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II. ENVIRONMENTAL BIOTECHNOLOGY

NOVEL TECHNICAL AND ECONOMICAL SUPERIOR APPROACH FOR
SYNTHESIS OF ZEOLITES FROM COAL FLY ASH

Denitza Zgureva, Silviya Boycheva

Abstract. The present paper is aimed on the preparation of zeolites from lignite coal fly ash using a superior synthesis
approach that combines the advantages of different established technological schemes. The novel method is directed to
improvement of the energy efficiency and the raw material economy, and at the same time resulting in better quality
material. Fly ash zeolites of Na-X type were synthesized applying fusion stage of fly ash/NaOH mixtures followed by
atmospheric self-crystallization. The obtained zeolite structure was investigated by X-ray diffraction for different
periods of crystallization of the reaction mixtures under atmospheric conditions. Comparative studies of three different
methods for synthesis of Na-X were performed taking into account the specific energy and the raw material
consumption. It was considered that adsorbents of zeolite X type can be obtained by different ways of alkaline
conversion of coal fly ash, and that is why the most important issues for the scale production of these materials are the
economical aspects of the synthesis.
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INTRODUCTION In our previous studies, the synthesis of zeolites
type A and X by alkaline conversion of fly ash (FA)
One of the most investigated issues of the from incineration of Bulgarian lignite coals has been
modern world is the environment protection gtydied [10,11]. Sufficient results have been
provoked by the continuously increasing achieved in two different ways of treatment of fly
consumption of technological resources. The global  ash mixed with sodium hydroxide as an alkaline
unsolved ecological problem is the enormous activator: (1) hydrothermal activation with a prior
production of greenhouse gases, in the largest stage of calcination at 550 °C; (2) atmospheric self-
quantities from which carbon dioxide (CO) is  crystallization. The first method of synthesis gains
emitted into the atmosphere. an advantage with rapidly getting zeolite X for 24
The thermal power plants are the major sources  hours, but has a major drawback because of the large
of CO, (approx. 40% of total generated CO, epergy consumption.
amount). In the last years, many technologies for The second approach does not require any
carbon capture and storage are intensively studied  additional energy but a long period of 12 months is
directed to fuel combustion systems [1, 2]. Three pecessary to obtain zeolite X.
main technological approaches have been outlined, In this study, an alternative method for a hybrid
such as  pre-combustion capture, modified synthesis is considered by the implementation of the
combustion and post-combustion capture. The post-  scheme: fusion stage of fly ash/NaOH mixtures
combustion technology is based on the absorption of  followed by atmospheric self-crystallization. This
CO, from organic liquids (mostly amines) [3]. It is  superior manner combines the advantages of the

the most technical and economical compatible above approaches, while overcomes their main
approach to the existing combustion plants, but is  djsadvantages.

hindered by the high consumption of energy for
desorption process, as well as the toxicity of these MATERIALS AND METHODS
substances. Its negative aspects can be overcame by
the development of appropriate solid adsorbents [4].
Zeolites are the most valuable natural and
synthetic porous solids suitable for gas adsorption
[5], which can be easily obtained from
aluminosilicate by-products, such as coal fly ash
[6,7]. The highest adsorption ability toward the polar
CO, molecules has been established for zeolite types
A and X due to their large pore size [8,9].

FA generated by combustion of lignite coals in
the biggest power plant in Bulgaria **TPP Maritza
East 2”° has been previously studied with respect to
its morphology, chemistry and structure. The
composition of FA is reported in Table 1. The ratio
of crystalline vs. amorphous phase has been found
of 57/43.
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Table 1. Chemical composition of raw fly ash

Component | SiO, Al,O5 Fe,O; | CaO MgO SO; MnO ZnO | Na,O | K,O
weight % 52.66 | 23.37 8.72 5.75 2.75 2.40 0.06 0.04 | 0.01 0.01
In our published investigations, FA zeolitization For the evaluation of the economical

by a double stage fusion-hydrothermal syntheses and
atmospheric crystallization has been thoroughly
studied.

In this study, mixtures of FA and NaOH were
prepared in two different ratios of 1/1 and 1.6/1.0
and were subjected in a double-stage treatment. The
first stage of the synthesis was performed at
temperature of 550 °C for 1 h in a muffle furnace.
Thereafter, the sintered alloys were crushed, mixed
with distilled water in a ratio of FA/H,04=1/10,
and were filled into closed polypropylene containers.
The second stage is so called “atmospheric self-
crystallization”, which was realised at room
temperature (approx. 20 °C). Small parts of the
suspensions were taken off for analyses after 30, 60,
90, 120 and 180 days. The solid part was separated
by filtration, thoroughly washed with distilled water
and dried again at room temperature.

Structural analysis of the obtained solid
powders was performed by X-ray diffraction (XRD)
technique on a Brucker D2 Phaser diffractometer
with CuK,-radiation and a Ni filter.
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parameters of the different synthesis approaches, the
electricity consumption of the considered processes
was estimated with an energy measurement device,
Brennenstuhl PM231 E. The obtained results are
attributed to the specific consumption per mass unit
of FA zeolite (FAZ) in kWh/kg FAZ. The quantities
of NaOH and water spent for activation, as well as
the energy consumption for drying were also
considered in the economical evaluation.

RESULTS AND DISCUSSIONS

XRD patterns of the samples obtained by
calcination at 550 °C of FA/NaOH mixtures at a
ratio of 1.6/1 are shown on Figure 1. The kinetics of
the zeolitization process under self-crystallization in
water media was investigated in three stages during
the period of 190 days. First analysis of the extracted
solid material was performed after 30 days of its
incubation. The XRD pattern indicates absence of
any crystalline phases excepting the hematite (o-
Fe,03). After 100 days of room temperature
synthesis, well-expressed peaks are observed which
correspond to the Na-X zeolite phase.
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Fig. 1. XRD patterns of samples obtained by calcination at 550 °C of FA/NaOH mixtures at a ratio of 1.6/1.0
for different self-crystallization times, where: X is Na-X zeolite; Hem is a-Fe,O;.
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Third analysis is performed after 190 days, and
it can be seen that the intensity of the main peak on
the XRD pattern of the Na-X zeolite phase is
increased, which indicates an improved yield of
FAZ. Other specific peaks of Na-X, such as that at 2
Theta=30.85 ° is disappeared due to the changes in
the crystal growth directions. Further prolongation in
the synthesis duration may results in crystallization
of more stable zeolitic phases such as chabazite or
sodalite.

In Fig.2, the XRD patterns of samples obtained
at a FA/NaOH ratio of 1/1 are shown. Increasing
NaOH molarities from 1.5 to 2.5 M, the
crystallization of zeolite from the reaction mixture is
accelerated. The conversion process of FA into X
type zeolite is finished just for 30 days, as the
intensity of the reflections of Na-X phase for the
sample after a month is almost equal to that after
longer self-crystallization periods for 90 and 130
days. At these synthesis conditions, the
characteristic peaks of a-Fe,O; on the XRD patterns
are diminished. This probably dues to the higher
concentration of the NaOH solution which causes an
electrochemical reduction of a-Fe,O; to Fe(OH);
and Fe, according to the scheme [12]:

Fe(OH), +¢ = Fe(OH); + OH" 1b)

Fe(OH)3 + 2¢” — 30H + Fe’ lc)
Thus, the obtained Fe(OH); co-precipitate with
sodium silicate and sodium aluminate hydrogel and
Fe’"-ions incorporates into aluminosilicate zeolite
framework or play a role as a charge compensator of
AlQOy-anions.

In our previous studies, preliminary
experimental results on CO, adsorption onto FAZ
with Na-X structure have been reported [13,14]. CO,
adsorption tests were performed on FAZ synthesized
by a two stage fusion-hydrothermal synthesis at
FA/NaOH=1/2, FA/H,0=1/20, calcination for 1 h at
550 °C, 16 hours magnetic stirring, hydrothermal
activation for 4 h at 90 °C, and drying for 1 h at 105
°C. FAZ obtained by atmospheric self-crystallization
of mixtures of FA/NaOH=1/1 and FA/H,O0=1/10
during 12 months (approx. 360 days) of zeolitization.
Promising adsorption capacity was obtained for
zeolite samples, prepared by different techniques.
Thus, the most important point for application of FAZ
for adsorption of CO, in large scales systems is the
economical superiority of their synthesis approach.
The sequences of the different technological schemes

1/2 a-Fe,0; + 3/2H,0 + OH = Fe(OH); la) of syntheses are presented in Fig. 3.
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Fig. 2. XRD pattern of samples obtained by calcination at 550 °C of FA/NaOH mixture at a ratio of 1/1 and
different self-crystallization times, where X is Na-X zeolite structure.
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Fig. 3. Principle schemes of the three different methods of synthesis.

The economical and technical parameters of production of lkg FAZ in Table 2 and the
different synthesis manners were evaluated corresponding costs in Table 3.
comparing their specific consumption for the

Table 2. Technical and economical comparison of different approaches for synthesis of zeolite X
from 1 kg fly ash.

Method of Calcination | Magnetic | Hydrothermal | Drying at Distilled NaOH Time of
FAZ at 550 °C stirring activation at 105 °C water synthesis
synthesis for 1 h 90 °C
KWh/kg kWh/kg | kWh/kg FAZ | kWh/kg kg FAZ | kg/kg
FAZ FAZ FAZ FA
Two stage 1.759 0.820 1.742 0.230 20 2 22 hours
fusion-
hydrothermal
Atmospheric N/A N/A N/A N/A 10 1 365 days
self-
crystallization
Two stage 1.759 N/A N/A N/A 10 0.6 190 days
fusion-
atmospheric
Two stage 1.759 N/A N/A N/A 10 1 90 days
fusion-
atmospheric
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Table 3. Comparative cost analysis of different approaches for synthesis of zeolite X from 1 kg fly ash.

Method of Cost per unit Cost per Cost PEr | Value (incl.
FAZ synthesis | electric power Value unit Value unit washing) Total cost
NaOH water
Euro/kWh Elll;:g(g Euro/kg El;,l:g(g Euro/m’ Elll;:g(g E:?/kg
Two stage
fusion- 0.1012 0.4607 5.1129 1.0656 6.6392
hydrothermal
Atmospheric
self- N/A N/A 2.5560 1.0646 3.6206
crystallization 2.5560 1.0635
Two stage ’
fusion- 0.1012 0.1780 1.5336 1.0646 2.7762
atmospheric
Two stage
fusion- 0.1012 0.1780 2.5560 1.0646 3.7986
atmospheric

The obtained cost values in Table 3 are
calculated for a laboratory scale experiments
including industrial costs for electrical energy
without distribution and water with purification. It
could be expected a serious price discount for FAZ
produced in large-scale systems supposing that
energy efficient processes will be installed in the
frame of a Thermal Power Plant by utilization of
residual thermal energy, and by concentration and
multiple utilization of the exhausted alkaline
solution. In addition, cost reduction will be also
realized estimating the expenses for fly ash
transportation and disposal. Furthermore, carbon
capture by solid adsorbents is the most economically
efficient and environmentally friendly approach in
comparison to the other existing low-carbon
technologies.

On the base of the performed economical
analysis and considering the balance between the
specific cost and the time consumption for FAZ
production, the best results are obtained for the
double stage fusion-atmospheric synthesis with the
higher NaOH concentration, but depending on the
specific necessities, the lower alkaline process could
also be effective.

CONCLUSIONS

Lignite coal fly ash was converted into zeolite of
Na-X type applying a novel hybrid approach, which
consists of a double stage fusion-atmospheric self-
crystallization, combining the advantages of the
existed manners for preparation of zeolites from
aluminosilicate  by-products. A comparative

16

economical evaluation was performed for three
different methods for obtaining of zeolite Na-X by
alkaline treatment of coal fly ash in laboratory
scales. The best results are obtained for the hybride
fusion-atmospheric synthesis at a concentration of
the alkaline activator corresponding to 1.5-2.5 M
NaOH, considering the balance between the specific
cost and the time consumption for the production of
mass unit of the zeolite. Furthermore, the
simultaneous resolving of two global ecological
problems, such as fly ash deposition and carbon
dioxide capture has an inestimable environment
protection benefit.

Acknowledgements. The authors are thankful to
the Technical University of Sofia for the financial
support under contract No. 152PD0020-02/2015; D.
Zgureva thanks to Karoll Financial Group for the
PhD Fellowship.

REFERENCES

1. Leung D., G. Caramanna, M. M. Maroto-
Valer, An overview of current status of carbon
dioxide capture and storage technologies,
Renewable and Sustainable Energy Reviews, Vol.
39, 2014, 426-443.

2. Cuellar-Franca R., A. Azapagic, Carbon
capture, storage and utilisation technologies: A
critical analysis and comparison of their life cycle
environmental impacts, Journal of CO, Utilization,
Vol. 9,2015, 82-102.

3. Rao A, E. Rubin, A technical, economic, and
environmental ~ assessment  of  amine-based



Ecological Engineering and Environment Protection, No 2, 2015, p. 12-18

CO; capture technology for power plant greenhouse
gas control, Environ. Sci. Technol., Vol. 36, 2002,
4467-4475.

4. Lee S.-Y. S.-J. Park” A review on solid
adsorbents for carbon dioxide capture, Journal of
Industrial and Engineering Chemistry, Vol. 23,
2015, 1-11.

5. Penchev V., Molecular sieves-zeolites,
Science and Art, Sofia, 1983, p.79-127.

6. Lin Ch.-F., H.-Ch. His, Resource recovery of
waste fly ash: Synthesis of zeolite-like materials,
Environ. Sci. Technol., Vol. 29, 1995, 1109-1117.

7. Querol X., N. Moreno, J.C. Umana, A.
Alastuey, E. Hernandez, A. Lopez-Soler, F. Plana,
Synthesis of zeolites from coal fly ash: an overview,
Int. J. Coal Geol., Vol. 50, 2002, 413-423.

8. Ling J., A. Ntiamoah, P. Xiao, D. Xu, P.A.
Webley, Y. Zhai, Overview of CO, capture from
Flue gas streams by vacuum pressure swing
adsorption technology, Austin J. Chem. Eng., Vol. 1,
2014, 1-7.

9. Montanari T., G. Busca, On the mechanism
of adsorption and separation of CO, on LTA
zeolites: An IR  investigation, Vibrational
Spectroscopy, Vol. 46, 2008, 45-51.

10. Boycheva S., D. Zgureva, A. Shoumkova,
Recycling of lignite coal fly ash by its conversion
into zeolites, CCGP, Vol. 7, 2015, 1-8.

11. Zgureva D., S. Boycheva, Synthesis of
highly porous micro- and nanocrystalline zeolites
from aluminosilicate by-products, In: Nanoscience
Advances in CBRN Agents Detection, Information
and Energy Security (P. Petkov, D. Tsiulyanu, W.
Kulisch, C. Popov, Eds.), Springer, New York,
1978, 205-284.

12. Siebentritt M., P. Volovitcha, K. Oglea, G.
Lefévre, Adsorption and electroreduction of
hematite particles on steel in strong alkaline media,
Colloids and Surfaces A: Physicochem. Eng.
Aspects, Vol. 440, 2014, 197-201.

13. Boycheva S., D. Zgureva, B. Barbov, Yu.
Kalvachev, Synthetic micro- and nanocrystalline
zeolites for environmental protection systems, In:
Nanoscience Advances in CBRN Agents Detection,
Information and Energy Security (P. Petkov, D.
Tsiulyanu, W. Kulisch, C. Popov, Eds.), Springer,
New York, 1978, 443-450.

14. Kalvachev Yu., B. Barbov, D. Zgureva, S.
Boycheva, Zeolitization of fly ash for obtaining of
carbon dioxide sorbents, In Abstr. Book: VI™ FEZA
Conference, Porous Systems: From Novel Materials
to Sustainable Solutions, Leipzig, Germany,
September 8-11, 2014, p. 680.

HOAOBPABAHE TEXHUKO-UKOHOMHNYECKHUTE IOKA3ATEJIN HA
METOAUTE 3A CUHTE3 HA 3EOJIUTU OT JIETAILIA ITEIIEJI

Jennna 3rypesa, Cunsus boituepa

Pe3rome. Oma3BaHeTO Ha OKOJIHATA CPela ¢ HAl-aKTyaJHHAT BBIIPOC HA ChBPEMEHHHUS CBST, MIOPOJCH OT HEMPECTAHHO
HapacTBamaTa KOHCyMalldsi Ha TEXHOJOTHMYHU pecypcu. EauH OoT HepemeHuTe B TioOaieH mamad eKOJIOTHYHHU
HpO6HeMI/I € CBPBXIPOU3BOJACTBOTO Ha IMApPHUKOBHU Ta3oBE€, OT KOUTO B HaW-TOJIEMH KOJIHMYECTBA CE€ eMHuTHUpa
BoIiepoieH auokcun (CO,).

OcHoBeH 151 B TeHepupaneTo Ha CO, 3aemMar WHCTANAIMUTE 3a MMPOU3BOJICTBO Ha enekTpoeHeprus (oxoio 40 %
OT OOIIOreHePUPAHUTE BBIIICPOTHHA eMUCHH). [Ipe3 MocieIHUTE TOJMHU Ce Pa3paboTBAT WHTEH3UBHO TEXHOJIOTHH 3a
ylaBsHE W moa3eMHO nenoHupaHe Ha CO, OT mpoaykTuTe Ha TopeHe. KbEM MOMeHTa ce pa3BHBAT TpPU OCHOBHH
moxxona 3a ynaBsHe Ha CO, mpu TOPUBHH MpOIECH: Ype3 MoAW(UIMpaHe Ha TOPHUBHHUS IIPOLEC, MPEOW U CIeN
u3rapsHe Ha FOpHBaTa. 3a CHIIECTBYBAIH TOPUBHHU MHCTANAINH, TEXHUYECKH U MKOHOMHYCCKH Hai-Iierecho0pasHa e
CIIeITOpUBHATA TEXHOJIOTUS, KOSTO ce OcHOBaBa Ha abcopOmmsara Ha CO, OT OpraHWYHM ChEAWHCHHS (HaH-4ecTO
aMHHH), CBBP3aHO C BHCOKH CHEPIHUHH Pa3XOM 32 JECOPOLMOHHMS MPOLEC U TOKCHYHUTE XaPAKTEPUCTUKU HA TE3U
BerecTBa. Pa3paboTBaHETO Ha MOAXOISIIN TBHPA0(a3HN aCOPOCHTH IIIe PEIU TE3U ABAa HETaTHBHH acIIeKTa.

B npeauiiiHy M3ciaeIBaHMs CME pasriiefald Bb3MOXKHOCTTA 32 CHHTE3 Ha 3COJIUTH OT JICTAINA IEMel, MoJydeHa
IIpyu U3TrapsAHETO Ha 6Lnrap01<1/1 JIMTHUTHU BBIVIMIIA U MMOCJICABAIIIOTO UM IPHUJTIOKECHUE KAaTO aI[COp6eHTI/I Ha BBITICPOJIHN
emucun. OT U3CIeIBAHUTE METOIH 32 IOJTy4aBaHe HAa BUCOKOMOPHO3HU 3€0IMTH OT TN A U X, Hail-moOpu pe3yaTaTtu
ca MOCTHIHATH NPH [Ba IOJXOJA: XHUAPOTEPMajHA aKTHBALMsA C €Tall Ha mpeaBapureiHo cramsde npu 550 °C u
atMocepHa camokpuctanusaius. [Ipy BCHYKM EKCIEPUMEHTH, KaTo aJKajJeH PEearcHT € W3MOJ3BaH HAaTpHeB
xunapokcun (NaOH). [IpemuMcTBO Ha MbPBUS METOJ Ha CHHTE3 € OBP30TO MOJTyYaBaHE Ha KpaifHa 3¢0JIUTHA CTPYKTYpa-
24 yaca, a OCHOBEH HErOB HEJOCTATHK € pa3xojia Ha TOJIeMH KOJM4YecTBa eHeprus. [Ipu BTOpHUS MOAXOM HE ce Biara
HUKAKBa JOMBJIHUTEIHA EHEPTHUs, HO M3MCKBA MPOABIDKUATENICH TIEPHUOJ] 10 JOCTUraHe Ha Oorara Ha 3¢0NuT X KpaiiHa
¢aza - 12 mecemna.
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Hacrostmero n3cneaBaHe mpejjiara anTepHaTUBEH XUOPUJIEH METOJ Ha CUHTE3, KOMTO 00eIMHSABA MPEANMCTBATA
Ha ONHCAHWUTE IO-TOPE IMOAXOJHM, KaTO E€IMMHUHHPA OCHOBHUTE WM HEJOCTAaThIIM 4pe3 pealu3upaHe Ha cxemarta:
aTMoc(epHa CaMOKpHCTAIM3alUs ¢ MpWIaraHe Ha eTal Ha MpeIBapUTeNHO cramsgHe. [lo To3W HauWH ce CrecTsABa
€HEPrusATa, HEOOXOAMMa 3a XHIAPOTEpMAlHATA AKTUBALMA, a C €Tala Ha NpeaBapurenHo cramsHe npu 550 °C ce
CBhKpallaBa YETHPHKPATHO BPEMETO, HEOOXOAWMO 3a arMocdepHa caMOKpucTaimm3anus. [locTUTHATHTE pe3ynTaTé
moI00pSBAT TEXHUKO-UKOHOMHYCCKUTE MOKA3aTeld Ha TpoIeca Ha 3CONMTH3AIMS Ha JICTAIIATa IeMell, ¢ KOSTO ce

HaMallsgBa C€OECTOMHOCTTA HA TEXHOJIOTHATA 32 CJICATOPMBHO YyJIaBAHC HAa €AWMHHIA Maca COZ

KiaouoBu AYMM: CUHTE3 Ha 3€OJIUTH, az[cop6u1/m, BBIJICPOJAHU EMUCUU
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