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Abstract: A new energetically efficient method is proposed for utilization of two wastes, rice husk (RH)
and aluminum scrap into a useful zeolitic product — zeolite NaA. The method possesses two main advantages
over the conventional hydrothermal route for zeolite synthesis. Firstly, all synthesis procedures as the preparation
of the initial Si and Al containing hydrogels as well as the nucleation, growth and ageing of zeolite NaA crystals
are carried out under atmospheric pressure. In this way, the energetically unfavorable hydrothermal treatment is
avoided. Secondly, the Si containing hydrogel is prepared without preliminary burning of the RH employing
instead direct extraction of Si from this waste product. As shown, practically complete dissolution of Si from the
RH can be achieved by its alkali treatment (with 10 wt.% NaOH for 7 h) at boiling temperature and atmospheric
pressure. The initial wastes and the zeolitization products are characterized by scanning electron microscopy
(SEM), energy dispersive X-ray (EDX) analysis and X-ray diffraction (XRD). Besides, the kinetics of zeolitization is
followed to determine the optimal treatment times needed for synthesis of NaA zeolite crystals possessing high
purity and perfect morphology simultaneously achieving possibly high yield. The results of “atmospheric pressure”
method in respect to the quality and yield of the zeolite product are compared with those obtained employing the
conventional hydrothermal synthesis path.
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Pe3rome: NpednoxeH e Ho8 eHepeemuYHO eghekmuseH Memod 3a oron3omeopsieaHe Ha 08a omnadHu
npodykma, opu3osu mocrnu (RH) u anymuHuesu onakosku, 00 none3eH 3eonumeH npodykm — 3eonum NaA.
Memodbm uma 08e ocHO8HU rnpedumcmea nped KOH8EHUUOHarHUsi xudpomepmarneH criocob 3a 3eonumeH
cuHme3. [1bp8o, 8CUYKU CUHMESHU rpoyedypu kamo uzzomesiHe Ha ceObpxauume Si u Al xudpoeenose, Kakmo
u 3apoduwoobpa3sysaHemo, pacmexbm U cmapeeHemo Ha 3eonumHume NaA Kpucmanu ce nposexdam rpu
ammocgepHo HansicaHe. [lo mosu HayuH ce u3bsieea eHepz2emuyHO HebnazornpusmHama xudpomepmarnHa
npepabomka. Bmopo, xudpozenbm, cuObpxaw, Si, ce npueomes 6e3 obuyaliHomo rnpedsapumersniHO u32apsiHe
Ha RH, a Si ce usenuuya dupekmHo om mosu omnadeH nNpodykm. Kakmo e rokas3aHo, npakmu4ecKku MbiHO
usenuyarHe Ha Si om RH moxe Oa ce nocmueHe 4Ype3 ankanHo mpemupaHe (¢ 10 wt.% NaOH 3a 7 vaca) ripu
memnepamypa Ha KuneHe u ammocghepHo HarnsieaHe. MsnonseaHume omnadbyu U 3eonumHume npodykmu ca
XapakmepusupaHu € roMowjma Ha CcKaHupawa erfekKmpoHHa Mukpockonus (SEM), peHmeeHos eHepeo-
ducriepcuoHeH aHanu3 (EDX) u peHmeeHosa duppakyus (XRD). OceeH mosa e npocredeHa KUHemukama Ha
3eonnumusayusi, 3a 0a ce onpedenu ONMUMAIHOMO epeMe Ha mpemupaHe, Heobxodumo 3a cuHmes Ha NaA
3€0/IUMHU  Kpucmanu, npumexaseawju eucoka yqucmoma U nepgekmHa mopgponoaus, rnocmuaalku

362


mailto:valeriastoyanova@gmail.com
mailto:pascova@ipc.bas.bg
mailto:valeriastoyanova@gmail.com
mailto:pascova@ipc.bas.bg

CbWEBPEMEHHO 8b3MOXHO Hal-eucok 0obus. HanpaseHo e cpasHeHue mexdy dsama memoda Ha CUHMe3 o
OMHoOWeHue Ha kayecmeomo u dobusa Ha 3e0nUMHUS nPodykm.

Introduction

Rice husk (RH) is one of the major agricultural wastes with annual world production of about
120-130 million tons [1-3]. That is why the ecological problems connected with the rice husk disposal
as well as with the possibilities for utilization of this high tonnage by-product are object of intensive
investigations (see for e.g. [4-8]). Due to its high silica content (about 9 wt.%), the rice husk (RH)
should not be considered as a waste but as a raw material, e.g. for the cement, ceramic, steel and
construction industries [2,4,7]. Moreover, since silica exists in the rice husk in the form of
nanoparticles [9], this waste is suitable for low cost production of nanosilicate structures which can find
application as adsorbents [10,11], for effective gene delivery [9] or in the high performance Li-ion
batteries [3,9]. Another possibility for the RH utilization is to use this by-product as a source of Si for
synthesis of zeolites [12-16]. Usually, high quality zeolites are produced under hydrothermal
conditions [1,17-21]. However, this way of synthesis is energetically inefficient and it is connected with
the usage of autoclaves, i.e. of expensive and complex equipments. Moreover, in the conventional
methods, the Si containing gel is prepared not by direct extraction from the rice husk but by alkali
treatment of rice husk ash (RHA). This requires preliminary burning of the husk, which is also an
energetically ineffective process. That is why the aim of the present study is to develop a method for
zeolite production at atmospheric pressure and direct extraction of Si from rice husk. Moreover, this
route of synthesis will be environmentally more friendly since it avoids the preliminary rice husk
burning causing substantial atmospheric pollution. As shown further, the atmospheric pressure
method enables the synthesis of a valuable zeolite product - zeolite NaA (NajAl;1;Si;5045.20H,0)
simultaneously achieving high quality and yield. Zeolite NaA discovered by Milton in the middle of the
20-th century [22] is presently the most commercially important zeolite. It finds application as a water
softening component in laundry detergents, in different (waste)water treatment and purification
procedures and its annual consumption amounts more than one million tons [23]. Moreover,
environmental risk assessments of zeolite NaA have established that its use in detergent products
does not pose a risk for any of the environmental compartments, i.e. water, sediment, soil and sewage
treatment plant [24]. That is why the development of methods for its possibly low cost production is of
enormous practical interest.

Materials

Two waste products, rice husk and aluminum cans, were used as sources of Si and Al,
respectively. The rice husk (sort “Halil B") was supplied by “Rice company” Ltd., Stara Zagora, while
the waste aluminum cans were taken from the system for separate municipal solid waste collection in
Sofia. The cans were cut off, their printed decoration was removed by putting in 50 % H,SO,, and after
that they were washed and dried. Technical grade NaOH and distilled water were used to prepare
10% NaOH solution needed for the alkali treatment of the rice husk and the Al scrap. Rice husk ash
was also used for preparation of Si containing gel in order to resemble the conventional hydrothermal
methods for synthesis of zeolite NaA. For this purpose, rice husk was burnt in an electrical muffle
furnace at 800°C for 2 h. This regime was chosen to obtain rice husk ash containing highly reactive
amorphous SiO, [25]. Under these conditions, it was found that 6 g rice husk yielded 1 g rice husk ash
containing about 92.1 wt.% SiO, [26]. The ash also contains traces of other components such as K,0O,
CaO, MgO, and MnO. Besides, the rice husk ash analysis confirmed the complete burning of carbon.

Synthesis procedures

For preparing the Si containing gel, 6 g RH was mixed with 60 ml 10 wt.% NaON and heated 7
h at 105°C under continuous intensive stirring in a vapor refluxing system. The Si-gel thus obtained
was filtered through a cellulose filter and the indissoluble precipitate was washed by 100 ml hot water,
dried and weighted. The Al containing gel was obtained by treating 1 g Al scrap with 60 ml 10% NaOH
for 12 h at room temperature and without stirring. After that the Si and Al gels were mixed at room
temperature and the gel mixture was heated for 5 h at 85°C in a reflux system under atmospheric
pressure. The preparations of the Si — Al gel mixture, and the following heat treatment were carried
out under regime of intensive stirring. All these procedures (similar to those used in [26]) are
schematically presented on Fig.1. After completing the heating, the gel mixture was left for further 19 h
aging at room temperature without stirring.

For comparison, zeolite NaA was also synthesized using Si containing gel prepared under
hydrothermal conditions from rice husk ash. For this aim, 1 g rice husk ash obtained by combustion of
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6 g rice husk was treated with 60 ml 10% NaOH in a Teflon-lined stainless steel autoclave at 145°C for
7h under autogenous pressure without stirring. The obtained gel was also filtered and the separated
indissoluble precipitate was dried and weighted. The Si-gel prepared in this way was further used for
synthesis of zeolite NaA repeating the same steps as in the case of “atmospheric pressure” method
(see Fig.1).

20°C, NaOH
800°C Rice  145°C, NaOH
b) haUS%k 7h,autoclave \
0 105°C, NaOH, stirring /

7h, reflux, atm.pressure

]] o Zeolite Na-A
d) o _ 85°C, stirring
£ 5h, atm.pressure -

Fig. 1. Schematic illustration of the hydrothermal and “atmospheric pressure” methods for synthesis of zeolite
NaA. (a) Preparation of the Al gel. (b) and (c): The two ways for preparing the Si gel under hydrothermal
conditions and at the atmospheric pressure, respectively. (d) Heat treatment regime used in both synthesis
methods.

Methods for analysis

For characterization of the reaction products, small aliquots from the reacting suspensions
were taken during all synthesis stages. Before examination, every suspension probe was filtered,
washed up to neutral pH, dried and weighted.

Morphology and elemental composition of initial materials, intermediate and final products
were investigated by scanning electron microscope (JEOL JSM6390) equipped with energy-dispersive
X-ray (EDX) analyzer (Oxford Instruments). Average sample composition was determined employing
the so-called “integral spectra” taken at low magnification. Moreover, the particle size distribution of
the zeolite NaA crystallites was investigated during different synthesis stages using SEM micrographs.
For this purpose, the size of about 300 individual particles was determined for every sample.

Phase identification of the reaction products was performed by powder X-ray diffraction.
Powdered samples with equal masses and identical sample holders were used in all measurements.
X-ray diffraction data were collected by Philips PW 1050 automatic diffractometer, using CuKa filtered
radiation and Bragg-Brentano geometry in 26 interval from 5 to 85 degrees.

The mass (in g) of the dry zeolitic product, obtained from 6 g RH was used as a measure for
the synthesis yield. This way of yield definition was introduced accounting for that all synthesis
procedures were carried out with one and same quantity of 6 g rice husk or with the ash
(approximately 1g) obtained after its burning.

Results and discussion

Table 1 summarizes some important characteristics of the two methods for preparing the Si
containing gels: at atmospheric pressure and under hydrothermal conditions. These include the
percentage content of the indissoluble precipitates, their SiO, content as well as the total amount of
SiO, remaining in these precipitates. As seen from the table, SiO, can be almost fully extracted from
the rice husk at atmospheric pressure and what is more important the extraction degree is comparable
to that obtained under hydrothermal conditions. The high degree of Si extraction at atmospheric
pressure is most probably due to the more intensive mixing resulting from the intensive stirring in the
reflux system.
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Table 1. Data for the indissoluble precipitates obtained after the alkali treatment of RH and RHA.

Method of Si-gel Initial Content of the SiOz content Amount of SiO»
preparation material precipitate, wt.% | in the precipitate, wt.% in the precipitate, g
Atmospheric
pressure method RH, 69 30 0.19 0.057
Hydrothermal RHA, 1 g 6.8 0.95 0.065
method

Figure 2 presents the X-ray diffraction patterns of the zeolite samples synthesized by the two
methods described. Both diffractograms were recorded with samples obtained after completing the
whole synthesis cycle, i.e. after the room temperature ageing. As visible, the diffractograms are very
similar and in both samples the presence of zeolite NaA (PDF 00-039-02222) is detected, only.

a)

Intensity, a.u.

b)
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Fig. 2. X-ray diffractograms of two zeolitic samples synthesized by the hydrothermal method (a) and by the
atmospheric pressure method (b). For the synthesis conditions used by the two methods see Fig. 1.

SEM micrographs of these two samples, together with the data for the respective yields, are
shown on Fig.3. Both samples consist predominantly of crystals with the typical for zeolite NaA cubic
morphology. The size distribution histograms of the zeolitic crystals are given under the respective
SEM images.
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Fig. 3. SEM micrographs of the zeolitic samples synthesized by the hydrothermal (a) and the “atmospheric
pressure” (b) methods. The synthesis conditions are the same as for the samples in Fig. 2. The average
elemental composition of the zeolitic products are given on the left up corner of the SEM images, while below
them the final size distribution of the zeolitic crystals in the respective samples are presented.
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The crystals obtained by the “atmospheric pressure” method possess predominantly regular
shapes with smooth faces and sharp edges (Fig.3b). In the case of hydrothermal synthesis, the larger
part of crystals has not so well developed cubic forms (Fig.3a).

The zeolite crystals obtained by the “atmospheric pressure” method are characterized with
broader size distribution and larger mean size (dyean ~ 3.16 um, Fig.3b) as compared with those
obtained under hydrothermal conditions (dmean ~ 2.14 um, Fig.3a).

The zeolite crystals synthesized by the hydrothermal method, i.e. using rice husk ash as a
source of Si, possess yellowish coloring. In contrast, the crystals obtained by the atmospheric
pressure method, directly from rice husk, are white which makes them suitable for different detergent
applications.

As seen from the data given on Fig.3, the elemental composition of the two zeolitic products
differs insignificantly from that of the stoichiometric zeolite NaA (Na;2Al;;Si;5,045.20H,0).

Another important advantage of the “atmospheric pressure” method is that the vyield is
substantially higher than that under hydrothermal conditions from RHA (4.06 g compared to 2.63 g,
respectively).

Accounting for the advantages of the “atmospheric pressure” method, we thoroughly
investigated the evolution of morphology, yield and size distribution with the time of alkali treatment.

On the next figure (Fig.4), a series of SEM micrographs are presented taken at different
stages of the “atmospheric pressure” synthesis. Up to about 60 minutes from the beginning of the
synthesis amorphous precipitates are visible only, and they disappear after 210 min. The first zeolite
crystals can be detected after about 80 minutes. As seen, these crystals are initially not well faceted,
while with the progress of time they grow and their shape becomes more and more perfect.

160 min

1440 min_'_

Fig. 4. SEM images of zeolitic samples obtained after different times of alkali treatment by the atmospheric
pressure method. The treatment time is given in the left upper corner of each micrograph.

The respective size distributions of the above zeolite crystals are shown on Fig.5. As seen, the
initial narrow and similar to “delta” type distribution becomes broader with the treatment time.
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On the next figures (Fig.6), the maximum crystal size, Dy, IS presented in coordinates
Dmaxs(t) vs t, t being the time of alkali treatment. The time dependence of the yield Y was also
investigated and the results are shown on Fig.7.
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Fig. 5. The evolution of size distribution of NaA zeolite crystals with the time of alkali treatment. The respective
treatment time is given in the right upper corner of each histogram. Here, N; and the ratio Ni*100/2N; denote the
number of crystals of a given size and their relative content in %, respectively.
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Fig. 6. The maximum size Dmax Of zeolite NaA crystallites in coordinates Dmax_ Vs. the time t of alkali treatment.
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Fig. 7. The yield Y of zeolite NaA crystals synthesized by the “atmospheric pressure” method vs. the time t of
alkali treatment.

As seen from Figs. 6 and 7, the Dimax_ (t) - and Y(t)- dependences have a similar course.
During the first 400 minutes of alkali treatment, both curves steeply rise. After that, Dimax_ (t) as well as
Y(t) begin to increase more slowly. Nevertheless, the growth rate of both quantities remains high
enough as to insure about 24% higher yield and also about 22% larger in size crystals after finishing
the aging. The above results, i.e. that the yield and size of zeolite crystals substantially increase during
the ageing are very important from practical point of view accounting for that this synthesis stage is
taking place at room temperature and without stirring, i.e. without additional energy consumption.

Conclusions

A new energetically efficient and environmentally friendly method for synthesis of high quality
zeolite NaA is proposed using as sources of Si and Al two waste products - rice husk and aluminum
scrap. The results of present investigation show that zeolite NaA can successfully be synthesized
using Si containing gel prepared by direct alkali treatment of rice husk at atmospheric pressure. This
way of Si-gel preparation ensures almost full extraction of Si from the rice husk simultaneously
avoiding the ecologically unfriendly husk burning traditionally applied in the conventional methods of
zeolite synthesis. Moreover, the degree of Si extraction at atmospheric pressure is comparable to that
obtained under hydrothermal conditions. This effect is explained by the more intensive mass and heat
exchange in the reflux system. It is from decisive importance for the further development of our
“atmospheric pressure” method for synthesis of zeolite NaA. Besides, the zeolite crystals synthesized
at substantially milder conditions of the “atmospheric pressure” method, i.e. at substantially lower
energy consumption are characterized by perfect morphology, larger mean size and substantially
higher yield as compared with the zeolite product of the high energy consuming hydrothermal route.
Due to their high purity these white colored zeolite crystals synthesized at atmospheric pressure could
be used not only as detergents, but also to find many other applications, e.g. in medicine, biology, etc.
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