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Novel Method of Metakaolin Dealumination -Preliminary Investigation.
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Abstract: The dealuminaion of metakaolin obtained from Kankara clay was done using a novel approach.
The silica-alumina ratio of the product for this method was compared with those of the conventional and
combination of novel and conventional methods. It was observed that the silica-alumina ratio for the novel
method increased with increase in strength of sulfuric acid and was found to be good enough for the
synthesis of faujasite type of zeolites. This novel method proved to be reliable, cheap and independent
of external source of heating. Though, not determined, the quantity of energy released by the heat of
sulphonation was found to be sufficient to effect dealumination reaction, targetted at faujasite synthesis
using kaolin.
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INTRODUCTION

Zeolites are crystalline alumino-silicates, whose
structures are three dimensional networks composed of
channels and cavities of molecular dimensions built
from SiO4 and AlO4 tetrahedra. Zeolites, by virtue of
their unique properties, occupy an important place in
catalytic processes in the petroleum refining industry.
Faujasite class of zeolites, especially has found a
particular broad field of application as a component of
cracking catalyst and also as hydrotreating catalyst
modifiers[1,2,3], aside other uses to which it is applied
today.

Zeolites were traditionally synthesized from the
crystallization of sodium aluminosilicate gel prepared
from pure sodium aluminate, sodium silicate and
sodium hydroxide solutions[4,5]. The type and structure
of zeolites formed depends on the crystallization
temperature, residence (aging) time, pH, silica/alumina
ratio of the reaction mixture, size and type of cations
present, order of mixing, stirring rate of reaction
mixture, etc[6].

Kaolin clay materials contain the basic ingredients
needed for the production of various types of catalysts
including zeolites and/or supports[7]. Even though
processing improves the quality of clay to some extent,
traces of chemically bonded impurities still remain,
which tend to negatively affect the synthesis conditions
and properties of the products. For the formation of
faujasite type of zeolites, kaolin in its original form is
not useable, due to its passivity in nature, hence the
need to convert it to a reactive phase. At 6000C, kaolin
is transformed to metakaolin, while losing its structural
water and reorganization of structure. A small part of

AlO6 octahedra is maintained, while the rest is
transformed into much more reactive tetra- and
pentacoordinated units.    

Metakaolin, has been used as source of silica and
alumina for the synthesis of low-silica zeolites, as
reported by various authors[8,9,10]. For this purpose the
silica/alumina ratio was modified through either (i)
adding silica source, - solid or liquid –[11,12] (ii)
dealumination - removal of alumina – [13] from the
kaolinite structure.

The option of adding silica based material might
not be favourable under conditions where analytical
grade chemicals are either not available or adulterated.
This is important because the purity of the reagent
used strongly influences the type of zeolitic phase
formed. The relatively favoured alternative route is
dealumination, carried out via thermal or hydrothermal
treatment, acid leaching, steaming or by chemical
treatment with hexafluorosilicates and silicon halides.
The removal of alumina can be achieved through
different procedures- removing either the Al in
metakaolin (i.e. leaching with inorganic acids or salts)
or the Al in the gel (i.e. by washing the gel or by
complexing the Al). Colina et al (2002), have reported
that the optimal method of removing Al from
metakaolin is through reaction with sulphuric acid at
relatively high temperature. It also provides the best
option in controlling the silica/alumina ratio of the
dealuminated kaolin[14].

The sulphuric acid leaching method though
desirous, requires constant and uninterrupted power
supply, which presently is a luxury in most developing
nations around the world. Accordingly, there was need
to look for captive heat source of energy to achieve the
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dealumination reaction. The main focus of this paper is
to examine the possibility of employing the heat of
mixing or sulphonation of acid-water solely, to effect,
dealumination, for the ultimate enhancement of the
energy economics of dealumination.

The in situ mixing of water, sulphuric acid and
kaolin effects the following, simultaneously:

i. Generation of heat of mixing between water and
sulphuric acid

ii. The heat generated from (i)  raises the temperature
of the acid and water mixture to boiling point,
depending on quantity 

iii. Another part of the heat generated in (i) supplies
the heat of dealumination

iv. If boiling of acid and water mixture in (ii) is
achieved, the process of vapour formation effects
the enhanced mixing of acid-water-kaolin and
product mixture, which in turn enhances
dealumination through increased number of
effective collisions required for higher conversion.

The theory of enhanced mixing occasioned by the
vapourisation of water, in particular has been explained
[15]. The quantitative transformation of chemical energy
of mixing to heat and subsequently to mechanical
energy is being addressed.

MATERIALS AND METHODS

Kaolin clay procured from Kankara village in
Katsina State, Nigeria, was beneficiated by soaking in
water for 3 days in a plastic container, with periodic
stirring using an automatic fast rotating stirrer, while
the suspended impurities were decanted on daily basis. 

The resulting mixture was sieved using 75micron
sieve and allowed to settle for 24hours. The
supernatant was decanted, while the beneficiated kaolin
clay was centrifuge, dried atmospherically for 48hrs,
and calcined at 6000C for 6hrs to obtain the more
reactive phase-metakaolin. Samples of beneficiated dry
kaolin and metakaolin were characterized, as shown in
Table 1.

Sulphuric acid concentrations varying from 55wt%
to 75wt% were prepared and employed to dealuminate
same quantity of metakaolin at fixed residence time of
30minutes. The optimal acid concentration required to
give silica/alumina ratio for faujasite synthesis was
chosen to be 60wt%, as presented in Table 2.

Thereafter, three different types of dealumination
method were employed as follows:

Conventional Mixing Method: Under this
dispensation, 60wt% H2SO4 was prepared by mixing
85cm3 of 98wt% H2SO4 with 99cm3 of deionized water,

in a litre round bottom flask. This was mixed
thoroughly and later transferred to about 50gm of
metakaolin placed in a liter round bottom flask. The
whole mixture content was subjected to heating for 5
minutes. The temperature for the reaction was noted to
start from about 550C and progressed to about
1200C.The washed, dried samples obtained thereafter
were labeled appropriately and sent for analysis. This
procedure was repeated for reaction period ranging
from 10 to 80 minutes.

In situ Mixing Method: About 120gm of metakaolin,
410cm3 of 98wt% H2SO4 and 240 cm3 of deionized
water required to prepare 60wt% H2SO4 were mixed
together in 2litre round bottom flask. The mixture was
immediately transferred for continuous supply of heat
on a heating mantle for 5minutes.This technique was
termed in situ mixing method. The reaction was
quenched with deionized water, washed thoroughly, and
filtered using a Buckner filter connected to a suction
pump. The cake formed was oven dried at 1200C for
4hrs, labeled and packaged for analysis. The
temperature of the reacting system was noted to start
from about 980C and progressed to 2100C .The
procedure aforementioned was repeated for reaction
period ranging from 10 minutes to 80minutes.

Novel Mixing Method: In a different run, about
120gm of metakaolin was mixed with 361cm3 of
deionized water to form a homogeneous mixture. About
205cm3 of 98wt% H2SO4 was added to the mixture, to
effectively obtain 50wt% H2SO4 of acid, and the
content was shaken vigorously to avoid mud formation.
The mixture was left to react without external heating
for 5 minutes, terminated, washed with deionized
water, filtered, and oven dried at 1200C for 4hrs and
packaged for analysis. The same procedure was
repeated for varying concentration of H2SO4 from
55wt% to 75wt%. Thereafter, the concentration of
H2SO4 was fixed at 60wt% and the dealumination
process was repeated for reaction times of 5,10 and 15
minutes. The reaction was quenched, washed, filtered,
dried and labeled for analytical purposes. The
temperature for the reaction was noted to be about
980C.This technique was termed novel method.

Characterization: Analysis of raw, beneficiated and
dealuminated kaolin samples were undertaken using X-
Ray fluorescence, Phillips PW 1400 brand, using
sodium bromide as the flux material. The x-ray
diffraction patterns of the sets of samples were
obtained by using a Siemens D-500 diffractometer, at
50kV and 30mA (1200W), employing Cu Kα filtered
radiation. The XRD data were collected with a step
increment of 0.020 at count rate of 0.5sec/step, with 2θ 
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ranging between 50 and 650. The micrographs of the
samples were taken on a Hitachi S-4700 cold film
emission SEM using the upper secondary electron
detector.   Powder was sprinkled onto C tape mounted
on 12 mm pin stub, air dusted to remove loose
powder. No conductive coating was used. ESEM
conditions: 20keV, spot 3.5, 10 mm WD and pressure
of 0.98 Torr. Thermal and differential thermographic 
and differential scanning calorimetric analyses
(TG,DTA and DSC) of only the starting raw materials
were conducted in air over a temperature range 30-
11000C at a heating rate of 400C/min using thermal
analyzer, with alumina serving as the reference
material.

RESULTS AND DISCUSSIONS

Elemental Analysis: The elemental analysis conducted
using XRF on the raw and beneficiated Kankara kaolin
(Table 1) indicated its richness in potassium,
magnesium and ferric oxides. In fact, the high ferric
content was already indicated by the reddish colour of
the clay. Its silica/alumina ratio fell within the range of
kaolinite clay.

Concurrently, the calculated chemical formula- 
2.25SiO2*Al2O3*0.05K2O*0.11MgO* 0.07*Fe2O3, for
the fraction compared, favourably with kaolinite
formula. The difference, apparently occasioned by
associated impurities like K, Fe and Mg, caused the
Si/Al ratio to be relatively higher than that in pure
kaolinite. After beneficiation, it was observed that the
relative composition of SiO2and Al2O3 reduced while
those of K2O, Fe2O3 and CaO increased, apparently
introduced by the water used for the beneficiation. This
suggested the need to use soft water and its periodic
recycling aside monitoring of its pH, during
beneficiation. This was also in agreement with the
observation made by Malden et al (1967) that iron may
substitute for aluminum in kaolinite structure[16]. The
silica content reduction was traceable to the retention
of some crystalline silica (quartz) by the size of the
sieve used. The persistently high content of K2O, Fe2O3

and CaO in the beneficiated sample suggested their
presence in crystalline form with relatively small
particle sizes which could pass through the mesh of the
sieve used.

Phase and Shape Analyses: The XRD pattern in
Figure 1 showed that the kaolin sample was nearly
pure kaolinite phase, with impurities like
muscovite,quartz, clinochlore and zeolitic phase
gmelanite-K. This was an indication of inadequate
beneficiation process[17].

The SEM micrographs in Figure 2 for the
beneficiated kaolin showing large plates and stacks
indicated the ordering of silica and alumina layers in

kaolinite. The level of impurities in the initial kaolin
could be seen in between the silica-alumina stacks. The
calcined samples maintained a similar pattern, although
showing a slight disorder in the plates, and the
appearance of some particles with fiber or needle
shapes.

This observation was confirmed by the XRD
pattern, in Figure 3, for the metakaolin, which
represented partial destruction of the kaolinite phase
and appearance of others.

Surface Area Analysis: The BET surface area for
kaolin and metakaolin were determined to be 16.12m2/g
and 15.52m2/g respectively. The reduction in surface
area was due to the aggregation of particles when the
structural water molecules were removed, noting that
the average molecular size of water was relatively high.
This slight reduction in the surface area was an
indication that calcination of kaolin at 6000C was not
adequate enough as seen in the SEM micrograph.

Thermographic Analysis: The thermographic (TG),
Differential thermographic (DTG), and Differential
Scanning Calorimetric (DSC) analyses and patterns of
the Kankara clay used are presented in Figure 4. 

The DSC analysis showed four reaction taking
place as temperature increased. The first endothermic
peak occured at 460C corresponding to adsorbed water
on the surface of the particles. The second endothermic
reaction noticed in the temperature range of 3920C and
6200C, was associated with expulsion of bulk materials
from kaolin mineral, as demonstrated by the TG
pattern.

The third peak and, apparently, the only
exothermic reaction was observed to occur at about
1600C, which was an indication of the removal of
physically adsorbed water. Ironically, this temperature
corresponds with the normal temperature for removal
of water from solid materials. The weight loss between
3920C and 6200C was apparently due to
dehydroxylation. It is useful to note, that characteristic
dehydroxylation of pure kaolinite material occurs at
endothermic peak, between 5500C and 6000C[18]. The
lower dehydroxylation temperature range observeable in
this work was attributable to inferior ordering and
crystallinity, together with some effect from particle
sizes of the crystal[19,20].

The fourth peak, though minor, was observed at
about 9000C. This was attributable to the formation of
mullite and probably the process of desilicaliation[20].

The TG curve could be used in determining the
amount of kaolinite present [21] if weight loss between
3500C to 6200C were  only due to dehydroxylation of
intercalated water, i.e. other materials, which might
show similar weight loss in this temperature region are
absent.
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Fig. 1: XRD Pattern for the Beneficiated Kaolin

Fig. 2: SEM Micrographs for Beneficiated and Calcined Kaolin Clay. (left to right)

Table 1: Percentage Composition of Raw and Beneficiated Kaolin Clay 
Oxides Raw Kaolin Beneficiated Kaolin
SiO2 43.36 42.03
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Al2O3 32.87 31.82
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K2O 1.46 1.47
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
MgO 1.05 1.41
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CaO 0.4 0.88
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na2O 0.36 0.37
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Fe2O3 3.05 3.42
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
L.O.I 13.56 14.37
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
TOTAL 96.11 95.77
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Fig. 3: XRD Pattern for the Calcined Kaolin

Fig. 4: Thermoanalytical Curves of Kankara Kaolin Clay

Table 2: Composition of dealuminated kaolin using different acid concentration.
Component 50% 55% 60% 65% 70% 75%
SiO2 83.19 75.61 96.55 103.07 91.58 109.58
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Al2O3 16.58 13.66 10.41 7.16 6.01 5.33
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Fe2O3 1.43 1.08 0.85 0.75 0.67 0.56
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
CaO 0.4 0.51 0.59 0.55 2.05 0.43
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
MgO 0.85 0.74 0.71 0.55 0.59 0.52
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
K2O 1.2 1.09 1.25 1.1 0.99 1.04
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Na2O 0.34 0.34 0.36 0.36 0.39 0.35
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Table 3: Accompany Change of Volume per unit Mass and Internal Energy during Phase Change from Liquid to Vapour over a Range of
Temperature for Water [23]

Volume Per Unit Mass (m3kg-1) Internal Energy U ( kJkg-1)
------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------
Temperature   (0C) Volume of liquid Volume of vapour Volume fold Uliquid Uvapour U fold
5 0.001 147.2 147200 21.01 2382.4 113.39
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
20 0.001002 57.84 57724.55 83.86 2538.2 30.27
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
40 0.001008 19.55 19394.84 167.4 2430.2 14.52
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
60 0.001017 7.6785 7550.15 251.1 2456.8 9.78
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
80 0.001029 3.4091 3313.02 334.9 2482.3 7.41
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
90 0.001036 2.3613 2279.25 376.9 2494.6 6.62
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
100 0.001044 1.673 1602.49 419 2506.5 5.98
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
120 0.001061 0.8915 840.25 503.5 2529 5.02
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
150 0.001091 0.3924 359.67 631.6 2558.6 4.05
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
200 0.001156 0.1272 110.03 850.6 2593.2 3.05
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
220 0.00119 0.08604 72.30 940.9 2600.3 2.76
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
250 0.001251 0.05004 40.00 1080.8 2601.4 2.41

Fig. 5: Silica-alumina Ratio as a function of Sulphuric Acid Concentrations.

Fig. 6: Comparative silica-alumina ratio for various method of dealumination
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Dealumination: Table 2 presents the percentage
elemental compositions of dealuminated metakaolin for
given concentrations of sulphuric acid used for
dealumination. It was observed from Figure 4, that the
silica-alumina ratio increased with increase in acid
concentration at any given residence time. This agreed
with the work reported by Belver et al[22]. The
relatively high values obtained for silica in some
samples, for example samples treated with 65 and
75wt% was attributed to sensitivity of the silica
channel calibration.

The silica-alumina ratios are seen from Figure 5,
to increase with increase in the concentration of acid.
For the purpose of the production of faujasites, a
decision was taken to use 60wt % of sulphuric acid
concentration in this investigation. The results in Figure
5, suggested use of higher acid concentration, for the
synthesis of highly siliceous zeolites.

Figure 6 presents the comparative silica-alumina
ratio obtained from the three different methods of
dealumination used in this investigation.

The silica-alumina ratio is an indication of the rate
of removal of alumina from the kaolinite framework,
during dealumination. As observed from Figure 6, the
rate of alumina removal was higher in in situ-mixing
which is a combination of the novel and conventional
methods. During in situ mixing method, the latent heat
of the reacting mixtures and external source of heating
were combined, hence continuous increase in silica-
alumina ratio. The amount of heat released by the acid-
water mixture was used in conjuction with the heat
supplied by the heating mantle. The rate was relatively
higher in this case because the extremely high increase
accompanying phase change from liquid water to
vapour, in particular, continued with the help of
external heating even when the strength of the acid
was reducing. The phenomenological increase in
volume of water during boiling, demonstrated in Table
3 is testimony to the spontaneous increase in the
temperature of the mixture from 950C to about 2100C. 
It is useful to also note some marginal increase in the
internal energy of water from liquid to vapour states.
The sharp rise in temperature resulted from
accompanying increase in heat transfer during the
boiling action. Apparently, the phenomenological
increase in volume - 2361.3 folds - at 900C for
example, with corresponding internal energy increase of
6.62 fold resulted in a chain effect - very good
agitation and collisions leading to increased
temperature, higher collision of reacting species, higher
dealumination and consequently higher silica-alumina
ratio. This value of internal energy is an indication of
the capability of water to do work under the specified
conditions, which is a requirement for chemical
reaction to proceed.

The novel method showed a straight line
relationship between silica-alumina ratio and time of
reaction, which terminated after only 15 minutes,
depending on the strength and capacity of the reacting
mixture. The finding proved that for the synthesis of
faujasite type of zeolites the novel method, which
requires no electricity or external supply of heat
energy, was satistifactory.

Conclusion: The novel method discussed here was able
to give a silica-alumina ratio required for the synthesis
of faujasite type of zeolites. The amount of heat
liberated as a result of heat of sulphonation was
enough to supply the activation energy and mixing
enhancement required for the dealumination reaction. It
thus provides an alternative, cheap and independent
means of dealuminating metakaolin.
Work is in progress to address the quantitative effects
of this method of dealumination on structural
arrangement, surface area, etc.
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