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SYNTHESIS OF KAOLIN-BASED ZEOLITE Y
AND ITS APPLICATION FOR ADSORPTION
OF TWO CARBONYL COMPOUND GASES

The aim of the study was to synthesize zeolite Y based on natural clay mineral and to
determine its potential for adsorption of carbonyl compounds. The synthesis route
consisted of four steps: thermal activation of kaolin into metakaolin; aging of
reaction mixtures at ambient temperature; crystallization of the reaction mixture;
washing and drying of the final product. The reaction mixture consisted of
metakaolin silica gel (SiO,), sodium chloride (NaCl) and sodium hydroxide (NaOH).
All substrates were used at an intended molar ratio. The physicochemical properties
of the synthesized adsorbent were attained through the advanced instrumental
analysis. The adsorption of acetone and methyl ethyl ketone (MEK) on synthesized
zeolite as well as on four commercially available adsorbents and three natural
materials was examined in a dedicated home-made installation. The results showed,
that the synthesized zeolite Y has the highest affinity for acetone over other
adsorbents, while its affinity for MEK is only a little lower then AC. Additionally,
adsorption isotherms of acetone and MEK on zeolite Y were measured on
a gravimetric balance. Experimental binding isotherms were fitted by a non-linear
regression to five empirical equations. In both acetone and MEK cases, the best
results of statistical tests were obtained for the Marczewski-Jaroniec model.
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1. Introduction

Carbonyl compounds are one of the most common volatile organics (VOCs)
emitted by industrial processes into the atmosphere [19, 21]. Their primary
emission sources are vehicle exhausts, industrial processes, cook stoves, household
commodities and solvent evaporation. Other source of carbonyl compounds is
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photochemical oxidation of atmospheric hydrocarbons [13, 41]. Ketone group of
VOCs are usually toxic or carcinogenic and their elimination, at a reasonable cost,
is a serious challenge for many industrial processes [6, 35]. To meet the stringent
regulations of pollutants emission two methods have been mainly investigated in
industrial applications (95%): thermal and catalytic oxidation. Both processes are
highly energy consuming and produce huge amount of combustion by-products
(NOx, CO,). In the contrary adsorption based processes are considered as
an effective and low-cost technique. Activated carbons (AC) are the most
abundantly used adsorbents in industry mainly due to their high surface area and
high adsorption capacity. However, the application of AC has some obstacles.
AC is flammable, difficult to regenerate for high boiling point solvents, requires
humidity control and promotes polymerization or oxidation of some solvents to
toxic or insoluble compounds. One should also keep in mind that ACs has low
affinity for polar organics.

Hydrophobic, thermo-stable zeolites are considered as an effective alternative
to active carbons, essentially because they possess a large range of surface polarities
[21, 28, 34]. Their first definitive synthesis was reported in 1948, when an analog of
natural zeolite mineral, mordenite, was synthesized by R.M. Barrer [13]. A little
later, Milton and Breck discovered a number of zeolites, types A, X and Y [40]
which next, in 1954, the Union Carbide commercialized as a new class of industrial
materials for separation and purification processes [22]. Currently more than 600
zeolites have been identified and more than 119 types of zeolitic structures have been
cataloged by the Structure Committee of the International Zeolite Association [5, 37].

Faujasitic zeolite has gained immense popularity within the research
community and in industry [3]. Its basic structural units are sodalite cages which
form supercages and can accommodate spheres up to 1.2 nm in diameter [12].
The synthesis of faujasite is quite expensive if it is based on pure silica and
alumina sources, i.e. colloidal silica and aluminium isopropoxide [2, 31] or water
glass and sodium aluminate [26]. To reduce the production cost, it is possible to
use for its synthesis a natural clay mineral [20, 30]. Among the clays, several
investigators have studied the preparation of zeolite from kaolin and have been
successful in the synthesis of zeolites [15]. Kaolin has unique properties and can
be easy transformated into amorphous phase. The present study was therefore
undertaken aiming at synthesis of zeolite Y from metakaolin. The obtained zeolitic
product was characterized by some instrumental techniques and was applied for
adsorption of acetone and methyl ethyl ketone (MEK) gases.

2. Experimental

2.1. Reagents

NaOH was purchased from Polskie Odczynniki Chemiczne (analytical grade),
NaCl and silica gel were supplied by Chempur (analytical grade). The starting
material of kaolin was purchased from BioDrain, Poland. Two gaseous mixtures,
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acetone in nitrogen and methylethylketone (MEK) in nitrogen, at a concentrations
of 0.48 and 0.6 mg/m’ respectively, were supplied by AirLiquide.

2.2. Synthesis of the zeolite

The Y zeolite precursor (metakaolin) was obtained by thermal activation of
kaolin at 800°C for 6h (muffle furnance SNOL 8:2/1000). During this process
crystalline kaolin was converted to chemically reactive amorphous metakaolin
according to the reaction [4, 36]:

>500°C
2AL,Si,0:(0H), — 2AL,Si,0, + 4H,0

Metakaolin was mixed with appropriate volume of NaOH (20%) solution and
mass of SiO, to keep molar composition of the mixture as follow: SiO,/Al,O; = 10,
Na,O/Si0, =1, H,O/Na,0O =20 [7]. Reaction mixture was aged at ambient
temperature for 10 days and then kept in laboratory dryer (POLEKO SLW32
EKO) at 100°C for 24 h for crystallization [20]. After that, the mixture was
washed with distilled water until pH was equal 7. Finally the sample was filtrated
by laboratory filters and dryed at 120°C for 2 h [38].

2.3. Characterization of the synthesized material

2.3.1. Chemical composition

The chemical composition was determined by Wavelength Dispersive
X-Ray Fluorescence Spectroscopy (WDXRF), using the AxiosMAX
PANalytical spectrometer. Measurements were made from the pellet (diameter
of 32 mm) pressed from the ground, dried and homogenised material. Elemental
analysis (measurement of average concentration of elements in the bulk phase)
was made using a semi-quantitative method.

2.3.2. Phase composition

Zeolite sample was analyzed by X-ray powder diffraction (XRD) using
an Empyrean PANalytical diffractometer with Cu Ka radiation. The tube voltage
was 40 kV and the current was 25 mA. The diffractograms were recorded in
0.0263° 20. The diffraction data were analyzed by Rietveld method using
HighScore Plus 3.0 software.

2.3.3. Specific surface area

The specific surface area, pore volume and pore size distribution of the
synthesized zeolite were determined by N, adsorption/desorption at -196°C, on
a Micromeritics ASAP 2420M instrument. Zeolite was outgassed at 200°C before
analysis. The specific surface area was calculated using BET model (Brunauer-
Emmett-Teller). The external surface area and micropore volume were determined
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from #-plot analysis. The total volumes of mesopores and micropores were
calculated from the amounts of N, adsorbed at P/Py=1. The pore size distribution
of the zeolite was calculated using the BJH method (Barrett-Joyner-Halenda).

2.3.4. Thermal analysis

TG, DTG and DTA analyses were done by using a Derivatograph-C
(Paulik-Paulik & Erdey) thermal analyzer where the samples of about 10 mg in
silica crucibles were heated starting from 20°C up to 1,200°C at a heating rate of
10°C min™ under an air atmosphere.

2.4. Adsorption study in home-made installation

The efficiency of acetone and MEK adsorption on synthesized zeolite Y as
well as on other commercially available adsorbents was performed in dedicated
home-made installation provided by the Otto Engineering Poland Sp. o.o.
company, shown in Fig. 1 [27]. The adsorbent sample was at first dried in
an oven at 473 K, weighted out (0.25 g) and located in the middle of the column (3)
of 1 cm inner diameter. A thin layer of glass wool was placed at both ends of the
bed to hold packing in a right position. Gas flow rate equal to 0.0001 m*/min
at p 0.04 MPa and T 393 K were regulated by using a Defender flow controller (2)
supplied by MassLabs. Nitrogen was used as a carrier gas for both carbon
contaminants (CC). About 200 ppm of CC was passed through the column.
Its concentration in the outlet of the column was monitored on-line by using gas
chromatograph (Thermo Scientific 1300 TRACE GC) and recorded by a computer
to obtain the breakthrough curves. The experiment ended when the outlet
concentration equaled the inlet concentration.
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1 - cylinder with a mixture of a carbonyl compound in nitrogen
2 - regulating valve

3 - adsorption column

4 - flow meter

Fig. 1. Scheme of the installation for adsorption of acetone and MEK
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The adsorption loading of gases was obtained by integration of the area
behind the breakthrough curve. The amount of carbonyl compound adsorbed,
g. [mg/g] was calculated from Eq. (1). and Eq. (2).

max(m;—o: My,) — (M + M, 1)

m= > ) (ti+1 - ti) (1)

n
i=o M
qQe = —— )
¢ Mzeolite
where: n;—g m, m; ;. is the mass flow rate of CC in the outlet stream,
respectively, at the time t=0, =n, =i, =i+1 [mg/min]; ¢, ti+; — is the duration of
the adsorption process; and ... 1s the mass of zeolite packed in column.

2.5. Determination of adsorption isotherms

The adsorption isotherms of acetone and MEK on zeolite Y were estimated
on an IGA-002 gravimetric instrument (Hiden-Isochema) at 293°C and pressure
up to 0.902 atm. The apparatus possesses an ultra-high vacuum system and can
accurately control the subtle weight changes of the samples by changing the
pressure [40]. Prior to the measurements, the sample of approximately 75 mg of
zeolite was degassed in high vacuum (10 Pa) at 180°C by 2 hours to remove
the excess water and impurities adsorbed in the pores. During adsorption
measurements, the pressure was altered with the set pressure points and the mass
uptake was measured in real time using the Real Time Processor (RTP).

The determined isotherms were examined by fitting the experimental data
to the following isotherms models:

Langmuir: _ Im K- () (Ce)
g =71K-(C) 3)
. 1
Freundlich: Go =K - (CHn 4)
Dubinin-Radushkevic: q, = 100810 q—n-logyo[K-(Ce)]? (5)
qm K- (Ce)n

(6)

Aranovich and Donohue: qe = A+K)-[1-(C)]?
- e

. K . C m
Marczewski-Jaroniec: qe = % (7
e

where: ¢, [mmol/g] is the solid phase adsorption quantity of carbonyl compound
(acetone or MEK) at equilibrium; ¢, [mmol/g] is the carbonyl compound
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adsorption capacity; K is the isotherm constant; # is the empirical constant; C, is
the equilibrium concentration in the gaseous phase.

The parameters of isotherm models were calculated by nonlinear regression
based on the Levenberg-Marquardt algorithm. The accuracy of determination of
the model's parameters was assessed for the 95% confidence interval of Student's
test. The following statistical criteria were used for the assessment of the

proposed model accuracy:
2

1
P (Tl - l) 2?=1 (Qe,i - 521{;1 Qe,i)

The Fisher test: - ®)
(Tl - 1) 2?:1(qe,i - qcal,i)
Approximation of the 2
pp _ 2?:1(qe,i - QCal,i) 9)
standard deviation: n—1
1% 100
Mean error: ME (%) = EZ Geati’ 277 100| (10)
i=1 el

where: ¢.; and ¢..; are designated and calculated solid phase adsorption
quantities at equilibrium, respectively; # is a number of experimental points, / is
a number of estimated parameters.

3. Results and discussion

3.1. Chemical and structural properties of the synthesized materials

Chemical composition of the starting material, kaolin, and the synthesized
zeolite Y are shown in Table 1. The content (%) of SiO, in both zeolite Y and
kaolin, is almost equal while the content of AL,O; is approximately 10% bigger in
kaolin. Consequently, the zeolite has higher SiO,/ Al,O; ratio. The zeolite contains
sodium, which is not found in the substrate. The content (%) of other marked
components increased (Fe,Os, TiO, and K,O) or decreased (CaO and MgO) slightly.

Table 1. Chemical characterization of the zeolite (mass%o)

SiO,/
AL O3
Kaolin | 52.5 345 0.8 0.1 0.1 0.6 0.0 2.57
Zeolite | 52.2 23.9 0.51 0.24 0.14 0.33 12.8 3.80

Component SiO, | ALO; | Fe,0;3 | CaO | MgO K,;O | Na,O

Content [%]

The results of XRDP analysis together with the results of the fitting operation
of the phase with diffraction database ICDD PDF4+, of the synthesized zeolite are
depicted in Table 2 and Fig. 2, respectively. The data presented reveal that the
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main product of the synthesis is faujasite (77%) and the minor by-products are
unreacted quartz (10%) and zeolite P (12%).

Depending on the SiO»/ALO; molar ratio, faujasites can be considered as
a zeolites X if Si0,/Al,0; = 2-3 or zeolite Y if SiOy/Al,O; > 3 [10]. The obtained
molar ratio of Si0,/ALO; is 3.80 (Tab. 1), thus the final product is zeolite Y. It is
worth to emphasized that zeolite Y, in opposite to zeolite X, can have hydrophobic
properties, because zeolites are hydrophobic when molar ratio SiO»/ALOs; is bigger
then 20 [18].

Table 2. Phase characterization of the zeolite (mass %)

Chemical formula Substance Mineral Stal.ldz.‘rd
deviation
Na, g4Al,S1;,01; 92- 7H,O Sodium Aluminium Silicate Hydrate Faujasite 77 + 3%
SiO, Silicon Oxide Quartz 10+ 1%
NayAlySi 03, (H,0) 14 Sodium Aluminium Silicate Hydrate - 12+ 2%
Counts
{oa
40000
30000

Position [*2Theta] (Copper (Cu))

Feak List

Nia1.84 Al2 Si¢ 011,92 -7 H2 0; 00,038-0238
Si 02; 01-070-3755

Nad Al4 §12 032 ( H;k 0)14 ﬂa-m 113306

Fig. 2. Diffractogram of zeolite along with the alignment results against the diffraction
ICDD PDF4+ database

3.2. Thermal analysis

Thermal analysis of the obtained zeolite, presented in Fig. 3A, reveals
a little more than 10% loss of weight associated with the dehydration of the
zeolite sample during heating from room temperature up to 200°C. It is worth to
mention that a maximum temperature of 200°C is used for desorption of
pollutants under real conditions. Further loss of weight observed in the range
400-700°C corresponds to the dehydroxylation of the structural -OH groups
[2, 14]. Theresults of DTA analysis (Fig. 3B) identified the presence of
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endothermic peak having maximum effect at temperature 200°C (due to the loss
of adsorbed water), and exothermic peak at 900°C indicating recrystallization of
zeolite.
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Fig. 3. (A) TG and (B) DTA curves of the zeolite Y

3.3. Textural properties analysis

The estimated specific surface areas (BET areas), pore volume and diameter
of the zeolite sample are depicted in Table 3. Additionally, N, adsorption-
desorption isotherm of the zeolite is shown in Fig. 4. At P/Po = 0.8, the sample
shows substantial increase of nitrogen adsorption. The zeolite Y exhibited type IV
isotherms, which is characteristic for mesoporous materials with H-IV hysteresis
loops [17, 33]. This type of loop is usually attributed to the slip-shaped pores [24].
As shown in Fig. 4. the pore size distribution of zeolite exhibits a bimodal
distribution; two peaks appear at ca. 2 and 90 nm., which indicates the presence
of meso- and microporous structure. Thus, no molecular sieve effect affects
adsorption of acetone (4.3 A) and MEK (5.2 A).

Table 3. Textural parameters of the zeolite

Surface area (mz/g) Pore volume (cm3/g) 3
o o o Dmean (nm)
SBET Smicro Sext Vtotal Vmicro
685,85 590,59 35,26 0,30 0,26 1,76

* Calculated from #-plot curve
® Adsorption average pore width (4V/A by BET)
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Fig. 4. (A) N2 adsorption-desorption isotherm and (B) Pore size distribution of the zeolite

3.4. Adsorption isotherms

The adsorption isotherms of acetone and MEK are given in Figs. 5 and 6,
respectively. Both depicted isotherms have long horizontal plateau, which extends
up to relatively high P/P, ratio. This characteristic shape of the isotherms allows
for their allocation to the type-I of the IUPAC classification [32]. Type I of
isotherm proofs microporosity of the zeolite and suggests micropole filling
mechanism of adsorption [42]. It is partially confirmed by the best approximation
of the value of maximum adsorption capacity (gmey) obtained for the Dubinin-
Radushkevich model (Table 4). Slightly worse approximation of g, was
obtained for the Langmiur model but with a better result of statistical tests.
Nevertheless, in both acetone and MEK cases, the best results of statistical tests
were obtained for the Marczewski-Jaroniec model. It probably results from the
biggest number (p = 4) of estimated parameters.
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Fig. 5. Comparison of models prediction and experimental data obtained for acetone adsorption on zeolite
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Fig. 6. Comparison of models prediction and experimental data obtained for MEK adsorption on zeolite

Table 4. Models parameters and statistical tests results for acetone and MEK adsorption on zeolite Y

Parameters Statistical tests
Model
K |gJmmolgl| N | m TF | ME | o
acetone ¢, .., =3.50 (mmol/g)
Langmuir 1207 3.257 - - 21.52 | 7.001 | 0.160
Freundlich 3.751 - 10.99 - 2.949 | 22.59 | 0.432
Dubinin-
Radushievicy, | 3832 3.366 0.052 - 7.031 | 13.01 | 0.280
Aranovich 1295 3.182 0.049 - | 3153 | 5.806 | 0.132
Donohue
Marczewski- 1691 2.720 2181 | 2212 | 144.1 | 2.860 | 0.062
Jaroniec
MEK g¢,,..,=2.83(mmol/g)
Langmuir 3336 2.704 - - 6.807 | 2.720 | 0.091
Freundlich 2.865 - 30.16 - 2.549 | 3.598 | 0.148
Dubinin-
Radushievicy | 2840 2.754 0.018 - 3.623 | 3.380 | 0.124
Aranovich 9174 2.778 0.026 - 2.122 | 3.888 | 0.162
Donohue
Marczewski- 1 864 2.405 5038 | 5.058 | 1289 | 0.590 | 0.021
Jaroniec

The comparison of the efficiency of acetone and MEK adsorption onto:
synthesized zeolite Y, four commercial adsorbents (X13 India, AC Desotec, AC
Norit and zeolite ZSM-5) and three natural clay minerals (montmorilonite,
bentonite, haloizyte) are shown in Fig. 7. The ZSM-5 based zeolite is widely
used as adsorbent in zeolite concentrators (temperature swing adsorbers) for
continuous VOCs adsorption and desorption [8]. 13X zeolite has been studied to
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adsorb various VOCs with pressure swing adsorption (PSA) [11, 39]. Natural
minerals are cost-effective alternative adsorbents to widely used ACs [9, 29].
As can be seen, the synthesized zeolite Y has the highest affinity for acetone
over other adsorbents, while its affinity for MEK is only a little lower then AC.
Both organics have similar polarity (acetone 2.76 D, MEK 2.78 D), thus the
observed difference in their adsorption can steam from different molar volume
of both molecules (acetone 70.4 cm’*/mol, MEK 90.1 cm®/mol at 25°C [23]).
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Fig. 7. Comparison of acetone and MEk adsorption efficiency of different adsorbents

4. Conclusions

The use of kaolin as an aluminum and silica source for the synthesis of Y-type
zeolite allows obtaining an effective adsorbent of polar organics. The relatively
big dimension of the aperture of the zeolite channels can favor the entrance of
the small organics molecules. Thus, their adsorption can follow a micropore
filling what was further confirm by characteristic shape of isotherm curves and
by the results of model calculations. The determined adsorption capacity of the two
tested carbonyl compounds reached about 170 mgyceons/g and about 225 mgvisk/g.

Despite the fact that the synthesized zeolite Y has relatively low specific
surface area (380—750 m’/g) in comparison to ACs (800—1,500 m*/g), its affinity
for polar acetone is higher than any other commercially available adsorbent.
Furthermore, it’s high thermal stability up to 200°C allows safety thermal
regeneration and zeolite reuse. Thus, the synthesized zeolite Y comprises
attractive and competitive solution for cleaning of wasted gases towards
commercially available adsorbents.
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