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Abstract

Zeolite formation was investigated under low temperature conditions between
40°C - 25°C under insertion of a Si-rich filtration residue (FR) from waste
water cleaning of the silane production. Syntheses were performed under
open system conditions without stirring. The application of templates was ex-
cluded but gel formation was optimized by addition of citric acid. Beside a
minimal consumption of process energy during synthesis under very low
temperatures even FR was inserted without an expansive pre-treatment like
calcination. Disordered intergrowths of FAU-EMT intermediates were ob-
tained in each case, even at a temperature of only 25°C. The reaction products
always occurred in two sequences, one at the bottom and another at the top of
the reaction bin. A better crystallinity was detected for the latter products and
the Si/Al ratio of these FAU-EMT members was close to 1.0 like in zeolite
LSX. In contrast chemical analyses revealed an enrichment of Ca- and Mg-
impurities from FR in the bottom products.
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1. Introduction

Investigations on the recycling of industrial rest materials are significant for
reasons of the environment protection as well as the recovery of valuable ingre-
dients. In this sense the objective of the present work is the experimental study
of zeolite synthesis under insertion of a silica-rich filtration residue “FR” ob-

tained from waste water reconditioning of the silane production. SiO, rich
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wastes like slags, ashes, filtration residues and related materials are often suitable
educts for zeolite synthesis, as demonstrated in a large number of former inves-
tigations [1]-[8]. A high content of SiO, and sometimes also Al,O, as well as so-
dium, potassium or calcium, favors these residues as substitutes within the
educts of zeolite synthesis but always only under the basic requirement that their
chemical composition is without elements or components being harmful to the
environment. Newly even wastes like paper sludge combustion ash [9] [10] [11]
[12] [13] and filtration residues from industrial waste water cleaning [14] as well
as electrostatic filtration ash from combustion of silane production residues [15]
were involved in those experimental studies. Important zeolites like LTA, Na-P,
SOD or Li-ABW could be prepared therefrom. Often multi-step processes like
alkaline digestion of the waste material at elevated temperature before the crys-
tallization step were revealed and the total processes are energy and time con-
sumptive.

In the present work, the synthesis of nanosized members of zeolites of the
Faujasite family is reported, using a silica rich filtration residue (FR). The mole-
cular sieve Faujasite finds extensive application as a catalyst for various indu-
strially important processes such as cracking, alkylation, hydrocracking and re-
forming [16] and is thus increasingly used in the oil-refining industry. In con-
trast to our previous investigation on hydrosodalite and zeolite Na-A (LTA)
formation from FR at 90°C - 60°C [14] the aim of the present study is the inser-
tion of the silica rich filtration residue to investigate FAU crystallization in the
low temperature range of 40°C - 25°C ie. by minimal energy input. Synthesis
conditions for zeolites are extensively given in literature [16] [17] [18]. Temper-
atures in the range of 80°C - 90°C were typically revealed to synthesize zeolites
of structure type FAU [19]. Synthesis of zeolites hydrosodalite, zeolite NaA and
zeolite NaX were first performed at temperatures at the 70°C - 40°C range by
using superalkaline conditions [20] [21] [22]. The authors inserted pure synthe-
sis chemicals in their experiments. Newly this superalkaline low temperature
method was revealed for zeolite formation from industrial wastes like paper
sludge combustion ash or silica rich filtration residues from industrial waste wa-
ter cleaning and already the residue FR of the present paper was tested here [13]
[14] [15].

Unfortunately the growth of FAU remained improper during these former
experiments as no pure phase product was obtained and temperatures not lower
than 60°C were necessary [14]. Recently an interesting study was performed by
Eng-Poh Ng et al [23] [24]. The authors obtained nanocrystalline EMT zeolite
under insertion of rice husk at 28°C [24]. The only disadvantage was the neces-
sity of processing and dissolution of the rice husk according to a calcination at
600°C and a dissolution at 100°C.

In the present paper we investigate possibilities of FAU zeolite formation by a
modified superalkaline reaction system under insertion of the residue FR and ci-
tric acid to rule gel polymerization and to buffer the whole system in the very

low temperature interval of 40°C - 25°C. Sodium hydroxide as mineralizator and
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sodium aluminate additive as Al-source were further inserted. Hydrothermal
process guidance with sodium aluminate was already an object of experimental
investigations on the recycling of autoclave aerated concrete to zeolite Na-A [25]
[26]. The experiments of the present paper are a case study of insertion of in-

dustrial waste materials in zeolite chemistry at low temperature.

2. Experimental
2.1. Starting Materials

The Si-rich filtration residue (FR) was obtained from the waste water cleaning
procedure of the silane production. The material (kindly provided from the
Federal Institute for Materials and Testing, BAM-Berlin) was dried and finely
grounded. The chemical analysis of FR was even performed at BAM [27] with
the help of the optical emissions spectrometry with inductively coupled plasma
(ICP-OES) under use of an iCAP 6000 device (Thermo Scientific). The analysis
results are summarized into Table 1.

An XRD investigation proved that FR is mainly X-ray-amorphous silica and
contains only a very low portion of crystalline calcite. A SEM study of FR exhi-
bited a fine-grained material from nano- to microparticles, and rare agglome-
rates of a size of max. 1 pm.

Beside FR the following chemicals were used for syntheses:

Sodium aluminate, Riedel-deHaén 13404; sodium hydroxyde, Merck 1.06467
and citric acid, Fluka 27490.

2.2. Experimental Conditions

The experimental conditions of the syntheses are summarized in Table 2. All
experiments presented here, were performed in the same manner, only synthesis
temperature and synthesis time were varied (Table 2). Each synthesis batch con-
sists of a mixture of three separate produced solutions:

Solution (1): 2 g FR + 30 ml H,0 + 17.0 g NaOH were mixed by stirring for 45
min. at room temperature (RT);

Solution (2): 20 ml H,0O + 4.2 g citric acid (CA), mixed by stirring for 15 min.
at RT;

Solution (3): 50 ml H,O + 12.6 g NaOH + 2.3 g NaAlO,, mixed by stirring for
15 min. at RT.

The solutions were mixed in ascending order (1 + 2 + 3) in a beaker glass.

A total number of three of those complete mixtures were prepared (batch

No. 1 - 3, Table 2) and crystallization was performed by heating in a cabinet

Table 1. Chemical composition of the filtration residue FR [27].

Chemical composition (Wt. %)*
Si0, ALO; Fe,0; TiO, CaO MgO Na,0 K,0O SO, CI"  Loss of ignition

92.30 3.83 0.49 0.05 2.05 0.19 0.01 0.05 0.23 0.80 3.23

*standardized on 100%, without glowing loss.
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Table 2. Experimental conditions and synthesis results.

Products*
7 Temperature  Time
(*C) (h) Qualitative phase i/ Al-ratio** Total amount
analysis (XRD) Si/Al-ratio (a+b) (g

a) FAU-EMT and LTA 1.2

1 40 48 1.30
b) FAU-(EMT) and LTA 1.0
a) FAU-EMT and (LTA) 1.2

2 30 72 1.20
b) FAU-EMT and (LTA) 1.1
a) FAU-EMT 1.3

3 25 96 1.10
b) FAU-EMT 1.1

*a) Products on the beaker ground; b) products in the upper part of the beaker; (): very low amounts;
**Si/Al-ratio of the FAU-EMT intergrowth.

dryer for different times and temperatures without stirring, as summarized in

Table 2.

The application of templates was excluded but gel formation was optimized by
addition of citric acid. With the application of citric acid we followed the certain
aims:

- The additional proton enrichment of the sol/gel in an alkaline environment
reduces the polymerization and avoids a too fast flocculation of the gel [28]
[29] [30] [31].

- Due to the dissociation strength citric acid is a suitable buffer to rule the ki-
netics of the reaction course [30] [31].

- Citric acid often removes actually many impurities from the filtration residue
besides, the resulting citrate complexes remain dissolved and can be removed
with the washing water.

Our former investigations further showed the positive influence of the acid by
buffering the reaction system during zeolite syntheses [30] and even no traces of
the acid were incorporated inside the zeolite cavities. Under our experimental
conditions citric acid exhibits a sufficient stability but did not act as a template

for structural modifications of the zeolite product.

2.3. Characterization

All products were analysed by X-ray powder diffraction (XRD), scanning elec-
tron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDXS).

XRD was performed on a D4 Endeavor diffractometer (Bruker) with Cu Ka
monochromatized radiation (graphite monochromator) at 40 kV and 40 mA.
The samples were scanned in the range 3° - 65°2 Theta, with a step wide of
0.02°2 Theta and a measuring time of 3 seconds for each step. The powder pat-
terns (Figure 1) were presented in the 3° - 40°2 Theta range for a better over-
view of the narrow neighboring lines of zeolites of FAU-EMT family and be-

cause most of the signals of these zeolites were observed in this interval.
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Figure 1. X-ray powder patterns of samples 1la, 1b, 2a, 2b, 3a, and 3b. The main lines of the byproduct zeolite LTA in samples la,

b and 2a, b are marked by asterisk.

The crystal size, morphology and homogeneity of the products were deter-
mined by SEM, using a Jeol JSM-6390A and 30 kV acceleration voltage.

The chemical composition of the samples was determined by EDXS with an
Xflash Detektor 410-M (Bruker).

3. Results

The results of qualitative phase according XRD patterns of Figure 1 are summa-

rized in Table 2. Analysis results were obtained on the basis of powder Data

[32], the zeolite structure information atlas [33] and the powder diffraction file

PDF [34].

The reaction products of all three syntheses accrued in two sequences:

- on the ground of the reaction glass: here fine disperse nanocrystalline zeolite
material was deposited beside more or less amorphous aluminosilicate (sam-
ples 1a, 2a and 3a);

- and in the upper area of the reaction glass: here zeolite with somewhat higher
crystallinity but even in polycrystalline form was found (samples 1b, 2b and
3b);

Hence, it was decided to describe these synthesis products in separate sec-

tions:

3.1.Samples 1a and 1b

The X-ray powder pattern of the product la (shown in the 3° - 40°2 Theta range

for a better overview) in Figure 1 exhibits the lines of two zeolite phases, namely
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30kV  X20,000 1pm

the main phase FAU-EMT and an admixture of zeolite LTA. Whereas the lines
of the latter phase correspond with PDF card 39-222 (strongest reflex ~7.2°2
Theta) [34], the signals of the FAU-EMT phase can be characterized according
the cards of cubic FAU: PDF 38-237 and of the hexagonal form EMT: PDF
46-566 [34]). In [31] a whole set of simulations of powder patterns of disordered
intergrowths of the FAU family is presented in steps of 10% from 100% FAU to
100% EMT. The FAU-EMT intergrowths can be distinguished in a powder pat-
tern according to a typical triplet with reflections at 5.87, 6.24 and 6.65°2 Theta.
These lines are responsible for the broad signals in the low angle region around
the 6°2 Theta reflex of the pattern of product la in Figure 1. Beside an inter-
growth between FAU and EMT the line broadening in the whole pattern is fur-
ther influenced by the very low crystal size and the weak crystallinity of the sam-
ple. Even the strong background contribution is a further sign for the poor crys-
tallinity of product 1a.

The SEM picture of sample 1a, given in Figure 2, points to a relatively homo-
geneous product, consisting of extremely small, in one direction slightly
stretched crystallites of FAU-EMT and LTA. The crystals cover nearly the whole
field of view. The size of the crystallites amounts below 0.1 pm.

The field analysis according EDXS proved the following chemical composition
(Wt.%): SiO,: 46.2; Al,O: 31.8; Na,O: 15.5; CaO: 5.6; MgO: 0.9. The Si/Al-ratio
was ~1.2.

The XRD analysis of sample 1b (Figure 1, again shown in the 3° - 40°2
Theta range for a better overview) presents the crystallization of FAU (PDF
38-237 [34]) as a main phase and LTA (PDF 39-222 [34]). Only weak shoul-
ders around the main FAU line at 6.24°2 Theta are a hint on a few EMT inter-
growths. The higher reflex intensities and the lower background contribution

of the whole pattern reveal a higher crystallinity of this sample, compared with

product la.
cps/eV
30: Si
] Al
25-|
20{
15
1 ¥ Na
10+
] Au
1 M Ca
5
EC Ca Au
0- | | e s 1
1 2 3 5 6 7 8 9 10

Figure 2. SEM image (left) and EDX-spectrum (right, field analysis) of sample la.
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The SEM image of product 1b shows mainly agglomerates/aggregates of FAU
crystals and a few FAU crystals with octahedral habit (see Figure 3). The crystal
size within this sample varied from 0.5 to 2 um.

The chemical composition amounts (Wt.%): SiO,: 44.5; AL,O;: 36.3; Na,O:
18.8; CaO: 0.4. The Si/Al-ratio is 1.0. Due to this ratio the exact classification of
the FAU-form is complicated and according to the chemical analysis it is proba-
bly the LSX-form.

A comparison of analyses data of sample 1b with 1a exhibits an enrichment of
Si-, Ca- and Mg- in the bottom product 1a.

Figure 4 presents well formed intergrowth of the LTA parts within product
1b. The size of the crystals varies between 2 - 3 um. The composition of the LTA
crystals is (Wt.%): SiO,: 43.2; AL, O,: 35.9; Na,O: 20.6; CaO: 0.3. The Si/Al-ratio is
1.0.

3.2. Samples 2a and 2b

The X-ray powder pattern of sample 2a shown in the 3° - 40°2 Theta range for a
better overview in Figure 1, reveals the formation of FAU. The FAU again crys-
tallised in the form of FAU-EMT (PDF 38-237/PDF 46-566 [34]) as already de-
scribed for the powder pattern of product 1a. Again the broad reflections and the
strong background contribution is a sign for very small crystals and a low degree
of crystallinity of the whole sample. Compared with the powder pattern of sam-
ple la now the crystallization of zeolite LTA seems to be widely suppressed. On-
ly a very weak developed and very wide reflex around 7.2°2 Theta (the main line
of LTA [34]) which is hardly distinguished from the background of the pattern,
is a hint on traces of Zeolith LTA.

The SEM image, Figure 5, shows small and isometric crystallites and agglo-
merates. The size of the crystallites amounts under 0.1 um.
The chemical composition is (Wt.%): SiO,: 46.0; ALLO;: 32.6; Na,O: 13.8; CaO:
6.6; MgO: 1.0. The Si/Al-ratio is 1.2.

_cps/eV
30
] Al
Si
25)
20
15
1 0 Na
107 Au
5-
- Ca Au
30kV  X5,000 5pm ok e
1 2 3 5 6 7 8 s 10
keV
Figure 3. SEM image (left) and EDX-spectrum (right, field analysis) of sample 1b.
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Figure 5. SEM image (left) and EDX-spectrum (right, field analysis) of sample 2a.

The XRD analysis of the product 2b (Figure 1) points FAU-EMT zeolite in-
tergrowths (PDF 38-327/PDF 46-566 [34]) and a small quantity of LTA.

On the SEM photo, Figure 6, panel-shaped crystals of FAU-EMT can be seen.
The panels often lay perpendicular to the visible surface and appear therefore as
stretched columns. The size of the crystals corresponds on average to 0.2 - 0.3 um.

The chemical analysis (Wt.%) of the sample is: SiO,: 44.5; AL,O;: 35.4; Na,O:
19.8; CaO: 0.3. The Si/Al-ratio varies below 1.1 and again an exact classification
of the FAU-form is complicated and according to the chemical analysis it is
probably the LSX-form.

A comparison of analyses data of sample 2b with 2a again shows the enrich-

ment of Si-, Ca- and Mg- in the bottom product 2a.

3.3. Samples 3a and 3b

The X-ray powder pattern of product 3a shows wide and rather vague reflexes
and the background contribution is high. The zeolite phase FAU-EMT (PDF
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Figure 6. SEM image (left) and EDX-spectrum (right, field analysis) of sample 2b.

38-237/PDF 46-566 [34]) could again identify. The sample contains no LTA. The
SEM picture, Figure 7, presents isometric crystallites and spherical agglome-
rates. The crystallite size is smaller than 0.1 pm.

The EDXS field analysis at this area shows the following composition (Wt.%):
SiO,: 47.1; AL O,: 30.3; Na,O: 12.8; CaO: 8.8; MgO: 1.0. The ratio Si/Al is equal
1.3.

The powder pattern of product 3b points to FAU-EMT zeolite and as sample
3a even no LTA (Figure 1). The main reflex of FAU with approx. 6.1 - 6.2°2
Theta exhibits now better resolved shoulders around 5.8 and 6.6°2 Theta, ac-
cording to somewhat larger degree of EMT intergrowths.

In the SEM investigation sample 3b shows close resemblance with the synthe-
sis product 2b. In Figure 8 panel-shaped crystals of FAU-EMT can be seen. The
FAU-EMT panels are often arranged vertically to the visible surface and appear
as stretched columns. The size of the crystals corresponds on average to 0.2 - 0.3
pm.

The chemical analysis of the sample 3b represents (Wt.%): SiO,: 46.1; AL,O,:
35.2; Na,O: 17.8; CaO: 0.9. The Si/Al-ratio is 1.1. A comparison of the analyses
data of sample 3b with 3a again shows the enrichment of Si-, Ca- and Mg- in the
bottom product 3a.

4. Conclusions

Low temperature synthesis using an industrial waste material “filtration residue
FR” from waste water reconditioning of the silane production as substitute for
sodium silicate, mainly yields to disordered intergrowths of zeolite FAU-EMT.
More or less amounts of zeolite LTA were observed as byproducts in the 40°C
and 30°C synthesis. A product without parts of zeolite LTA could be synthesized
at only 25°C.

Syntheses were successfully performed under open conditions without stirring.
The starting material FR was used without an energy consuming pre-treatment

like calcination.
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Figure 7. SEM image (left) and EDX-spectrum (right, field analysis) of sample 3a.
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Figure 8. SEM image (left) and EDX-spectrum (right, field analysis) of sample 3b.

An optimization of gel formation was reached by the addition of citric acid.

The latter caused an additional proton enrichment of the sol/gel in an alkaline

environment and is thus reducing the polymerization and avoids a too fast floc-
culation of the gel [28] [29]. Furthermore the acid is a suitable buffer to rule the

kinetics of the reaction course due to its dissociation strength.

The reaction products always occurred in two sequences, one at the bottom of

the reaction vessel and another at the top with portions of amorphous alumino-

silicate within both parts. In general a comparison of analyses data showed a

higher crystallinity of the products formed at the top of the crystallization bin.

The concentrations of Ca and Mg accumulated in the bottom products and even

the Si/Al-ratio of the FAU-EMT products were always higher in the lower crys-

tallization area, than at the top. In general a remarkable low Si:Al ratio was ana-

lyzed in the FAU-EMT intergrowths, especially in the products from the top of

the reaction bin and a LSX like composition of the FAU parts of the intergrowth

cannot excluded.
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Future investigations on the mechanism of zeolite formation from industrial
residues like FR at low temperatures are necessary. An improvement of the crys-
tallinity of the samples by fine tuning of the preparation steps at 25°C is an in-
teresting topic for such an upcoming work. Even the characterization of the pore
system according to BET-analysis and tests of sorption properties and thermal
stabilities should be included in future experimental studies of the FAU-EMT
zeolites.
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