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Abstract : Kaolinite clay was adopted as the research topic for this study, which is to examine (he exchange of /\g"',

Zn2* and Ti** to kaolinite through an ion exchange seheme so that it alters the quality of its surface and forms the

nano-grade kaolinite clay catalyst, and also to investigate its physical characteristies through the X-ray diffraction analysis,

transmission clectron microscopy (TEM) and ditTerential thermal scanning calorimeter, thermogravimetric analyzer (DSC-

TGA).

All catalysts went through the caleination process and were observed by TEM, indicating that the sizes of the catalyst

particles on the kaolinite clay carrier for all eatalysts were between 20 to 100 nm, thus proving that these catalyst particles

do cxist in the kaolinite after ion exchange, as well as that they are unquestionably nano-grade.

The results revealed that (the presence of a certain amount of metal species may offer a prospective “green chemistry”
R’ b B

strategy in the traditional preparation processes.
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Introduction

A photocatalyst is a material capable of exercising the
catalyst function by ulilizing photo energy that activates
chemical reactions in its surroundings. The pholocatalyst
reaction utilizes a semiconductor as a photocatalyst that
follows the steps of converting photo cnergy into chemi-
cal encrgy. The semiconductor materials generally adopted
as a photocatalystinclude : TiO,. ZnO. CdS, SnO,, WO;,
etc. The optical properties of the semiconductors will be
affected by various cnergy band structures. Generally
speaking, semiconductors with a larger encrgy gap may
have higher activity while also needing Lo consume more
energy in order to be activated. If the energy gap is too
small, then the activated clectron-hole pairs can be re-
joined, thus causing poor activity. Among these, TiO,
has a high degree of stability. 1ts properties will not be

casily changed in acidic or alkaline environments: thus,

presenting beneficial characteristics : harmiess, safe and
an excellent energy gap'. Given its minor efTect on hu-
man body and the natural environment, it has become a
widely applicd photocatalyst material.

Many rescarchers have been attempting to modify the
catalyst surface to increase the cfficiency of these pro-
cesses. To incrcasce the adsorption capacity of organic
compounds, researchers have explored supporting Zn0O,
Ag,0 or TiO, on such porous materials as silicon dioxide
(Si02)2f3. zirconiumoxide (Zl'02)4‘5, quartz®, zeolites.
activated carhon (A(C)7-8

(CNTS)t)'”). Among the methods of immobilization stud-

, amd carbon nanotubes
ied are chemical vapor deposition (CVD), impregnation,

plasma coating, sol-gel, mechanical coating.

microcmulsion, and mixing nano-ZnO with AC at differ-
. ! b

ent proportions in an aquecous suspensionS'12. ZnO-

coated carbon nanotubes. using the filtered cathodic
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vacuum arc technique, and the growth of ZnO nanowires
on modificd, well-aligned CNT arrays using a hydrother-
mal process have also been studied!34. Spherical AC
containing ZnO, prepared using both strong and weak
acid ion-cxchange resins as starting materials, has shown
high humic acid removal efficiency'’. Although AC is
temperature sensitive and can be oxidized in the air at
higher temperatures, when it i1s used as a photocatalyst
support, heat-treatment is required.

The main focus of this study is on adopting kaolinite
as a major catalyst carricr and exchanging Ag™, Zn2",
and Ti*" for the catalyst carrier by an ion exchange pro-
cess so that it forms the so-called clay photocatalyst, and
also by adopting instruments like X-Ray diftraction analysis
(XRD), transmission clectron microscopy (TEM) and dif-
ferential thermal scanning calorimeter thermogravi-
metric analyzer (DSC-TGA) to examine the classification
and characteristics of various physical properties of the
kaolinite catalyst.

Research method and preparation of materials

The purification and preparation of sodium saturated
kaolinite :

Mcasure 60 g of commercially available kaolinite to
place into a two-liter size beaker; then add 1.8 L of de-
ionized water to have it expand completely by first stir-
ring before soaking it [or several days. After it has ex-
panded, take 250 mL of the kaolinite suspended solution
from the beaker and filter sand particles using 300-mesh
grade wet sieving so that the filtered solution is moved
into a long secdimentation cylinder with a capacity of | L.
Add de-ionized water to 1 L solution and vigorously stir
with an agitating impeller belore leaving to stand still for
natural sedimentation. After eight hours, extract the top
10 centimeters of the suspended solution in the sedimen-
tation cylinder by siphonage. Then the suspension solu-
tion is subscquently centrifuged in an 18000 rpm high-
speed centrifuge.

Alter being centrifuged, the kaolinite will be furthered
saturated with 1T M sodium chlutide (NaCl), i.e. adding
an appropriate amount of the sodium chloride solution
and shaking continuously for eight hours, and washing
with de-ionized water three times. After the processes
noted above, it will be further washed with 95% ethanol
Lo exclude excessive chloride ions in the clay. A process

of rinsing with cthanol will be repeated as necessary until
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no chloride salt exists. The saturated kaolinite will be
further frozen for dechydration and ground in an agate
mortar into powder in order to producc saturated sodium
clay.

Preparation of kaolinite-Ag and kaolinite-Zn -

First prepuare solutions of AgNO;3 and ZnCl, with a
density of 0.1 Nand then add clay with a density o 2%,
while using the water bath approach to maintain the tem-
perature at 40 °C, stirring uniformly for 48 h. It will be
stirred further at 80 °C for another 2 h. The upper part of
the solution will be discarded after being lett to stand still
foracertain time. The kaolinite-Ag and kaolinite-Zn cata-
lysts complete modification will be dehydrated using the
frozen dchydration method. It will be ground before fur-
thersintering at 350 °C within a furnacc for 2 h. Tt can be
stored for later utilization after it has cooled down to
normal room temperaturc.

Preparation of kaolinite-Ti :

Kaolinite-Ti is prepared first by taking 1.09 mL of
TiCl, tor dissolving into water to produce a solution of
TiCl, with a densily of 0.1 N. Subsequently, 2% of the
clay is added into the solution and a water bath is used to
maintain the lemperaturc at 40 °C, and is uniformly stirred
tor48 h. Tt is stirred at 80 °C for another 2 h. The upper
part of solution will be discarded after standing for a
certain time. Tt will also be washed with 95% cthanol to
exclude excessive chloride ions in the clay. The final
kaolinite-Ti catalyst modification is dehydration using the
frozen dehydration method. Tt will be ground before fur-
ther sintering in the 350 °C furnace for 2 h. 1t can be
stored for later utilization after it has cooled down to
normal room temperature.

X-Ray diffraction analvsis -

The X-ray diffraction analysis utilizes the X-ray
dilfractometer coded with Rigaku RINT 2000 to conduct
the analysis. The CuK, is used as a photo source to sepa-
rately analyze the crystalline forms of kaolinite clay and
the other four clay catalysts after moditications in order
to explore spacing of layers for these materials. The wave-
length of the X-ray produced is 1.5418 A and 10 mA for
testing operational current, 20 kV fr voltage, 5 deg/min
for a scanning rate with a scanning angle of 20 = 2~40°.

Transmission electron microscope analvsis (TEM
analysis) :

The transmission electron microscope was utilized to
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obscrve the particle diameters and distribution patterns of
various clay catalysts for this study. The instrument is
coded HR-TEM 2100. Steps for producing samples for
testing : first a sample with a scale of around 0.1 g is put
into a centrifuge tube and alcohol is added with a density
of 50% for about 10 mL. The centrituge tubce is subsc-
quently placed in a beaker with waler and shaken in the
supersonic vibrator for 30 min. The needed samples are
collected from the suspension in the centrifuge tube with
static dissipative tip pair clamping carbon-coated copper
mesh; this is donc twice and samples are left to stand still
before further analysis.

Thermal analvsis (TA) :

The differential scanning calorimeter thermogravi-
metric analyzer is utilized for this study to produce vari-
ous heating rates for the thermal analysis of a range of
clay catalysts. This instrument can test the performances
of DSC or TGA at high temperatures for materials either
in solid, powder, gel or liquid states. The analysis steps
are listed as follows :

(1) Sample preparation : All catalyst samples [or test-
ing should be ground in an agate mortar beforc being
fully dehydrated. Subsequently, 5 to 20 mg size samples
arc taken and filled into a platinum plate before testing.
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(2) Analvsis conditions : Adopting nitrogen as the purge
gas with a heating rate of 10 °C/min and a temperature
scanning range from 40 °C to 1200 °C to mcasurc samples
for thermal stability, differential thermal curve and loss
of samplc weight during the heating up stage.

Results and discussion

The XRD analysis of kaolinite clay and the kaolinite
clay caralyst :

The XRD analysis results of the sodium saturated
kaolinite clay, but with non-calcination, are shown in Fig.
1(a). The XRD analysis results of various kaolinite clay
calalysts after calcimation at 350 °C are shown in Figs.
1(b) to 1(d), respectively. According to the results, a
minor amount of quartz (about 37.7° for 20) and mica
(about 24.9" for 20) contained kaolinite as indicated. Be-
forc the ingredients of kaolinite arc transformed, by
Bragg’s law, 2d sin 6 = nA, the research result reveal
that the interfloor distance of the sodium saturated
kaolinite with normal room temperature is 0.7177 nm.
As it is modified by the positive ions and calcined to 350
°C, the interfloor distance of the kaolinite-Ag catalyst
may shrink to 0.7167 nm, 0.7155 nm for kaolinite-Zn
catalyst, and 0.7162 nm for kaolinite-Ti catalyst, respec-

tively.
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Kaolinitc is a | to | type clay mincral with relatively
weak plasticity, viscosity, contraction and expansion scales,
aswell as a non-expanding lattice. The junctions between
kaolinite sheets (Lamella crystal flakes) are generally in-
complete and contain monomolecular aquiters. As through
the modification of various ions and sinlering, water
molecules will be dehydrated by heating, thus reducing
the interfloor distance. Given the relative weak expan-
sion scale ol kaolinite, compared with other clay miner-
als in terms of cxpansion scales, it is obviously small'©,

TEM analysis of kaolinite clay and kaolinite catalyst

This test aims to compare and examine the structures
and statuscs of kaolinite clay and kaolinite catalysts. Fig.
2 indicates the structure statuses of kaolinite clay and
various catalysts. Tn Fig. 2(a), it is indicaled that (he
crystallization particles of kaolinite are formed by min-

eral crystals in micro-flake shape that appear as hexago-

nal tlat body (hexagonal crystal) with the diameters be-
tween 200 o 500 nm. Tt is hard to break into smaller and
thinner crystal, hence, presenting close to perfect crystal-
linity!”. The modified kaolinite-Ag catalyst is indicatcd
in Fig. 2(b). From this display, it can be known that the
distance between any single ions of the silver catalyst is
between 30 Lo 80 nm. The appearance ol silverions shows
a dark black color. It is quite possible that it contains a
small portion of the metal oxide, i.e. silver oxide mole-
cules, but most of them are still particles of silver ions
with globe shape and tightly scattered.

The modified kaolinite-Zn catalyst is shown in Fig.
2(c). The zinc catalyst through high temperature sinter-
ing may contain a small portion of metal oxides like zinc
oxide, but mainly it is still zinc ion particles with the
diamecler of about 30 to 100 nm. The modified kaolinilc-
Ti catalyst is shown in Fig. 2(d). The titanium catalysts

(¢) Kaolmite-Zn

(d) Kaolinite-Ti

(ais the kaolinite structure alter purilication)

Fig. 2. The TEM analysis chart ot kaolinite and kaolinite eatalyst
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are tightly scattered with obvious crystallization pheno-
mena. It is expected that this titanium catalyst may also
contain a small portion ot TiO, particles, but the majority
is still titanium ion particles. The size of individual tita-
nium jon is approximately between 10 to 20 nm and also
tightly scattered. It is proven by the results of the TEM
analysis, noled above, that the distances belwecen various
catalyst particles and individual ions for different synthe-
sized kaolinite catalysts arc indeed nano-grade.

The dispersion display ol elements conlained by vari-
ous kaolinitc catalysts classificd by the energy dispersive
spectrometer (EDS) is shown in Fig. 3. The figure indi-
cates that there are various positive ions after modifica-
tion and certain ratios appeared through the various ion
ingredicnts of the kaolinite catalyst.

The thermal analysis of kaolinite clay and kaolinite
catalvsts

Fig. 4 indicates the results of the thermal analysis and
thermogravimetric analysis by adopting nitrogen as the
purging gas around the kaolinite clay with a heating up
rate of 10 °C/min from 40 °C (o 1200 °C. The differen-
tial thermal scanning calorimeter curve revealed that there
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are three endothermic peaks (melting peak) for kaolinite,
which may separately appear at 77 °C, 530 °C and
1051 °C. And two exothermic peaks may also indepen-
dently appear at 583 °C and 1009 "C. Given the multiple
melting peaks indicated above, it reveals that kaolinite
itsellmay have various erystal structures and microscopic
phase patterns. In addition, this also indicates that certain
relatively unstable crystals or crystal chips contained in
kaolinite may first be melted at lower temperature, and
then subscquently crystallized into more perfect crystals

during the melting process'$

. As Lhe temperature further
increases, these crystals will be melted again, thus pre-
senting a multiple melting peak phenomenon.

From the results of the thermogravimetric analysis, il
is possible to know that kaolinite may have | 1.8% weight
loss belween temperatures of 425 °C and 583 °C, and
relatively less weight variations appcar when the tem-
perature is below 425 °C and above 583 °C. The endo-
thermic peak at 530 °C accompanied with weight loss is
due Lo the dchydration of the hydrate contained in the
kaolinite. A relatively high ratio of weight loss may oc-

cur around this specific temperature. Subsequently, a phase

0 {] 2 3 5
ull Soale 17901y Cursor G000 LaV [

(b) Kaolinite-7Zn

The EDS analysis result of kaolinite catalyst
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Fig. 4. DSC and TGA analysis chart ol'kaolinite clay.

shift may also occur to cause the kaolinite to become
mctakaolinitc. The exothermic peak at 1009 °C occurs
when the phase shifts by converting metakaolinite into
primary mullite and the glass phase. The temperature for
forming primary mullite in this study is slightly higher
than the 980 °C noted by Chakraborty and Ghosh'?. Tt is
caused by (he animosities of crystallinity and impuritics
contained by kaolinite so that it subsequently affects the
temperaturce by forming primary mullite.

As for the kaolinite-Ag catalyst, endothermic peaks
occur separately at 77 °C, 522 °C and 1051 °C. Exothermic
peaks occur at 673 °C and 1009 °C, and the 11.9% weight
loss takes place between 425 °C and 583 °C. The endo-
thermic peak at 522 °Cis very close to the temperature that
appearced in the case ot kaolinite; the accompanied weight
loss is duc to the dehydration process of the hydrale origi-
nally contained in the kaolinite. Subsequently, the kaolinite
becomes metakaolinite after the phase transition. The exo-
thermic peak at 673 °C has a delay ot 90 "C compared with
the temperature of kaolinite; the phase will change rom
metakaolinite into primary mullite (temperature is 1009 °C
at this moment). Teis speculated that the existence of silver
ions between various layers of kaolinite cause the differ-
encces in crystallinity and the elements separately contained
in kaolinite-Ag catalyst and the kaolinite itself. It lcads to
the formation temperature of mullite that can be slightly
higher than kaolinitc and the weight loss of kaolinite may

gradually become stabilized.
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As for the kaolinile-Zn catalyst, endothermic peaks
occur separately at 77 °C, 562 °C, 837 °C and 1005 *C.
Exothermic peaks occur at 628 °C and 969 °C corres-
pondingly and the 10.7% weight loss takes place between
425 °C and 583 “C. It possible to determine from the
figure that the endothermic peak accompanied weight loss
occurred at 562 °C, and was caused by the dehydration
process of hydrate originally contained by the kaolinite.
Subsequently, the kaolinite becomes metakaolinite after
phase transition. The exothermic peak at 628 °C has a
delay of 5 °C as compared with the temperature of kao-
linite, and the phase will be transferred from metakaolinite
into primary mullite (temperature is 969 °C at this mo-
ment) and the weight loss may gradually be stabilized?".

The cndothermic peak at 837 °C is affccted by the
zinc ions, hus causing another melting point afler this
temperature. This result is almost the same as the tem-
perature of the previous analysis result!. And the next
endothermic peak (1005 °C) occurs at a lower tempera-
ture an kaolinite and kaolinite-Ag. The exothernnic peak
hetore 969 °C is possibly formed hy the surtace effect of
kaolinile-Zn since the zinc 1ons on (he kaolinite clay are
pretty dense, thus before the kaolinite-Zn melted by the
heating up process of the kaolinite-Zn structure. and may
occur during the crystallization phenomenon and release
heat. An exothermic peak will be formed and it is the

P ~ . . . a3
phasc transition [or primary mullite as mentioned above?.
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As for the kaolinite-Ti catalyst. endothermic peaks occur
scparately at 77 °C, 518 °C, 890 “C and 1018 °C. Exo-
thermic peaks occur at 595 °C and 1000 °C, respectively,
and the 10% weight loss takes placc belween
405 °C and 583 °C. It possible to determine from the
figure that the endothermic peak accompanied weight loss,
which occurs at 518 °C, is caused by the dehydration
process of hydrate originally contained in the kaolinite.
Subsequently, the kaolinite becomes metakaolinite after
the phase transition. The exothermic peak at 595 °C has
a delay of 12 °C as compared with the temperature of
kaolinite and the phase will be transferred from
metakaolinite into primary mullite (the temperature is 1000
°C at this moment) and the weight loss may gradually
stabilize as the phasc transition towards primary mullite
has started.

The endothermic peak at 837 °C is alfected by the
titanium ions, thus causing another endothermic peak to
appear after this temperature. And the next endothermic
peak (1018 °C) occurs at a lower lemperature than kao-
tinite (1018 °C for kaolinite). The exothermic peak be-
fore this temperature at 1000 °C is possibly formed by
the surface effect of kaolinite-Ti, since the titanium ions
on the kaolinite clay have the same density as the zinc
ions. Hence, before the kaolinite-Ti melted during the
heating process, in the kaolinite-Ti structure a crystalli-
zation phenomenon may occur and release heat.

Conclusions

The modificd clay catalysts verify the results of the
TEM analysis in this study, that a range of catalyst par-
ticles of various synthesized kaolinite catalysts does fit
nano-grade standards tor the distances of their individual
ions. Furthermore, after being classificd by the EDS. the
element dispersion situation of different kaolinite cata-
lysts, certain ratios are shown by various ion ingredients
ol the kaolinite catalysts. According to the results of X-
ray anulysis, mino gimounts of yuartz (about 37.7" fu
26) and mica (about 24.9° for 20) were contained in the
kaolinite as indicated. As it is modified by the posilive
tons and calcined at 350 “C, the interfloor distance of the
kaolinite-Ag catalyst may shrink to 0.7167 nm, 0.7155
nm for kaolinite-Zn catalyst, and 0.7144 nm for kaoli-
nite-Ti catalyst, respectively. Finally. thermal analysis

also revealed that there are three endothermic peaks (mell-

ing peaks) for kaolinite which may scparately appear at
77°C, 530 °C and 1051 *C. And two cxothermic peaks
may also independently appear at 583 °C and 1009 °C.
Given the multiple melting peaks indicated above, it re-
veals that kaolinite itself may have various crystal struc-

tures and microscopic phasc patterns.
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