486

Egypt. J. Chem. Vol. 68, No. 10 pp. 493 - 509 (2025)

o (%

Egyptian Journal of Chemistry

http://ejchem.journals.ekb.eqg/

Characterization and Potentiality of Calcined Kaolins for Metakaolin Production

Yasmen G Abdel-Maksoud*!, Mohamed M Abu-Zeid!, Fawzia Abd EL-Raoof?, AbdelMonem M Soltan?,
Mahmoud M Hazem3

1 Geology Department, Faculty of Science, Ain Shams University, 11566, Cairo, Egypt
2 Refractories, Ceramic, and Building Materials Department, National Research Centre, 12311 Dokki, Cairo, Egypt
3 Chemistry Department, Faculty of Science, Ain Shams University, 11566, Cairo, Egypt LrossMark

Abstract

This study aims to optimize the calcination conditions of Egyptian kaolins to produce metakaolin as pozzolanic material. Technological samples
were collected from the kaolin quarries at Sinai, Egypt. The kaolin and metakaolin samples were characterized using laser size analysis, XRD,
IR, XRF, TG, SEM and BET. The results showed that 66% of the fired samples are of highly pozzolanic activity (>700mg Ca(OH)./g
metakaolin). The optimum pozzolanic activity (1732mg Ca(OH),/g metakaolin) is given after kaolin calcination at 550°C for 30mins due mainly
to the high kaolinite/quartz ratio as well as the low total fluxes content of the raw kaolin samples. The fluxes promote the agglomeration of the
metakaolin particles during calcination causing the decrease of the metakaolin surface area and consequently minimize the reactive sites
available for reaction. The optimum metakaolin at 550°C for 30mins has a maximum surface area and low pore volume of 13.99 m2/g and 0.116
cm3/g, respectively. This is attributed to the fact that the smaller pores provide higher surface area per unit volume of the metakaolin. The
optimization of kaolin calcination conditions has add-values for the industrial upscaling of kaolin into metakaolin.
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1. Introduction

Egypt is the first kaolin producer in Africa and the Middle East, ranking 19th worldwide [1]. In the last decade, the total
production of Egyptian kaolin is approximately 3,702,000 metric tons with an average of 375,000 metric tons per year
representing 1% of the worldwide production [2, 3]. The significant economic kaolin reserves in Egypt are located at
southwestern Sinai (Abu Zenima), Red Sea (Abu Darag) and southwest Aswan (Wadi Kalabsha) [4-9]. According to Abd El
Razek [10], the highest quality among all the Egyptian kaolin is recorded in Abu Zenima, at 120 million tons of grades ranging
from 26% to 35% Al.03[11]. Kaolin is enriched with the mineral kaolinite (Al2 (OH)4 SiO2) [12-14] that is thermally activated
to produce metakaolin (MK)(AI2Si0203) that is a highly reactive pozzolanic material. Rather than thermal activation, MK could
be generated by mechanical and chemical activation of raw kaolin. Thermal activation methods involve resistant heating in
rotary kilns whereas the mechanical methods rely on prolonged grinding, however the chemical methods depend on the usage
of activators such as acid or alkaline compounds to activate the raw kaolin into metakaolin [15]. MK pozzolanic activity depends
mainly on its amorphous nature that plays an important role in the strength performance of alkali activated binders (AABs) [16].
The kaolin calcination temperature affects produced metakaolin the reactivity of the produced MK.

Many researchers studied the effects of the calcination temperature on the pozzolanic reactivity of MK [17-20, 23, 68, 74].
Shafiq et al. [21] and Eldin et al. [75] reported that the final properties of the calcined kaolin depend on the processing
conditions, including calcination temperature, rate and holding time. Hollanders et al. [22] calcined clay samples (4 kaolinitic,
3 smectitic and 1 illitic) in a fixed-bed electrical furnace at temperatures ranging between 500 and 900°C. The results indicated
that all kaolinitic clays are highly reactive at a broad range of firing temperatures (500-900°C).

The kaolinite degree of ordering, as the main mineral in the raw kaolin, influences the optimal activation temperature and the
rate of the calcined kaolin-lime reaction. Kassa et al. [23] concluded that the MK pozzolanic activity is linearly increased with
the calcination temperature until 700°C and showed a maximal value of 1235mg Ca(OH)2 g™'. It was found that the pozzolanic
activity is significantly reduced from 1235 to 445mg Ca(OH). g! at the temperature range 700-1000°C. This decline in
pozzolanic activity might be occurred above 700°C due to the agglomeration of MK and formation of spinel phase. Onyelowe
et al. [24] reported that the MKSs after calcination at 550°C and 800°C have the optimum pozzolanic potentials of 96.26% and
96.28%, respectively. The pozzolanic potential increases at optimal calcination due to the higher specific surface area of
metakaolin.

The pozzolanic reactivity is affected by the chemical and mineralogical characteristics of raw kaolin and the calcination process.
The properties of raw kaolin include kaolinite content and degree of crystallinity while the calcination process controls the
degree of de-hydroxylation and particle size distribution [20, 25-29, 69]. Metakaolin is appropriate for use as: i) ecological
pozzolanic additive for ordinary Portland cement (OPC), ii) precursor of geopolymers, iii) carrier/supplier of metal nanoparticles
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with bactericidal/virucidal activity, and iv) catalytic reactions [14]. This work focused on the characterization of kaolin quarried
technological samples from El-Garf area, Abu Zenima, before and post calcination. This will add-value for the kaolin up-scaling,
as a raw material, into metakaolin at optimum calcination conditions.

2. Materials and Methods

2.1. Materials

Serial samples were collected from three kaolin quarries at El-Garf area in Abu Zenima southwestern Sinai. The representative
technological kaolin samples (Gal-Ga5) were crushed using Jaw Crusher then ground by Pulverisette 6 of Fritsch Co., Germany.
The ground samples were sieved <63um then subjected to detailed analysis.

2.2. Methods

2.2.1. Chemical Attack

The kaolin samples were chemically attacked by diluted hydrogen chloride (HCI 10%), hydrogen peroxide (H202 10%) and
oxalic acid (C2H204, 5%) to quantify the total carbonate, organic matter and free iron oxide contents that bind the kaolin samples
mineral grains (Table 1) [30-32].

2.2.1. Grain Size Analysis
The particle size distribution of the studied technological samples was determined using the laser size technique CILAS 1064
NaR.

2.2.2. X-Ray Diffraction Analysis (XRD)

X-ray diffraction analysis was used to determine the mineral compositions of the bulk raw kaolin samples by using D8 Discover,
Bruker Co. Germany with Cu-target tube and Ni filter at 40kV, 40Ma, wavelength 1.54A and a scanning speed of 0.02°/sec.
The diffraction peaks in the range 26 = 2 - 75°, d-spacings and relative intensities (1/1°) were recorded and compared with the
standard data published by the American Society for Testing and Materials (ASTM) and Match software. This instrument is
connected to a computer system using X-40 diffraction program and ASTM data for mineral identification.

2.2.3. Determination of Organic Matter (FTIR)

The kaolin samples were investigated by Infrared spectroscopic analysis (IR) using Bruker Vertex 80, optical resolution of
<0.06 cm* and a wide spectral range for the room temperature Dlatgs detector (12,000 to 20 cm™t). The wave number of infrared
spectra is ranging from 400 to 4000 cmL.

2.2.4. Chemical Composition (XRF)
The chemical composition of the samples was determined using X-ray fluorescence (XRF) with the spectrometer Axios
advanced, Sequential WD-XRF Spectrometer, Panalytical 2005.

2.2.5. Thermal Behavior (TGA-DTG)
The thermal behavior of the kaolin samples was determined using TGA 50 thermal analyzer (Schimadzu Co. Tokyo, Japan)
with a heating rate of 25°/min up to 1000 °C under dynamic nitrogen atmosphere.

2.2.6. Microstructure (SEM)

The detailed microstructure of the raw kaolin before and after calcination was investigated by the scanning electron microscope
(SEM) using Quanta FEG 250. Before SEM investigation, the selected samples were soaked for 30 minutes in Ethyle alcohol
in an ultrasonic cleaner (EImasonic) then dried in a Heratherm oven overnight before scanning.

2.2.7. Pozzolanic Activity

The five technological kaolin samples were calcined in a bottom loading electrical Nabertherm muffle. The applied calcination
conditions were in the range 550 to 850°C with a heating rate of 5°C/min and soaking times of 30, 60 and 120mins. The selected
temperature range is justified by the fact that kaolinite, which is the main mineral in kaolin, begins to dissociate around 550°C
and to sinter at 850°C. The calcination of the kaolin samples was achieved at different soaking times to optimize the prolongation
of the samples heat treatment. The calcined samples were then suddenly cooled, i.e., air quenched, where a total of 60 calcination
trials were conducted on the kaolin samples to produce MK.

After calcination, the pozzolanic activity of the calcined kaolins, i.e., metakaolins (MKs) were assessed using the modified
Chapelle test according to the NF P18-513 standard. This test allows the quantification of Ca(OH): fixed (consumed) by 1g of
MK when mixed with 2g of CaO and 250ml of distilled CO2 free water. Each sample suspension then was boiled with continuous
stirring at 80°C for 16hrs in a 500ml stainless steel Erlenmeyer. After boiling, the Erlenmeyer was cooled to ambient temperature
with tap water. The portlandite (Ca(OHz)) content that was not consumed (free in solution) was determined by sucrose extraction
and acid titration. This was achieved by adding 250ml of fresh sucrose solution (0.7M) to the solution and stirring with a
magnetic bar for 15mins. A 200ml of the final solution were filtrated, and 25ml was titrated with HCI 0.1N using 2-3 drops of
phenolphthalein (0.1w/v% in ethanol 50v/v%). The titration reactions are:
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CaO+2HCI — CaCl.+H20 (Eq. 1)
Ca(OH)2 + 2HCI —>CaCl, + 2H.0 (Eq. 2)
The average pozzolanic activity of MK was calculated (Eq. 3), after three experimental trials for measurements.
PAM=2(V1-V2/V/1)*(74/56)*1000 (Eq. 3)

Where:

PAM: pozzolanic activity of metakaolin expressed in mg Ca(OH)2 fixed / g metakaolin.

V1: volume (ml) of HCI 0.1N, necessary for titrating 25ml of the final solution obtained without metakaolin (blank test).
V2: volume (ml) of HCI 0.1N, necessary for titrating 25ml of the final solution obtained with metakaolin.

The blank test (without metakaolin) must verify V1*56/2 < 1000.

2.2.8. Surface Area and Pore Size (BET)

The Brunauer-Emmett-Teller (BET) method was applied to measure the surface area and pore size distribution of kaolin and
MK samples. The adsorption-desorption of N2 gas at -196°C (77K) using Automatic surface area and pore size analyzer
(BELSORP MINI X) was measured.

Results and Discussion

3.1. Kaolin Characterization
3.1.1. Chemical Attack and Particle Size Distribution
After the chemical attack of the kaolin samples, it was found that the total carbonate, organic matter and free iron contents, that
bind the kaolinite flakes, lie in the ranges (0.07-2.50), (0.10-0.90) and (0.22-3.43wt.%), respectively (Table 1). Following to the
chemical attack, the samples had been prepared for particle size distribution applying the laser diffraction method. The grain
size distribution of El-Garf kaolin samples (Gal-Ga5) shows that the cumulative less than D10, D50 and D90 are in the ranges
(0.60-2.20), (6.60-25.00) and (30.00-56.00um), respectively, revealing the samples to be nominated as “coarse silt” except for
sample (Ga3) ‘medium silt” (Fig. 1).

Table 1: Compositional and textural characteristics of the kaolin technological samples

Locality Sample Carbonate Organic Iron D10 D50 D90 Nomenclature

code matter oxides , (Folk, [78])
(Wt.%) (um)

El-Garf Gal 0.95 0.75 0.22 2.20 25.00 56.00 Coarse silt
Ga2 0.45 0.90 2.19 0.90 11.00 38.00 Coarse silt
Ga3 2.50 0.10 0.40 0.90 7.50 30.00 Medium silt
Ga4d 0.10 0.66 3.43 0.60 6.60 34.00 Coarse silt
Gab 0.07 0.12 1.84 1.00  15.00 36.00 Coarse silt

Average 0.81 0.51 1.62 1.12 13.02  38.80

Note* Gal-Ga5: Raw kaolin samples D10, D50 and D90: The grain diameter of 10, 50 and 90vol.%

100 - Medium silt Coarse silt Sand
D90 - I
L | s —
80 - Ga5s:
;’é‘ _- I Gad: ——
= |
= 60 Ga3: —
=) |
= D50~ I Ga2: ——
40 = I Gal:  —
|
20 I
D10 I
1

0 L L] L L] n L] n L] L] L]

| J
0 10 20 30 40 50 60 70 80 90 100
X, (pm)

Fig. 1. Grain-size distributions of the kaolin samples (Gal-Gab5) of El-Garf locality.
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3.1.2. Mineral Composition
The phase composition of El-Graf kaolin samples was determined using XRD. The bulk as well as the oriented, heated and

glycolated kaolin slides were investigated to identify the non-clay and clay minerals, respectively. The main non-clay minerals
are quartz (Q, “SiO2”, PDF# 05-0490) and anatase (A, “TiO2”, PDF# 84-1286) in all samples (Fig. 2). Kaolinite (K;
“28102.A1203.2H20”, PDF# 14-0164) is the only recorded clay mineral as confirmed from the disappearance of its main peaks
at ~7.10 and 3.56 A of the heated samples (Figs. 3a-e).
K: Kaolinite
Q: Quartz
K A: Anatase

A Koiaa K,Q Q
= Gas

A
A

L.‘J-lh- Ga4d

M Ga3

a ahavsade Gaz

ohoal e Gal
5 10 15 20 25 30 35 40 45 50 55 60 65 70

29’ (d)
Fig. 2. XRD diffractograms of the bulk kaolin samples from El-Garf (Ga).

3.1.3. FTIR Spectroscopy

The IR absorption spectra are shown in figure (4). The kaolinite absorption bands for the O-H, Si-O, Si-O-Si, O-H-Al and Si-
O-AIV! function groups are shown in the ranges 3620-3700; 910-1120; 420-466; 915 and 540cm™, respectively [28, 33-37]. In
addition, the organic matter is confirmed by the presence of the spectral bands for the alcohol (O-H), alkanes (sp® C-H) and
alkyne (C=C) at 3775-3787; 2850-3000 and 2142-2373cmL, respectively, in all samples [38-40]. The latter organic matter
function groups are in conformity with the organic matter contents that determined by the H2O» chemical attack (Table 1).

K: Kaolinite
Q Q Q Q: Quartz

()

Heated

Q
Q
Heated Heated
. E=y = K
K
K Glycolated ; Q
Glycolated Glycolated
K K 3
J—LAK‘
Q
Q untreated untreated

-
=)
=

;
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Intensity
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:
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5 10 15 20 25 30 s 10 15 20 25 30 E 10 15 20 25 30
20.(°) 20, () 20, (%)
Q
(e)
Q
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= £ \
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Q
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Fig. 3. X-ray diffractograms of the clay fractions of El Garf samples: (a) Gal, (b) Ga2, (c) Ga3, (d) Ga4 and (e) Gab.
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Fig. 4. FT-IR spectra of raw kaolin samples from EI-Garf samples (Ga).

3.1.4. Chemical Constitution
The chemical composition of the kaolin samples is shown in Table (2). The SiO2 content (45.19-68.87; average 52.78wt.%)
(Table 2) is mainly sourced from the tetrahedral silica sheets of the kaolinite minerals as well as the free quartz grains that are
disseminated among the kaolinite flakes. The Al20s contents lie in the range (21.21-36.74; average 31.19wt.%) where it is
mainly sourced from the kaolinite. Based on the SiO2 and Al2Os of the kaolin samples, it is possible to quantify their kaolinite
and quartz contents according to equations (4 and 5) [41]:

one mole of kaolinitexalumina content from chemical analysis

K (%) =

one mole of alumina (Eq 4)
S=Sch-Sk (Eq. 5)
Where: K: Kaolinite S: The excess silica presents as free quartz  Scn: The chemically determined silica content  Sk: The
required silica for kaolinite

The calculations show that the kaolinite and quartz are averaging 78.99; 16.06wt.% in all samples whereas the former is
maximized in sample Gal associated with the least quartz content (93.04 and 1.94wt.%, respectively). However, the situation
is reversed in sample Ga5 (43.81 and 53.71wt.%, respectively). The calculated mineral contents match the SiO2 and Al.Os
contents of the kaolin samples (Table 2). The relations between the kaolinite/quartz vs. the SiO2 and Al203 contents (Table 2)
show a general negative (r=0.94) and positive (r= 0.97) correlations, respectively (Figs. 5a, b).

TiOz2and Fe20z are the main coloring oxides (Table 2). The Fe2Os3 contents lie in the range (1.05-2.86; average 1.84wt.%) and
mainly sourced from the free iron oxides that may bind the kaolinite grains (Table 1). The maximum concentration of Fe203
(2.86wt.%) was recorded in sample Ga4 (Table 2) mainly due to its highest content of free iron oxide cements (3.43wt.%, Table
1). On the other hand, the minimum concentration (1.05wt.%) occurs in sample Gal (Table 2) due to its lowest content of the
free iron binding material (0.22wt.%, Table 1). The TiO2 concentrations lie in the range (1.16-2.72; average 1.84wt.%). The
maximum concentration of TiO2 (2.72wt.%) was recorded in sample Ga5 (Table 2) which is attributed mainly to its possible
occurrence in the kaolinite lattice and as free titania as anatase as well (Fig. 2) [42, 43]. On the other hand, the minimum content
of TiO2 (1.16wt.%) occurs in sample Gal [41, 44-47].

Table 2: Chemical composition (wt.%) and Percentages of kaolinite and quartz as determined from chemical analysis data of
the raw kaolin samples

Localit Sample Si0;  TiO  AlRO Fe.O Mg Ca Naz K2 PO SOs Cl LOI K Q K/IQ
y code 2 3 3 O O (0] (0] 5 ratio
El-Garf Gal 45.1 1.16 36.74 1.05 0.10 0.09 0.10 0.02 0.13 0.0 0.0 14.9 93.0 1.94 48.0
9 9 3 6 4 4
Ga2 46.4 1.76 35.62 1.36 0.07 0.03 0.12 0.02 0.08 0.1 0.0 13.9 90.2 451 20.0
4 9 2 3 1 2
Ga3 54.3 198  29.98 2.70 0.07 006 005 014 0.08 01 0.0 10.1 75.9 19.0 3.99
4 9 2 3 3 5
Gad 49.1 1.58 32.42 2.86 0.12 0.10 0.04 0.16 0.10 0.1 0.0 13.0 82.1 10.9 7.47
6 1 2 9 0 9
Gab 68.7 272 2121 1.23 0.06  0.04 nd. 0.07 0.08 01 0.0 5.33 53.7 43.8 1.23
8 1 3 1 1
Averag 52.7 184 3119 1.84 0.08 006 007 008 009 01 0.0 11.4 78.9 16.0 16.1
e 8 3 2 8 9 6 5

Note* n.d.: Not detected Gal-Ga5: Raw kaolin samples LOI: Loss on ignition  K: Kaolinite Q: Quartz K/Q ratio:
kaolinite/Quartz
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The total contents of alkalies (Na20 and K20) in the studied kaolin samples are minor (0.07-0.20, average 0.14wt.%) (Table 2)
with maximum concentration (0.20wt.%) in sample Ga4 (Table 2) due to the presence of high organic matter content (0.66wt.%,
Table 1) that can adsorb Na and K [73]. However, the minimum occurrence of organic matter (0.07wt.%) is recorded in sample
Gab5 (Table 2) due to the presence of low organic matter content (0.12wt.%, Table 1).

The LOI values of the kaolin samples lie in the range (5.33-14.96; average 11.49wt.%) (Table 2). The maximum value
(14.96wt.%) was recorded in sample Gal (Table 2) mainly due to its high content of kaolinite (93.0wt.%, Table 2). On the other
hand, the minimum LOI value (5.33wt.%) characterizes sample Ga5 (Table 2) as it has the lowest content of kaolinite

(53.71wt.%, Table 2). The LOI are directly related to the proportions of Al2Os contents, i.e., kaolinite concentrations, (Table 2)
with r=0.94 (Fig. 5¢) [7].

3.1.5. Thermal Dissociation

The TGA-DTG thermograms of the studied samples are presented in figure (6). Two main mass losses were determined. The
first loss (0.82-1.33wt.%) is represented by the endothermic peaks in the temperature range (50.62-57.69°C) and is attributed
mainly to the loss of the free moisture water [48, 49]. The second mass loss (4.38-11.49wt.%) is represented by the endothermic
peaks in the temperature range (559.27- 580.37°C) that related to the de-hydroxylation of the kaolinite crystalline water and its
transformation into a disordered phase, i.e., metakaolin (MK) (Al2Si207) and H20 [16, 33, 49-52]. Small exothermic peak at
722.14°C is related to the existence of the anatase in sample Gab5. The total mass losses of all kaolin samples range from 5.26
to 13.81wt.%.

The degree of kaolinite ordering was determined using the thermogravimetric data according to Smykstz [53]. If the de-
hydroxylation maximum peak temperature is < 530, (530-555), (555-575), >575, the kaolinite degree of ordering is referred as
“extremely disordered”, “strongly disordered”, “slightly disordered” and “well ordered”, respectively [53]. According to this
classification, the kaolinite in samples Gal, Ga2 and Ga4 are referred as “well ordered” where their decomposition peaks occur
in the temperature range (577.7-580.37) whereas Ga3 and Ga5 samples are classified as “slightly disordered” due mainly to the
kaolinite decomposition peaks that appear at (561.35 and 559.27°C), respectively (Fig. 6). The higher the degree of kaolinite
ordering, the higher is the structural decomposition temperature [54].
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Fig. 5. Variation diagrams of (a) SiOz and kaolinite/quartz ratio, (b) Al2Os and kaolinite/quartz ratio and (c) Al.O3 and
kaolinite/quartz ratio where, r: correlation coefficient.
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3.1.6. Microstructure

The microstructures of selected kaolin samples were examined using SEM. In sample Gal, kaolinite exists as crystals and crystal
aggregates made up of pseudo-hexagonal platelets (Fig. 7a). This mature structure is in conformity with its calculated high
degree of ordering (Fig. 6a) that demanded the maximum decomposition temperature at 580.37°C with maximum weight loss
(11.49wt.%) (Fig. 6a) among all the kaolin samples [34, 55-58]. However, in sample Ga5, kaolinite occurs as ragged crystal
aggregates with irregular outlines (Fig. 7b). This immature texture conforms well to its calculated low degree of kaolinite
ordering (Fig. 6e) demanding the minimum decomposition temperature at 559.27°C (Fig. 6e) that is lower than that recorded
for sample Gal (580.37°C, Fig. 6a) with about 21.1°C.

e

HV ‘ mag [ . spot [ wo | P-i;\“.f /9/ —2 m
20.00kV | 60000x | 3.5 | 124 mm | BSED | 6.91 pm | 10:40:27 AM NRC(QUANTA FEG250)

6/9/2022 ——————5um
10:52:07 AM

Fig. 7. BS-SEM micrographs of the kaolin samples (a) the distinctly ragged outlines of kaolinite crystal (Gal) aggregates and
(b) highly-ragged crystal aggregates of kaolinite (Ga5) (K, white arrows).
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3.2. Characterization of Calcined Kaolin

3.2.1. Pozzolanic Activity of MKs

The pozzolanic activities of the MKs were measured using the modified Chapelle test according to the NF P18-513 standard
[59-61]. According to the latter standard, the weight of the pozzolanic MK should not be <700mg Ca(OH)./g MK. Pozzolanic
activity > 1200mg Ca(OH)2 /g MK would be classified as high active pozzolan whereas the pozzolanic activity <700mg
Ca(OH)2/g MK would be classified as non-pozzolan [62]. The average pozzolanic activity for each MK sample after each firing
trial was calculated for the average of three measurements, therefore, a total number of 180 titration trials were conducted.

Figure (8) shows the behaviour of the average pozzolanic activity for all the MKs under the applied firing conditions. It shows
that the pozzolanic activity decreased with increasing the calcination temperature (550, 650, 750 and 850°C) and soaking time
(30, 60 and 120min) in all samples. This could be related to the possible MKs particle agglomeration resulted from promoting
the bonding between these particles at higher calcination temperature and/or time with a consequent reduction of the
effectiveness of MKs dispersion (Fig. 8) [63].
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Fig. 8. The pozzolanic activities of EI-Garf MKs samples: (a) Gal, (b) Ga2, (c) Ga3, (d) Ga4 and (5) Ga5.

The maximum pozzolanic activity of sample MK-Gal (1732mg Ca(OH)2/g MK) “high active pozzolan™ after calcination at
550°C for 30mins (Fig. 8a) is attributed to its maximum content of kaolinite (93.04wt.%) when compared with that of sample
Gab (53.71wt.%) (Table 2) that resulted in the minimum pozzolanic activity of MK-Ga5 (1504mg Ca(OH)2/g MK) (Fig. 8e).
In addition, as the total fluxing oxides (sum of Fe20s, TiO2, CaO, MgO, SOs, K20, Na20 and P20s) of the kaolin samples affect
their MKSs counterpart pozzolanic activities [19, 59, 64], sample Ga5 has the maximum total fluxes (4.34) when compared with
Gal (2.77wt.%), to explain the lower pozzolanic activity of Ga5-MK. The higher the total fluxes, the higher is the agglomeration
of the MK particles [19, 59, 64].

Eldin et al. [75] demonstrated that some kaolins from Abu Zenima are optimally transformed into metakaolin at 700 °C for 90
minutes. The pozzolanic activity of the later metakaolin ranges from 0.65 to 0.74 g Ca(OH)2/g MK. However, Khaled et al. [68]
reported the optimum calcination of the same kaolins to be at 600 °C for 60 minutes where higher pozzolanic activity of 1156.6
mg Ca(OH). /g MK was calculated according to the Chapelle method (NF P18-513, [76]). This study proved that the optimum
calcination of Abu Zenima kaolins could be achieved at 550 °C for 30 minutes to produce MK with an even greater pozzolanic
activity of 1732 mg Ca(OH). /g MK than Eldin et al. [75] Khaled et al. [68].

The calculated pozzolanic activity proved that > 66% of the measured samples are pozzolanic, i.e., >40 firing conditions, and
can be used on the industrial scale to produce highly pozzolanic MKs. On the other hand, the relationship between the pozzolanic
activity vs. the kaolinite/quartz ratio indicates a general positive correlation with significant r > 0.5 (Fig. 9).
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Fig. 9. The relationship between the pozzolanic activity vs. kaolinite/quartz ratio in all samples at: (a) 550, (b) 650, (c) 750 and
(d) 850 for 30, 60 and 120mins; respectively where, r: correlation coefficient.

3.2.2. Phase Composition of MK
The XRD pattern of the MK-Gal sample showed a wide amorphous hump at the 26 range (15-30°) referring to the complete
decomposition, i.e., amorphization, of the kaolinite mineral contents (Fig. 10) [22, 65]. The amorphous humps are directly
related to the transformation of kaolinite to MK (2SiO2Al203) by the removal of the structural OH groups, rearrangement of Si
and Al ions and the formation of penta- and tetra-coordinated Al ions at the expense of the hexa-coordinated Al ions (Eg. 6)
(Fig. 10) [37, 56, 63, 66—69].

2Si02 Al203 2H20 — 2Si02 Al203 + 2H20 (Eq. 6)
Py K: HKaolinite

< Ouart=
A AAanatase

MK - Gal1-5S0
-0 rvwin.

=20, (7))

Fig. 10. XRD diffractograms of MK-Gal at 550 °C for 30mins.
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3.2.3. Microstructure of MK

MK-Gal is represented by the irregular arrangement of the MK particles having broken edges (Figs. 11a and b). The ghost
structure of the calcined kaolinite persisted and is represented by the preservation crystal aggregates of the platy pseudo-
hexagonal kaolinite structure (Figs. 11a and b) [37, 56, 59, 61]. The elemental composition revealed from the microchemistry
of MK-Gal confirms the presence of MK (Fig. 11) as reflected from the major recorded elemental concentration of Si and Al
(65.16 and 34.84, respectively) (Point 1, Fig. 11b).

v ag [ | spot WD det HFW 23/2022 —5ym —

20.00kv | 15000x | 3.5 12.5mm | BSED | 27.6 pm S 32 AM NRC(QUANTA FEG250)

Point 1

1 ey O = e 1P, e q ym
20,00 kv 30 000 5 1 12.5mm 3.8 m 112 A NRCIQUAM IA FEGZ250)
Fig. 11. SEM micrograph of MK-Gal at 550 °C for 30m|ns €©) X15000 and (b) X30000 platy-pseudo-hexagonal particles
with angular borders (MK, white arrows) and pore spaces (yellow dashed area).

*
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3.2.4. MK Surface Area and Pore Volume

The BET analysis shows that the specific surface area of the Gal kaolin sample (4.47) is lower than that of the MK-Gal at
550°C for 30, 60 and 120 minutes (13.99, 13.11, 12.66m?gL, respectively). However, the MK-Gal surface area decreases in the
direction 30 > 60 > 120mins at 550°C (Fig. 12a) [63]. This is attributed mainly to the agglomeration of the MK particles due to
sintering at higher temperatures [64]. The lower is the surface area, the fewer is the MK active sites available for pozzolanic
reactions and, consequently, the lower is the MK-Gal pozzolanic activity with the soaking time (1732, 1136 and 386mg
Ca(OH).2/g MK, respectively) (Fig. 8a) [24, 70, 71].

( a) —8—: Gal

=& : MK-Ga1-550°C-30mins.
=t : MK-Ga1-550°C-60mins.
== : MK-Ga1-550°C-120mins.
P/P°: Relative Pressure
P/Va(P°-P): Volume adsorped
onto sample
Va: Volume adsorped

P/Va(P°-P)

P/P°
100

(b)

<60 +

Va, (cm®. g

0.0 0.2 0.4 0.6 0.8 1.0
p/P°

Fig. 12. (a) BET and (b) Isothermal plot of the Gal and MK-Gal samples heated at 550°C for 30, 60 and 120 minutes.
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The isotherm of MK-Gal samples show the presence of type-ll adsorption isotherm with H3 hysteresis loop as well as
mesopores at the range 10-100nm (Fig. 12b) [72]. The pore volume, maximum pore diameter (dpmax) and average pore diameter
(APD) of the MK-Gal sample heated at 550°C increased with soaking for 30, 60 and 120mins, respectively (0.116, 0.116,
0.117cmig; 162.71, 209.98, 105.63nm and 21.81, 24.82, 30.72nm, respectively) (Table 3). The higher is the surface area
(13.99m?g™) (Table 3), the lower are the pore volume (0.116cm?3g™t) and APD (21.81nm) (Table 3) and, consequently, the higher
is the pozzolanic activity of MK-Gal at 550°C for 30mins (1732mg Ca(OH)./g MK, Fig. 8a). This is attributed to the fact that
the smaller pores provide higher surface area per unit volume of the MK [63, 73].

The lower the APD, the higher is the nitrogen adsorption capacity (Vm) and, consequently, the higher is the surface area.
Therefore, the MK-Gal heated at 550°C for 30mins represents the highest Vm value (3.21) as compared to those for the MK-
Gal at 550°C for 60 and 120mins (3.01 and 2.91cm?/g, respectively) (Table 3).

Table 3: Surface parameters of the MK samples heated at 550°C for 30, 60 and 120 minutes as calculated by the BET method

Locality Sample Isotherm BET Adsorption Total pore BJH average Max pore Pore
code surface capacity, (Vm, volume, pore diameter, diameter, type
area, cm®/g) (cm3/g) (nm) (dpmax, nm)
2
(m/g)

El-Garf Gal 1] 4.47 1.03 0.06 26.98 59.47 Meso
MK-Gal- 1 13.99 3.21 0.12 21.81 162.71 Meso
550°C-30

mins.
MK-Gal- 1 13.11 3.01 0.12 24.82 209.98 Meso
550°C-60
mins.
MK-Gal- 1 12.66 291 0.12 30.72 105.63 Meso
550°C-
120 mins.

Note*  Gal: Raw kaolin sample  MK-Gal: Metakaolin sample

4. Conclusion

This study investigates the transformation of raw kaolin into metakaolin (MK) through optimized calcination to save energy,
increase production and the metakaolin marketing. By identifying the kaolin optimal calcination conditions, the research
maximizes pozzolanic activity and highlights the key factors influencing it. These findings provide valuable insights for adding
economic value to the kaolin raw materials. The key conclusions drawn from this study are as follows:

1. El-Garf kaolin samples are classified as coarse siltstones except for one sample (Ga3) which is composed of medium
siltstone. The mineral composition of these samples (Gal-Gab5) is composed of clay minerals (kaolinite) and non-clay
minerals (quartz and anatase) as confirmed by XRD and FTIR.

2. The chemical composition of the kaolin samples is matched with the kaolinite/quartz ratio. The higher the degree of
kaolinite ordering, the higher is the structural decomposition temperature. The mature microstructure of Gal kaolin
is in conformity with its calculated high degree of ordering that demanded the maximum decomposition temperature
at 580°C with maximum weight loss (13wt.%) among all the kaolin samples.

3. It is proved that 66% of the MK samples, i.e., 40 firing conditions, are highly pozzolanic and can be upscaled
industrially. The optimum pozzolanic activity value (1732mg Ca(OH)./g MK) is for sample MK-Gal after calcination
at 550°C for 30mins, whereas the minimum pozzolanic activity value (115mg Ca(OH)2/g MK) is for sample MK-Ga5
after calcination at 750°C for 120mins.

4.  The lower the kaolinite/quartz ratio as well as the higher total fluxes of the raw kaolin, the minimum is the MK
pozzolanic activity.

5. The MK optimal surface area (13.99 m2/qg) is associated with low pore volume (0.116 cm?/g) to enhance the MK
pozzolanic activity. This is attributed to the fact that the smaller pores provide higher surface area per unit volume of
the MK.

6. Future research will focus on large-scale industrial trials and explore additional activation techniques, such as grinding
and chemical, to further enhance the material's properties.
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