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Abstract A natural raw diatomite and four modified

diatomites by calcination and acidification were used as’

starting materials for the sodium zeolitization process. Iron
impurity content present in the natural raw diatomite which
was expressed as Fe, O3 is about 5.8% and Q4 ([S1(0S1)4])
unit 64%, whereas the modified diatomite which was
treated with hot 6 M H,S0, (refluxed at 100 °C) for 24 h
and followed with calcination at 1100 °C for 5 h, contains
about 0.5% of Fe,05; and 97% of Q*. The results showed
that under the studied conditions (NaOH 10-30%w/v, 100—
180 °C, solid:liquid 1:10 and 1:30, reaction time 24-180 h)
only Na-P1, analcime, cancrinite and hydroxysodalite were
obtained and the highest yield of each sodium zeolite
product was obtained from the modified diatomite treated
-with hot H,SO, and followed with calcinations at 1100 °C.
This results from the reduction of iron content by acid
leaching and the elimination of silanol groups after calci-
nation to form more siloxane groups in the structure of

starting materials. In addition, a role of iron content was.

found to be significant in zeolite formation compared to a
role of Q* sites. It was found that a percentage of crystal-
linity is very high in the case of all starting materials,
which first underwent iron impurity elimination before
further thermal treatments.
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1 Introduction

Zeolites have gained a great deal of attention from many
industrial sectors because of their special properties. They
have been widely used in many applications, such as ion
exchange, adsorbent and catalyst [1]. Therefore, an attempt
to search for a zeolite synthesis process with economical
value has been regularly of interest. In general, locally
obtained raw materials used for silica or alumina source
means the advantage of reduction of the operating budget.
Useful information on factors affecting the synthesis spe-
cifically structure and chemical composition of starting
materials to effectively promote the reaction to yield high
zeolite crystallinity is necessary for good investment as
well. Diatomite is another interesting material because of
its relatively low cost, large reserves and its highly reactive
amorphous state in silica skeletons which makes it
unnecessary to transform an unreactive state into a reactive
state with thermal activation like clay minerals {2-4].
Diatomite is natural amorphous silica engendered by the
deposition of diatom skeleton. It is formed by closest
packing of hydrous SiO, spheres and is classified as opal-A
mineralogically. Diatomite usuvally contains other sedi-
ments such as clay and fine sand. In Thailand, the Thai
Department of Mineral Resources (DMR) found
500,000,000 tons of natural raw diatomite mainly in
Lampang Province; containing highly clay minerals and
iron oxide. In addition, it is low in silica but high in alu-
mina compared to other countries [5]. Our previous works
[6, 7] reported some physico-chemical properties of the
natural raw Lampang diatomite and diatomites treated with
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heat and acid, as well as the use of these materials for
-preparing sodium zeolites by hydrothermal alkaline acti-
vation under the influence of various conditions. However,
the synthesis of zeolite from diatomite depends on a lot of
factors and so it is a structurally and chemically compli-
cated problem.

The objective of this work was to investigate the effect

of diatomite structure and iron impurity present in the
diatomite on synthesis of sodium zeolites by means of
preparing a series of modified raw diatomite samples with
thermal and acid before using them as starting materials for
zeolites synthesis. 2°Si magic angle spinning nuclear
magnetic resonance (*°Si MAS NMR), X-ray diffraction
(XRD) and Fourier transform infrared (FT-IR) spectros-
copy were used to analyse the structure of diatomite.

2 Experimental

'Natural raw diatomite samples collected from the Mae Tha
District, Lampang Province, Thailand, were crushed into
aggregate-size pieces in roller mills, air-dried, and gently
ground to pass through a 63 um mesh metal sieve. The

particles <63 pm in size were used for zeolitization

experiments. The researchers selected the best thermal and
acid treatment conditions from our previous study [6] to
use for the modifying of natural raw diatomite to be the
starting materials for synthesizing zeolites. The modified
diatomites were obtained as follows: (1) calcined at 900 °C
for 5 h, (2) calcined at 1100 °C for 5 h, (3) treated with hot
6 M H,SO, (refluxed at 100 °C) for 24 h and (4) treated
with hot 6 M H,SO, (refluxed at 100 °C) for 24 h and
followed with calcination at 1100 °C for 5 h. The starting
diatomite materials were designated as follows: D-H,SO;,-
C(T), D denoted the natural diatomite, H,SO, denoted the
acid treatment with hot 6 M H,SO, and C(T) denoted
“calcined temperature when T being the calcination tem-
perature. Thus, in this study there were five starting
diatomite materials denoted as: D, D-C(900), D-C(1100),
D-H,SO, and D-H,;50,-C(1100). The structural analysis

of starting diatomite materials were determined by 2°Si-

magic-angle spinning nuclear magnetic resonance (*°Si
MAS NMR, Bruker MSL 300). The samples were spun at
a frequency of 4.5 kHz in Bruker double air-bearing
probes and recycle delay times of 60 s. X-ray fluorescence
(Philips, PW 2404, Magix Pro) was used to determine
their chemical compositions by borate fusion technique.
The mean particle size distribution was determined by a
laser light scattering-based particle sizer (Malven Mas-
tersizer S series instrument). Identification of crystalline
samples and investigation of morphology of the samples
were determined by XRD and scanning electron micro-
scope, respectively. X-ray diffractograms were recorded
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by Bruker D5005, with CuK,, radiation, Ni filter, 1 = 1.54
SEM micrographs were performed in a JEOL JSM-6400
scanning electron microscope. The materials were put
onto a conductive carbon tape and coated with gold to
prevent charging. The framework was also confirmed by
FT-IR spectroscopy (Perkin-Elmer Spectrum GX). FT-IR
was recorded in the region of 4000-370 cm™ with the
KBr pellet technique.

The optimal conditions of each sodium zeolite synthesis
from the previous preliminary experiments [7] -were
selected to be used in the following experiments. All
zeolite synthesis procedures were carried out with constant
ratio (g cm™) of solid to liquid 1:10 and AI(OH); was used
to adjust the Si/Al molar ratio of the modified diatomites
with acid (D-H,SO,4 and D-H,S04-C(1100)) to make the
Si/Al ratio to be the same as natoral raw diatomite. Zeolite
Na-P1 was synthesized using five diatomites mixed with
10% NaOH, and the reaction mixture was carried out in
Parr bombs with autogenous pressure of the temperature at
100 °C with reaction 72 h. The other zeolites were syn-
thesized with 10% NaOH for analcime, 20% NaOH for
cancrinite and 30% NaOH for hydroxysodalite. These
synthesis procedures were the same as above but different
in reaction temperatures and reaction times; synthesized
analcime under the condition of 140 °C for 72 h, cancrinite
of 180 °C for 120 h and hydroxysodalite of 100 °C for
120 h. The experiments were performed in an oven with a
controller (1 °C). Once the activation time was reached,
the Parr bomb was quenched in cold water to stop the
reaction. The solid product was filtered and washed with
deionized water to remove excess alkali until the pH of the
filrate became seven. Then, the sample was dried at
110 °C for 24 h and stored in a desiccator.

3 Results and discussion

The morphology of starting materials was shown in Fig. 1.
It showed the dominant A. granulata species [8]. The
micrograph of the diatomite calcined at 900 °C showed the
detail of diatomite structure, still in its original geometry.
When calcinated at 1100 °C, the diatomite still showed a
sign of its original diatomite structure, but the concave and
convex surfaces were almost all gone, and smoother sur-
faces were formed instead. The SEM micrographs of hot
acid activation and the ones of hot acid activation and
followed with calcination at 1100 °C both showed the
original geometry of the pores to be preserved, but there
was collapse of skeleton structure. The mean particle sizes
of all the starting materials varied in a range of 8.6-
19.8 pm. It was found that the particle size distribution of
natural diatomite, calcined diatomite at 900 °C and
1100 °C are 8.6, 17.6 and 19.8 um, respectively. The
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Fig. 1 SEM with 10 kV and
1000 magnification of (a) D (b)
D-C(900) (c) D-C(1100) (d)D-
HzSO4 and (e) D-HzSO4-
C(1100), respectively

diatomite treated with hot acid and the one treated with hot
acid and followed with calcinations at 1100 °C showed the
particle size of 10.8 pm and 9.3 um, respectively. The
elemental composition of the natural raw diatomite and
modified diatomite expressed as weight percentages of
metal oxide was shown in Table 1. The main components
of the natural raw diatomite are oxides of Si, Al and Fe,
while the main components of the other samples activated
with acid are oxides of Si and Al. The acid treatment re-
duces or eliminates all other oxides relative to SiO,. From
XRD patterns (see Figs.2—-3), the natural diatomite showed

Table 1 The chemical compositions of starting diatomite materials
determined by XRF

Diatomite Chemical content (% weight)
starting ; -
material §_ng &203 F6203 Kzo Ca0 MEO MnO Egz
D 7190 1460 578 195 0.17 069 0.01 0.51
D-C(900) 76.34 1543 6.08 196 0.17 0.75 0.01 0.53
D-C(1100) 76.73 1548 6.18 192 0.17 075 0.01 0.52
D-H,S0, 93.56 363 053 0.80 0.00 0.16 0.00 046
D-H,S0,- 9442 368 050 068 000 0.14 0.00 043
C(1100)

a single diffuse band centered at about 23° 26 which could
be identified as biogenic hydrous amorphous silica and also
showed quartz at 20 = 26.6° and 20.9° and some clay
minerals like kaolinite, montmorillonite, etc. After calci-
nation at 900 °C, the XRD patterns look similar to raw
diatomite whereas calcined diatomite at 1100 °C showed a
new peak at 21.8° 26 as a result from crystalline phase of
cristobalite. On the other hand, the sample, with acid
before calcining at 1100 °C, could eliminate some impu-
rities, but cristobalite did not appear even at 1100 °C.
However, the sample still remained amorphous silica. This
suggested that some impurities and/or sufficient amount of
Si~OH in the amorphous silica matrix could promote the
transformation of some amorphous silica into crystalline
structure of cristobalite. It seemed that quartz still remained
even when it was treated with hot acid. Our natural raw
diatomite sample is yellow powder and becomes white
color after acid treatment and becomes red brown color
after calcinations. The red brown color appearance corre-
sponds to hematile (x-Fe,03), which exhibited two new
peaks at 33.50° and 36° 20. It is quite difficult from the
XRD pattern of the natural raw diatomite sample to indi-
cate what type of compound contributing to its color.
However, yellow color of raw diatomite may be obtained
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Fig. 2 XRD pattern of the natural raw diatomite compared with the
stand pattern from JCPDS database
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Fig. 3 XRD pattern of starting materials of D, D-C(900), D-C(1100),
D-H,S80, and D-H,S0O,-C(1100), respectively

from goethite (a-FeOOH) as iron impurity, because its
pigment is yellow. In addition to this, small broad band
appearing at about 35° 26 may be attributed to akaganeite
(f-FeOOH). After calcinations FeOOH may be trans-
-formed into a-Fe,03. The analysis of IR spectra shown in
Fig. 4. corresponded to the XRD results. The 3698 and
3621 cm™' bands of natural raw diatomite were attributed
to OH vibration mode of hydroxyl groups of kaolinite

which were eliminated after calcination or acidification [9]..

The broad band centered around 3436-3439 cm™' was
attributed to OH vibration mode of the physically adsorbed
H,O [10]. The IR band intensities of Si~OH or Al-Al-OH
at 913 cm™ and Si-O-Al related to the Al octahedral sheet
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Fig. 4 IR spectra starting materials of (a) D (b) D-C(900) (c)
D-C(1100) (d)D-H,SO, and (e) D-H,SO4-C(1100), respectively

found at 533 cm™ was eliminated with hot 6 M H,SO,.
The result indicates that clay minerals can be removed with
hot H,SO,. The band around 793-798 cm™ (free silica
and/or quartz) is always present in all starting diatomite
material and not affected by acid and thermal treatment
[11]. The appearance of a new band at 616 cm™ of diat-
omite calcined at 1100 °C was the typical of critobalite
[12]. The absorption bands of diatomite in the region of
stretching of vibration of Si-O are quite difficult to solve
because of the band interference of clay minerals and types
of silica state. However, based on our curve-fitting, the Si—
O-T (T = Si or Al) stretch vibrations were assigned at
around 1190 em™, 1090 cm™'and 1030 cm™. It was found
that the relative absorption band area at 1030 cm™ was
greatly reduced when natural raw diatomites were treated
with heat or acid, whereas the relative band area at
1090 cm™' increased in all modified diatomites. The rela-
tive band area at 1190 cm™ for the samples treated with
heat was rather similar to the raw diatomite, but increased
for the samples treated with acid. This may result from the
band at about 1030 cm‘l, which was assumed to corre-
spond to the characteristic of clay minerals and/or less
active silicate. The band was reduced after acid leaching
and transformed after calcinations. After, reactive amor-
phous silica at about 1090 cm™ and 1190 cm™ was
developed. Again, the °Si MAS NMR technique was used
to provide the detailed information on the structure of the
starting materials. The *°Si MAS NMR spectra of natural
raw diatomite and four modified diatomites were given in
Fig. 5. All the spectra were simulated using essentially
Gaussian function as illustrated below the spectral traces in
Fig. 5. Si0, sites were labeled as Q", where n designated
the number of bridging oxygen atoms (those shared with
tetrahedral silicon). The *°Si MAS NMR spectra of all
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Fig. 5 Experimental and simulated MAS **Si-NMR spectra (arbi-
trary Intensity unit) starting materials of (a) D (b) D-C(900) (c)
D-C(1100) (d)D-H,SO, and (e) D-H,S0,-C(1100), respectively

-samples consisted of four resonances at -95 + 0.5, —
105 £ 1.0, —-109.5 £ 1.0 and —113.0 = 1.0 ppm, except
natural raw diatomite having two additional resonances
at -86.1 and -92.2 ppm. The characteristic of Q2

([(OH),Si(0S1),]) was assigned at —86.1 and -92.2 ppm,.

Q* ([(OH)Si(0Si)3]) at =95 + 0.5 and Q* ([Si(OSi)4)) at,

~105 £ 1.0, -109.5+ 1.0 ppm and 113.0 = 1.0 ppm
[13]. The percentage of Q" compositions of all starting
materials from the fitting were shown in Fig. 6. It
showed that Q? was eliminated after thermal and. acid
treatment. The total Q* increased continuously after
calcination due to dehydroxylation in the order of D,
D-C(900), D-C(1100), D-H,SO, and D-H,S0,-C(1100).
The Q* site at around ~109 ppm is quite consistent and
may be attributed to the crystalline silica phase.

After the hydrothermal process, the received products
were identified by comparing the observed powder patterns
with calculated ones reported in the collection of simulated
XRD patterns for zeolites [14]. The relative intensity yields
were obtained from the integrated XRD intensities of the
major reflection for each zeolite. The XRD patterns of four
series of analcime, cancrinite, Na—P1 and hydroxysodalite
obtained from the different starting materials, were shown
in Figs. 7-10, respectively. It is clear that under the opti-
mal conditions for synthesizing each zeolite [7], the max-
imum intensity yield for all zeolites was obtained from the
starting material of D-H,S0,-C(1100). The pure phase of
analcime and cancrinite can be synthesized with almost all
starting materials, whereas in the synthesis of Na~P1 and
hydroxysodalite, quartz stjll remained and small amounts
of other zeolitic mixed phases appeared. It showed that
quartz might not involve in the synthesis under mild con-
dition such as synthesis of Na-P1. To compare the effects
of the starting materials to yield the maximum final prod-
ucts, the relative amount of zeolite crystallinity was rep-
resented by relative intensity yield (see Fig. 11) which was
obtained from integrated XRD intensities of the major
reflections with relative intensities more than 50%, such as
at 28 = 12.46°, 17.66°, 21.67°, 28.10° for zeolite Na~P1. In
all cases of zeolitization, the relative intensity yields were
found to be significantly high in the case of using D-H,SO,
and D-H,S0,4-C(1100) compared to the others (see

Fig. 6 The percent of Qz, Q3 ) 100%
Q* from simulation of the *°Si .
MAS NMR spectra of starting 90%1
materials; (1) D (2) D-C(900) 80%
(3) D-C(1100) (4) D-H,S0, and

(5) D-H,S0,-C(1100) 70%
60%

3

2 50%
40% -
30%
20%

10% 4

O‘VD h

Bq2 §q3 504 (-105) Q4 (-109)EQ4 (-113) |
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Fig. 11 XRD intensity sodium zeolite yields obtained from the
different starting diatomite materials

cinations. Consequently, the relative intensity yields of
products obtained from D-C(900), D-C(1100) should be
higher than from the natural raw diatomite. However, the
‘present experimental results indicate that amount of iron
impurity in natural raw diatomite plays an important role in
zeolite synthesis. Amorphous silica containing more Q*
sites attributes more in zeolitization. Hence, the step of iron

elimination in starting raw diatomite is more reasonable to’

provide high zeolite crystallinity compared to the calcina-
tion step.

4 Conclusions

1. Thai natural raw diatomite collected from the main
resource in Lampang Province contains quite high
amount of iron impurity (about 5.8 wt% expressed as
Fe,03) and some clay minerals especially kaolinite.

2. The thermal treatment step gives high amount of Q*
sites in diatomite structure, depending on the temper-
ature used.

3. Acid treatment can remove iron impurity and some
clay minerals from natural raw diatomite and cause the
amount of Q* sites to increase more than thermal

treatment. However, the highest total Q4 sites are still.

in the sample treated with hot acid and followed with
calcinations at 1100 °C.

4. The crystalline zeolites obtained from the natural raw
diatomite and two diatomites treated with heat are

much less than from the samples treated with acid.
This indicates the influence of iron content on the
zeolite formation.

5. The yields from the natural raw diatomite and two
calcined diatomites are not much different, even
though both of them contain much more amount of the
total Q* or Q* at -113 ppm than the natural raw diat-
omite, and they also contain some active forms of clay
minerals. This indicates that the effect of iron content
is significant.

6. In the case of two starting materials from which iron
impurity were eliminated first, the highest yields were
obtained from the sample after calcining at 1100 °C. It
may result from more reactive silica corresponding to
Q* sites at about —113 ppm. Nevertheless, we suggest
that the modification process, eliminating the calcina-
tions step, is more economical.
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