrane characterization results obtained in this research
show that after firing at 1100oC the ceramicmembrane present:mass loss (11.04± 0.05wt%), water absorption
(8.9± 0.4%), linear shrinkage (14.5± 0.05%), and chemical stability (less than 3%mass loss in acid solution,
less than 1%mass loss in alkali solution), having comparable properties to commercialmembranes. Thus, this
study could provide new insight into the utilization of beneficiated and acid-leached Ethiopian kaolin for
different industrial applications.
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