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Abstract 
Berbuff, Nargus and Durr clay samples, commonly known as various grades of Swat china 
clay, were characterized and compared with imported English china clay. Dehydration of 
these clays occurred at ~90 to 150ºC, followed by dehydroxylation at ~500 to 530ºC. The 
formation of γ-Al2O3-type spinel phase or primary mullite began at ~990 to 1000ºC. The 
major crystalline phases present in Durr and imported English china clay were kaolinite 
and illite. Additionally, trace amounts of quartz and muscovite were also identified in Durr 
clay. Berbuff and Nargus clay samples comprised kaolinite along with paragonite, 
clinochlore, montmorillonite, quartz and albite. Unlike Nargus, halloysite was also 
identified in Berbuff. Durr, Berbuff and Nargus contained ~28, ~27 and ~23 mass% kaolin 
respectively. The microstructure of English china clay comprised typical book- and flake-
like kaolinite agglomerates and particles. Durr clay comprised mealy and hexagonal-
shaped kaolinite grains. Clinochlore and/or halloysite of tubular morphology were 
observed in the microstructure of Berbuff and Nargus. The chemistry, phase constitution 
and thermal behavior of these local clays were found close to those of high quality English 
china clay.  
Keywords: Swat china clay; Phase; Microstructure; Kaolinite; Characterization 
 

INTRODUCTION 
Clays are widely used in vitreous ceramic 
and construction industries [1-3] and are 
generally mixed and blended to give 
standard compositions and optimum 
properties for various applications [4]. The 
microstructure and properties of clays 
depend on the characteristics of the parent 
clay and the processing conditions [5]. 
Various types of clays comprise different 
clay minerals of the ninety-three 
planar/non-planar hydrous phyllosilicates 
[6-7] which are either 1:1 or 2:1 layer type 
phyllosilicates with/without interlayer water 
[8]. Particle size, shape, surface chemistry, 
area and charge affect the relevant 

properties like shear viscosity and 
absorption of a particular clay [2, 9].  
Kaolinite, Si2Al2O5(OH)4, is a dioctahedral 
clay mineral of 1:1 layered structure with 
poly-types namely kaolinite, dickite and 
nacrite [10], and the polymorph halloysite 
[11]. A single layer of kaolinite comprises 
planes of O6, Si4, O4, (OH)2, Al4 and (OH)6 
stacked one over the other [12]. A detailed 
account of the internal structure can be 
found elsewhere [13-17]. 
Typically, the microstructure of kaolinite 
consists of pseudo-hexagonal plates, 
clusters of plates, thin platy or stacked 
aggregates of compact and clay-like 
masses [18] and halloysite, 
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Al2Si2O5(OH)4.2H2O, comprises single or 
massive aggregates of tubular morphology 
up to 15 m in length [11, 19]. The degree of 
perfection in translational periodicity is a 
measure of the level of crystallinity in a 
material and is determined by different 
indices like Hinkley index (HI), Stoch index 
(IK) and the Aparici-Galan-Ferrel index 
(AGFI) in clays [20-24]. 
The transformation of clays from one 
phase to another or from one type of clay 
to another type is a function of 
temperature, pressure, time, contact with 
microbes and chemicals, the type and 
quantity of impurities, and exposure to 
radiations [25]. Clays may be thermally 
transformed into other phases when 
subjected to heating. This process is 
accompanied by weight loss and 
sometimes conservation of the residual 
structurally bound water into the next 
phase [26]. The dehydration of kaolinite 
(99% pure English china clay) completes 
by ~150oC, followed by dehydoxylation at 
~500-600oC and its structural breakdown 
occurs in the temperature range ~800-
900oC, depending upon the particle size 
and amount and type of the impurities 
present [27-29].  
Kaolinite from Guandong (China) 
containing 7.9% quartz and 2-3% illite 
dehydroxylates to metakaolinite at ~420-
660°C depending on the type and amount 
of impurities present [30] via 
Si2Al2O5(OH)4  

~420-660°C    Al2O3.2SiO2 + 2H2O (1) 
which involves the combination of two OH 
groups to form H2O and oxygen which 
remains incorporated in metakolin. At 
about 900°C, metakaolinite decomposes to 
amorphous SiO2 and γ-Al2O3–type spinel 
via 
Al2O3.2SiO2      

~900°C         γ -Al2O3  + 2SiO2 (2) 
γ-Al2O3–type spinel and SiO2 re-crystallize 
into mullite at temperatures above 1100°C 
via 

3.γ-Al2O3 + 2SiO2    
>1100°C    3Al2O3.2SiO2 (3) 

Sonuparlak et al.[31] reported the 
observation of a γ-Al2O3–type spinel phase 
along with some residual amorphous SiO2 
while Srikrishna et al.[32] supported the 
formation of a single phase (with 
composition close to mullite) and excess 
SiO2 at 900°C. Thus the formation of 
mullite begins at temperatures >900°C and 
the process continues till 1000°C. At 
1000°C, small crystals (5-10 nm in size) of 
spinel-type phase have been identified by 
electron diffraction along with 10-30 nm 
primary mullite crystals in an amorphous 
SiO2 matrix. At 1100 to 1200°C, the spinel 
type phase is lost and mullite begins to 
grow to ~0.5µm in size. At ~1300°C, 
cristobalite begins to form from amorphous 
SiO2 discarded as a result of mullite 
formation and metakaolin grains lose their 
face-on pseudohexgonal habit leaving only 
mullite and cristobalite in a glassy matrix. 
Above 1600°C, the clay body melts 
completely [27, 29].  
Mullite has an orthorhombic crystal 
structure with composition ranging from 
3Al2O3:2SiO2 to 2Al2O3:1SiO2, usually 
denoted by 3:2 and 2:1 mullite 
respectively. The size, shape and 
composition of mullite depend on the 
composition and viscosity of the matrix. 
Mullite forming in vitreous ceramics can be 
distinguished by their shape, size (aspect 
ratio) and chemical composition as primary 
mullite M(I), granular secondary mullite 
M(II) and needle-shaped secondary mullite 
(MIII) [32-34]. The chemistry, phase 
transformation behavior and hence the 
application potential of clays depend upon 
the origin and immediate environment of a 
clay deposit [35] and therefore, each clay 
deposit requires systematic 
characterization.  
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The aim of the present study was to 
characterize the locally available kaolin 
clays. Findings regarding the chemical, 
phase and microstructural analyses of the 
collected samples from various sources of 
the KPK province of Pakistan are 
presented and compared with the imported 
English China clay for possible industrial 
applications.   
Experimental methods and results 
Local kaolin clay samples were collected 
from local industry and imported kaolin 
samples were supplied by Akbari Traders 
chemical dealers, Lahore, Pakistan (Table 
1). Samples in the form of powders were 
dried at 110°C for 2 hours, ground in 
Mortar and Pestle system and sieved 
through a ≤53µm (270 US) mesh. The 
percent mass (%mass) loss upon heating 
and phase transformation temperatures 
were determined using a Perkin Elmer 
Diamond, TG/DTA instrument (Centralized 

Resource Laboratory, University of 
Peshawar, Pakistan) from 40 to 1300°C at 
10°C/min in nitrogen atmosphere. The 
phase analysis of powder samples was 
carried out using a Philips X-ray 
diffractometer (Department of Engineering 
Materials, University of Sheffield, UK) with 
Ni filtered Cukα radiations (λ=1.54Å) 
operating at 40 kV and 30 mA with a step 
size of 0.02º from 5 to 60º at 1º/min. 
Secondary electron scanning electron 
microscope images (SEI) were recorded 
using a JEOL 5910 scanning electron 
microscope (SEM) operating at 20 kV, 
equipped with energy dispersive X-ray 
electron spectroscopy (EDS) system 
(INCA 200). Powdered samples were 
mounted onto stubs with double-sided 
adhesive tape before carbon-coating. 
Conducting paths were provided with silver 
paint to avoid charging in the SEM.

 

Table 1. Various kaolin clay samples investigated in the present study. 
 

S. 
No 

Name Collection Location Symbol 

1 Kaolin (Nargus) Swat China Clay Pvt. Ltd., Swat (NWFP) N 
2 Kaolin (Berbuff) Swat China Clay Pvt. Ltd. Swat (NWFP) B 
3 English China 

clay 
Akbari Traders chemical dealers, Lahore, 
Punjab 

E 

4 China Clay Durr Industries Hayatabad, Peshawar 
(NWFP)  

D 

 

As shown in Fig. 1a, a continuous 
downwards slope was observed for all the 
investigated samples on the differential 
thermal analysis (DTA) curves at 
temperatures ranging from room 
temperature until the appearance of 
endotherms due to de-hydroxylation; 
however, no systematic endothermic dip 
indicative of dehydration, was observed at 
~150oC as reported for pure kaolinite [28]. 
The dip on the DTA curve (Fig. 1a) at 

~534°C for sample E, ~514°C for sample 
D, ~509°C for sample B and ~498°C for 
sample N indicated the de-hydroxylation of 
the examined clay samples at the given 
temperatures. The exotherms 
corresponding to the crystallization of γ-
Al2O3-type spinel or primary mullite were 
observed at ~991oC for samples E and N, 
992°C for sample D and 981oC for sample 
B (Table 2). 
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Table 2. Phase transformation temperatures for the examined clay samples. 
 

Sample Endo. Temp. (oC) Exo. Temp. (oC) 
E 533.76 990.72 
D 513.82 992.37 
B 508.70 981.05 
N 498.54 991.28 

 

The mass% loss observed at temperatures 
ranging from ~400 to 500oC was ~4 in 
samples B and N, and ~3 in samples D 
and E. At 500-600oC, the mass% loss 
remained unchanged in sample B whereas 
in sample E it increased to ~7. The 
downwards slope on the thermo-
gravimetric plots was more pronounced for 
samples B and N in comparison to 
samples E and D (Fig. 1b). With further 
increase in temperature i.e. from 600 to 
1200oC, the mass% loss was nearly the 
same for all the investigated clay samples 
(Table 3). The percentage of kaolin 
present in a sample can be estimated from 
the comparison of the observed mass% 
loss in a sample under-examination and 
the mass% loss of pure kaolinite upon 
dehydroxylation at 500-600oC-the 

dehydroxylation range of pure kaolinite. 
The total water-content in pure kaolinite 
determined from its chemical formula is 
~13.96 mass% [19]. Thus based on the 
mass% losses observed for various 
samples sieved through a size <53µm 
mesh in the present study and English 
china clay were calculated to be ~52 in 
sample E, ~28 in sample D, ~27 in sample 
B and ~23 in sample N (Table 4). 
X-ray diffraction (XRD) revealed the 
presence of kaolinite and illite in sample E, 
kaolinite, muscovite, quartz and illite in 
sample D, paragonite, kaolinite, albite, 
clinochlore, and halloysite in sample B, 
and paragonite, kaolinite, albite, 
clinochlore and quartz in sample N (Figure 
2). 

 

Table 3. Percentage weight loss of locally collected clays at various temperatures 
 

Sampl
e 
 

Mass% 
Loss 
50-160oC 

Mass% 
Loss 
160-500oC 

Mass% 
Loss 
400-500oC 

Mass% 
Loss 
500-600oC 

Mass% 
Loss 
600-
1200oC 

Mass% 
Loss 
50-1200oC 

E 0.42 3.16 2.67 7.26 1.51 11.92 

D 0.52 3.63 2.97 3.96 1.16 9.00 

B 3.12 5.59 4.07 3.79 1.09 12.97 

N 2.77 5.02 3.79 3.21 1.02 11.52 
 

SEM images and the corresponding EDS 
spectra (Figure 3) revealed that the 
microstructure of sample E comprised clay 
agglomerates with typical book-like 
morphology and flakes of fine clay 
particles. The higher EDS peak intensities 

for aluminum than silicon indicated that the 
spectra were collected from the clay 
particles [34]. It was noticeable that the 
spectra collected from feldspar particles or 
other non-kaolinite mineral phase(s) also 
contained peaks due to aluminum but of 
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much lower intensities than the silicon in 
comparison to those collected from 
kaolinite particles or agglomerates. 
Sample D comprised soft, mealy and 
hexagonal-shaped kaolinite grains (Figure 
4). The grains observed in samples B and 
N resembled elongated rods/tubes 

(Figures 5-6) of clinochlore or halloysite [37, 

39-41]. In addition to kaolinite particles and 
agglomerates, SEM and EDS revealed the 
presence of feldspathic and other clay 
minerals of different grain/particle 
morphology. 

 

Table 4. Dehydroxylation and Kaolin mineral content present in various samples. 
 

Sample % ∆M  (Dehydroxylation) Kaolin (Mass%)  
E 7.26 51.89 
D 3.96 28.30 
B 3.79 27.08 
N 3.21 22.91 

 
Figure 1(a). Thermo-gravimetric plots and (b) DTA plots from samples E, D, B and N. 
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Figure 2. XRD patterns from samples E, D, B and N, showing the presence of kaolinite (K) 
and illite (I) in sample E, kaolinite, illite, muscovite (m) and quartz (Q) in sample D, 
kaolinite, halloysite (H), paragonite (P), clinochlore (C), albite (A), montmorillonite (M) and 
quartz in sample B, and kaolinite, paragonite, clinochlore, albite, montmorillonite and 
quartz in sample N. 
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Figure 3. Secondary electron SEM image (SEI) and a corresponding EDS spectrum from 
sample E showing book-shaped agglomerates (marked with arrows) and flake-like 
individual kaolinite particles (marked with regular arrows). Note the higher peak intensity 
for aluminum than silicon in the corresponding EDS spectrum. 
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Figure 4. SEI and a corresponding EDS spectrum from sample D, showing a hexagonal-
shaped kaolinite particle (marked with arrow). Note the higher EDS Al-peak intensity than 
Si. 
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Figure 5. SEI and a corresponding EDS spectrum from sample B showing rod/tube-
shaped clinochlore/halloysite grain (marked with arrow). Note the presence of Mg in the 
corresponding EDS spectrum.  
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Figure 6. SEI and a corresponding EDS spectrum from sample N showing rod/tube-
shaped clinochlore grain (marked with arrow). Note the presence of Na and Ca in addition 
to the Mg, Si and Al in the corresponding EDS spectrum, indicating the variation in the 
purity of different samples. 
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Discussion 
A systematic endothermic dip at ~150oC 
on the DTA curves from pure kaolinite 
indicative of dehydration has been 
reported previously [28]; however, in the 
present study, only a continuous 
downwards slope was observed. The 
probable reasons for not observing the 
dehydration dip may be the clays had 
already dehydrated during preheating at 
110oC for 2h in the present study. In 
comparison to the previous studies, the 
clay samples used in the present study 
were not pure and contained clay minerals 
other than kaolinite. The endotherms at 
temperatures ranging from ~498 to 533oC 
revealed the breakdown of hydroxyl ions 
from kaolinite which transformed the Al-
environment from octahedral coordination 
in kaolinite to tetrahedral coordination in 
metakaolin which then, crystallized either 
directly to mullite or first to Al-Si-type 
spinel and then nano-size mullite 
(3Al2O3.2SiO2) 

[35]. The observation of 
exotherms corresponding to the 
crystallization of γ-Al2O3-type spinel or 
primary mullite at temperatures ranging 
from ~981oC to 992°C, were almost 
consistent with the previous studies [26, 29, 

36]
  and the small variation in the 

crystallization temperature may be due to 
the presence of other clay minerals. These 
exothermic peaks corresponded to the 
heat evolved due to crystallization of γ-
Al2O3-type spinel or primary mullite. 
The higher mass% loss (7) observed for 
the sample E at 500-600oC and constancy 
or relatively less change in the mass% loss 
for the other samples, indicated that 
sample E contained more kaolinite content 
than the others. The more pronounced 
downwards slope on the thermo-
gravimetric plots for samples B and N in 

comparison to samples E and D, indicated 
the presence of more moisture in the 
former samples than the latter (Fig. 1b). 
The observed presence of more kaolin in 
sample E is obvious as it was commercial 
and more pure than the others investigated 
samples. Siddiqui and Ahmad [37] reported 
the presence of 43.85 to 65.21 mass% 
kaolin in Swat china clay samples with 
particle size <63µm but collected from 
carefully selected kaolin lenses from the 
same location. Another study [38] reported 
17 to 26.8 mass% kaolin in raw kaolinite 
samples and 51.57 to 59.67 mass% kaolin 
in washed kaolinite samples from the 
same region. A comparison of the present 
observations with the previous studies 
indicated the variation in kaolin content in 
samples collected from the same deposit 
but different lenses or as-mined and 
washed samples [37-38]. Thus, Swat china 
clay, if mined carefully and washed, can be 
used in triaxial porcelain or other vitreous 
ceramics industry and has the same 
application potential as any other high 
quality china clay.    
Paragonite, kaolinite, albite, clinochlore, 
and halloysite phases were identified in 
sample B, and paragonite, kaolinite, albite, 
clinochlore and quartz in sample N (Figure 
2). In addition to the above, Siddiqui and 
Ahmad [37] reported the presence of calcite 
and some localized epidote and 
clinozoisite in samples B and N whereas 
Muhammad et al. [39] reported the 
presence of plagioclase, mica and Mg-
silicates but in the samples collected 
directly from the mines. The observed 
differences in the constituent phases may 
be due to slight variations in the location of 
samples. Also, samples N and B 
investigated in the present study were 
supplied by Swat China Clay Ltd., 
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processed using the cyclone process, 
which may have affected their phase 
constitution. 
The microstructural analysis carried out in 
the present study was consistent with 
previous studies [36, 38-40].  
Conclusions 
The phase transformation temperatures 
determined for local kaolin clays were 
found consistent with previous studies; 
however, no systematic endothermic dips 
were observed at ~150°C, probably due to 
the use of almost dehydrated samples or 
the presence of other minerals in the 
examined samples. In agreement with 
some previous studies, the kaolin content 
in Durr, Berbuff and Nargus was lower 
than that of a) English china clay in the 
present study, b) samples collected from 
carefully selected lenses of the same mine 
or c) washed samples from the same 
mine. Kaolinite and illite were the major 
phases present in the imported English 
china clay and Durr clay samples. Nargus 
clay comprised kaolinite, paragonite, 
clinochlore and albite along with trace 
amounts of montmorillonite and quartz. 
The phase constitution of Berbuff was 
similar to Nargus except for halloysite 
which was present in Berbuff but not in 
Nargus. The microstructure of English 
china clay comprised typical book-
shaped/flak-like kaolinite 
agglomerates/particles. Soft, mealy and 
hexagonal-shaped kaolinite grains were 
observed in Durr clay and elongated rods 
of clinochlore or halloysite in Nargus and 
Berbuff. 
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