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Abstract
Ethanol can serve as an organic additive in zeolite synthesis due to the ease of availability and simple
removal. It can influence the crystallization leading to zeolites with different phases andmorphology.
This study explores the effect of partial displacement of water in the synthesis gel of zeolite NaXby
various amounts of ethanol.With one-pot synthesis, the gels with different ethanol/watermolar ratios
are crystallized 90 °C for 18 h under a static condition. The products are characterized by several
techniques including X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
scanning and transmission electronmicroscopy (SEMandTEM), nitrogen sorption analysis,
inductively coupled plasma-optical emission spectrometry (ICP-OES), and thermogravimetric
analysis (TGA). The ethanol/watermolar ratio of 0.045 produces EMT/FAU intergrowthwith a
hollow structure and undefined shapes. The ratios of 0.412 and 0.628 give the aggregates of
nanocrystalline SOD zeolite.Moreover, themolar ratios of 0.101, 0.174 and 0.273 provide amixture
of the three phases. All zeolite products contain both intrinsicmicropores and interparticle
mesopores. The higher ethanol/watermolar ratio in the gel produces the zeolites with the lower Si/Al
ratio due to the higher Al incorporation in the zeolite structure. In summary, we demonstrate
alternative template-free approaches to synthesize EMT/FAU intergrowth and nanosized SODzeolite
with short crystallization time and low crystallization temperature. Thefinding is an example of
ethanol influence on the crystallization to control the phase andmorphology of zeolite.

1. Introduction

There are reports on the use of ethanol-containing gels in the synthesis of various zeolites, including ZSM-5 [1],
mordenite [2, 3], zeolite Y [4], LTA [5] and sodalite [6, 7]. The presence of ethanol directly affects the gel
properties such as density, pH, and concentration of sodium cation [6] that consequently influence the
crystallization process. Ethanol could controlmorphology [1–7], or/and phase [5–7] of the zeolites. Huang et al
[6] have reported that hollow nanosized sodalite with controllable size andmorphology is synthesized from the
gel of zeolite LTAwith the ethanol-water system. Ethanol slows down the crystallizationwhich affects the phase
and particle size of the resulting zeolites.Moreover, ethanol accelerates the phase transformation of amorphous
to sodalite. The results lead to a proposedmechanismof zeolite formation from a denser gel.

Zeolite X is amember of the FAU familywith a Si/Al ratio in a range of 1.0–1.5. It is used as an absorbent and
ion-exchanger due to its high ion-exchange capacity and large surface area [8]. Zeolite X can be synthesized by a
template-freemethod under amild condition [8]. However, the structure of zeolite X has highAl content,
resulting in low thermal and hydrothermal stability [9]. The low stability implies that the gel of zeolite X could be
easily transformed to other types of zeolite. There are reports that different phases are produced in the synthesis
of the zeolite X, for example, LTA [10, 11], EMT/FAU intergrowth [12], SOD [13] andGIS [11, 14–16]. In this
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work, we report about the effect of ethanol in the gel of zeoliteNaX on the formation to the transformation to
other zeolite phases.

EMT/FAU intergrowth and nanosized SOD zeolites are the competitive phases of zeolite X. They are used as
catalysts or supports for FCC gasoline hydro-upgrading [12], n-pentane hydroisomerization reaction [17],
epoxidation reaction of 2-cyclohexan-1-one [18], Knoevenagel condensation [19]. The synthesismethods of
EMT/FAU intergrowth suffer from the template requirement of site-directing agents such as 18-crown-6 or/
and 15-crown-5 [12, 17], the long overall synthesis time and the complexity of crystallizationmethod [20]. In the
case of nanosized SOD zeolite, the synthesis requires a very high crystallization temperature [18, 19].
Consequently, the synthesismethods of EMT/FAU intergrowth and nanosized SOD zeolites have several
drawbacks compared to the synthesis of zeolite X. The template requirement and high crystallization
temperature could add up the cost to the synthesis.

Herein, we report the synthesis of EMT/FAU intergrowth and nanosized SOD zeolite by a template-free
method from the ethanol-water system and low crystallization temperature.We explore the effect of ethanol on
the phase,morphology, and porosity of the zeolites from the gel of zeoliteNaX.

2. Experimental

2.1. Zeolite synthesis fromethanol-water system
The gels of zeolite Xwith themolar composition ofNaAlO2: 4SiO2: 16NaOH: xH2O: yEtOHwere prepared
according to the literature [8]. The sample names, amounts of water, and ethanol corresponding to values x and
y are shown in table 1. Sodium silicate solution (14.63 g)was obtained frommixing fumed silica (4.10 g, SiO2,
99%,Carlo Erba), sodiumhydroxide pellet (1.61 g,NaOH, analytical grade, Carlo Erba) and deionizedwater
(8.92 g, DI) in a 250-ml polypropylene bottle under stirring for 18 h. Sodium aluminate solution (98.39 g)was
prepared by adding sodium aluminate (1.36 g, anhydrous, Riedel-deHaën®) and sodiumhydroxide pellet
(9.08 g) into a solution (88.0 g) containing various amounts of DIwater and ethanol (95%, commercial ethanol
DEB95 (LC221200)) in another 250-ml polypropylene bottle under stirring for 1 h. Then, the solutions of
sodium silicate and sodium aluminateweremixed and stirred for 1 h. The resulting gels were crystallized at 90
°C for 18 h under a static condition. The products were separated by centrifugation, washedwithDIwater, and
dried at 110 °C for 24 h.

2.2. Sample characterization
The samples were analyzed byX-ray diffraction (XRD) patterns using BrukerD8ADVANCEwithCuKα
radiation (λ=1.5418 Å) operating with an increment of 0.02° at a scan rate of 0.2 s/step. The vibrational
spectrumof zeolites was obtained by Fourier-transform infrared spectroscopy (FT-IR) on a Bruker Tensor 27
usingAttenuated Total Reflectance (ATR)modewith a resolution of 4 cm−1 for 64 scans. N2 adsorption-
desorption analysis was conducted onMicromeritics ASAP 2020 at−196 °C (77 K). Before the analysis, each
samplewas degassed at 350 °Cunder vacuum. The specific surface area of the samples was calculated by
Brunauer–Emmett–Teller (BET)method. The porous volume and pore size distributionwere calculated by
t-plot and Barrett–Joyner–Halenda (BJH)methods, respectively.Morphology and Si/Al ratiowere analyzed by
scanning electronmicroscopy (SEM)with energy-dispersive X-ray spectroscopy (EDS) using JEOL JSM7800F
field-emission scanning electronmicroscope (FE-SEM). The Si/Al ratio is also determined from inductively-
coupled plasma- ICP-OES, Perkin ElmerOptima 8000). Each samplewas digested in aqua regia, cooled down to
room temperature,mixedwith boric acid andDIwater. The emissionwavelength of silicon and aluminum in
solid samples were detected at 251.611 and 396.153 nm, respectively, and comparedwith silicon tetrachloride

Table 1.Amount of solvents in the gels andmolar ratio of ethanol/water of
all samples.

Amount in the gel

Sample Water (g) Ethanol (g)
Molar ratio of ethanol/

water

E00 88.0 0.0 0.000

E10 78.0 10.0 0.045

E20 68.0 20.0 0.101

E30 58.0 30.0 0.174

E40 48.0 40.0 0.273

E50 38.0 50.0 0.412

E60 28.0 60.0 0.628
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and aluminumnitrate standards.Moreover, images from transmission electronmicroscopy (TEM)were from
Thermo Scientific TALOS F200X operated at 200 kV. Thermal stability andweight loss of the samples were
determined thermogravimetric analysis (TGA) and differential thermal analysis (DTA) using aMettler Toledo
model TGA/DSC1 in air with aflow rate of 50 ml min−1 at a heating rate of 10 °Cmin−1. About 10.00 mg of the
samples were placed in a pan prior to the analysis. Then, the curves of TGA andDTAwere collected in the
temperature in the range of 35 to 1000 °C.

3. Results and discussion

3.1. Phases of zeolite products fromXRD
Figure 1(a) shows theXRDpatterns of all samples crystallized from the synthesis gel of zeoliteNaXwith different
ethanol/watermolar ratios. The E00 sample is from the typical synthesis of the FAU-type zeolite Xwithout
ethanol addition. As expected, this sample shows only the characteristic peaks of FAU-type zeolite X [8].

TheXRDpattern of the E10 sample shows peaks at positions similar to that of E00.However, the intensities
are lower, indicating the lower crystallinity and smaller crystallite size. Thefirst peak splits into two peaks at 5.9
and 6.2 degrees,meaning the false or twin stacking of the FAU layer in EMT/FAU intergrowth zeolite [21]. The
low crystallinity and small crystallite size of the E10 sample is the result of ethanol content in the synthesis gel.
Ethanol increases zeolite nucleation and slows down the crystallization process [6]. According toGao et al [12],
the higher sodiumhydroxide in the synthesis gel of the FAU zeolite leads to the newphase formation, which
could be a false or twin stacking of the FAU layer leading to EMT/FAU intergrowth. From the present work, the
lower solubility of sodiumhydroxide in ethanol leads to the higher sodiumhydroxide concentration in the
aqueous phase of the zeolite synthesis gel. To ensure that the synthesis of EMT/FAU intergrowth is
reproducible, the synthesis was repeatedwith the samemanners. TheXRDpattern of E10(repeat) is compared
with thefirst E10 infigure 1(b). The similar patterns confirm that the EMT/FAU intergrowth could be produced
by themethod in this present work.

From the literature, the EMT/FAU intergrowth has been synthesized from the gel with andwithout a
template.With the template, the synthesis requires structure-directing agents such as 18-crown-6 or/and 15-
crown-5, which ideally fit well with the sodalite cage layer of the hexagonal framework [22]. In the end, those
reagents have to be removed by calcination.On the contrary, those agents are not necessarywhen ethanol is
added as an additive to the synthesis gel. Since ethanol is easy to remove by evaporation, the calcination step is
not required.Without template requirement, the EMT/FAU intergrowthwas synthesized by the combination
of two trajectories which has several steps and takes a long time to complete the crystallization [20]. The present
work shows a one-potmethod to synthesize the EMT/FAU intergrowthwith shortening time and template-free.
Thus, the new approach in the current work could reduce the synthesis cost, energy and time.

TheXRDpatterns of E20, E30, and E40 samples show amixed phase of the EMT/FAU intergrowth and the
SODzeolite.With themore ethanol content, the gels become denser due to the higherNa2O concentration and

Figure 1. (a)XRDpatterns of zeolites prepared from the synthesis gel ofNaXwith various amounts of ethanol, (b) comparison of the
XRDpatterns of the E10 from two syntheses.
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pH in the aqueous phase. Such condition reduces the formation of the EMT/FAU intergrowth and favors the
crystallization of SOD [6]. Finally, theXRDpatterns of E50 and E60 samples exhibit only the characteristic peaks
of the SODzeolite with high intensity and sharpness. The larger ethanol content leads to themore concentrated
gel which favors the crystallization of SOD zeolite.

There is a report on the effect of the decrease of water in the synthesis gel of zeolite X [23]. The results suggest
that the synthesis with the less amount of water results in the smaller crystal size of zeolite X.No competitive
phases of other zeolites are observed. In this work, the increase of ethanol/watermolar ratio leads to the
formation of the EMT/FAU intergrowth and SODzeolite. So, one can conclude that the new phases are from the
presence of ethanol. The formation of the SOD zeolite could be the result of the higher alkalinity in the denser gel
due to the larger ethanol/water ratio. In the case of the formation of the EMT/FAU intergrowth, the ethanol
molecule could coordinate with the specific crystal surfaces to prevent crystal growth [4]. This phenomenon
might cause by the distortion of the FAU layer to create the EMT/FAU intergrowth.

3.2. Si/Al ratio of zeolite products determined by ICP-OES and SEM-EDS
The Si/Al ratio of the zeolite samples determined by ICP-OES and SEM-EDS are displayed in table 2. The ratio
from ICP-OES represents thewhole sample, whereas that from SEM-EDS reflects the surface composition. The
different values fromboth techniquesmight be from the presence of the amorphous phasewhich normally has a
higher Si/Al ratio [24]. The results show that the sample from the gel with a higher ethanol content tends to
produce zeolite with a lower Si/Al ratio. Because the gel with higher ethanol content has less water andNaOH is
less soluble in ethanol, the gel with the higher ethanol content has higher alkalinity. Thus, supersaturation of the
synthesis gel is reached quickly leading to fast nucleation andmoreAl incorporation. This result is supported by
the literature that the higher alkalinity of the synthesis gel prefers the Al incorporation in the zeolite framework
[25, 26]. The Si/Al ratio of the E00 sample is in the range of FAU zeolite. The Si/Al ratios of the sample E10 from
both techniques aremore than those of EMT/FAU intergrowth in the literature [27]whichmay be from the
presence of ethanol.Moreover, the Si/Al ratio of SOD (E50 and E60) in this work is higher than that in the
literature [28].

3.3. Functional groups in zeolites fromFTIR-ATR
Figure 2 shows the FTIR-ATR spectra of zeolite products with pure phase, namely, E00, E10, and E50. The
vibrations of functional groups in the obtained samples are shown in table 3. The spectra of E00 and E10 are
similar, indicating that FTIR cannot distinguish FAU zeolite and EMT/FAU intergrowth. This observation
agrees with thework by Lohse et al [29] that FAU andEMThave similar FTIR spectra.However, all vibrational
bands of E10 shift slightly to the lowerwavenumber compared to those of E00, suggesting a lower Si/Al ratio in
the skeletal structure of this sample [29]. These results are consistent with the Si/Al ratios fromSEM/EDX and
ICP-OES. The FTIR-ATR spectrumof E50 differs from those of E00 and E10. The intensity of the peak at
567 cm−1, which corresponds to double-6-ring (D6R), ismuch lower due to the absence ofD6R in the SOD
structure.

Typically, FTIR-ATR is a surface analysis technique that distinguishes zeolite from amorphous silica.
Vibration peaks of amorphous silica, particularly at 801 cm−1, are not observed from the obtained zeolites. The
results confirm that the zeolite surface does not contain amorphous silica. However, the high Si/Al ratio of the
zeolite samples could be from the amorphous phase within the core of the particle [24].

Table 2. Si/Al ratios and, surface areas and pore volumes of all samples.

Si/Al ratio

Sample ICP-OES SEM-EDS aS
BET (m

2 g−1) bS
Ext (m

2 g−1) cV
Mes (cm

3 g−1) dV
Micro (cm

3 g−1)

E00 1.87±0.03 1.45±0.11 637 113 0.10 0.26

E10 1.87±0.04 1.41±0.08 507 130 0.18 0.19

E20 1.71±0.05 1.30±0.11 431 193 0.62 0.12

E30 2.05±0.06 1.34±0.00 170 93 0.41 0.04

E40 1.71±0.03 1.33±0.05 132 66 0.38 0.03

E50 1.71±0.03 1.21±0.05 44 33 0.28 0.01

E60 1.43±0.02 1.26±0.04 30 30 0.14 0.00

a specific surface area calculated by the BETmethod,
b external surface area,
c mesopore volume calculated by the BJHmethod,
d micropore volume calculated by the t-plotmethod.
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3.4.Morphology fromSEMandTEM
Figure 3 shows the SEMandTEM images of E00, E10, E50, and E60 samples, which are pure phase zeolites
according to the XRD result. The E00 sample (figure 3(a)) consists of polycrystals with an average size of 1.4 μm.
Each particle composes of nanosheets with an average thickness of 150 nm. Themorphology is similar toNaX in
our previous work [32].

The SEM image of the EMT/FAU intergrowth in E10 (figure 3(b)) shows the agglomerates with perforated
hollow and undefined shapes. Themorphology of small particles in the agglomerates (figure 3(c)) is house-of-
card assemblies of the EMT/FAUnanosheets with an average size of 710 nm,which is similar to themorphology
of EMT/FAU in the literature [20]. TEM image (figure 3(i)) shows the stacking faults of the sodalite layers in the
EMT/FAU intergrowth, as shown in the red circle. This observation is similar to that of the EMT/FAU
intergrowth prepared from the gel containing tetraethylammonium (TEA) [33]. The SEM images of E50 and
E60 (figures 3(g) and (h)) showpolycrystalline particles of nanosized SODwith the average diameters of 75 nm
and 115 nm, respectively. AHigher ratio of ethanol/water in the gel provides a larger crystallite size of the SOD
zeolite, which is consistent with theXRD result.

Moreover, themicrographs of the E20, E30 and E40 samples (figures 3(d)–(f)) showmixedmorphology of
polycrystalline particles with undefined shape, a typicalmorphology of the nanosized SOD zeolite [18], and the
hollow shapewhich is similar to themorphology of the EMT/FAU intergrowth found in the E10. The amount of

Figure 2. FTIR-ATR spectra in range of 400–1500 cm−1 of amorphous silica and the zeolite samples preparedwith different ratios of
ethanol/water.

Table 3.Band assignment and vibrationalmodes of amorphous silica, and FAU and SODzeolites.

Wavenumber (cm−1) Assignment Reference

Species groups on FAU zeolite [30]
455 Bending vibration of internal tetrahedral TO4 (T=Si, Al)
567 Vibration of double-6-ring (D6R)
678 and 751 Symmetric vibrations of external linkage

965 Asymmetric stretching vibration of Si–O–Tbond

1074 Vibration of Si-O bond in tetrahedral SiO4

SODzeolite [6]
424 and 460 Bending vibration of internal T–O–T

667, 703 and 724 Symmetric stretching vibrations of T–O–Tbond

961 Asymmetric stretching vibration of T–O–Tbond

Amorphous silica [31]
452 Bending vibration of Si–O–Si

801 and 1066 Vibrations of Si–Obond
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the hollowparticles in the E20 sample is higher than that in the E30while the amount of the polycrystalline
particles in the E40 is higher than that of the E30 and the E20 samples which are consistent with the zeolite
phases in theXRDpatterns.

The results fromXRD, SEMandTEMconfirm that the zeolites from the synthesis gel with different ratio of
ethanol/water have different phase andmorphology. The zeolite formation in this work agrees with the reports
fromHuang et al andMöller et al [6, 34]. From the gel containing ethanol, denser gel agglomeration results in the
formation of spherical particles. The spherical particle surface possibly serves as nucleation sites of zeolite. At the
same time, numerous nuclei of the zeolitemay grow quickly on the particle shell by consuming amorphous core
as a nutrient to form the agglomeration of zeolite particles, which leads to the hollow structure of EMT/FAU
intergrowth and polycrystal of nanosized SOD zeolite.

3.5. Results fromN2 adsorption-desorption analysis
Figures 4(a)–(c) shows theN2 adsorption-desorption isotherms of all samples and figure 4(d) shows pore size
distributions of samples with pure phase. The BET and external surface areas and pore volumes are listed in
table 2. The adsorbed volume fromE00 increases sharply at low pressure and becomes constant (figure 4(a)).
This is the characteristic of type I(a) isothermwhich is the adsorption inmicropores of zeolite [35]. In the
isothermof E10, the adsorbed volume is lower than that of E00. This behavior could be attributed to the lower
crystallinity of the EMT/FAU intergrowth. The isotherm also contains a hysteresis loopwhich indicates the
presence of additionalmesopore in this sample. The pore size distribution of E10 (figure 4(d)) exhibits an
average size of 6.7 nm.

The isotherms of the E20, E30, and E40 samples (figure 4(b)) share the characteristic of the EMT/FAU
intergrowth and the SODzeolite. The SODdoes not adsorb nitrogen because its pore size is smaller than the size
of the nitrogenmolecule. Thus, the decrease of FAUphase and the increase of SODphase results in less adsorbed
volume and, consequently, lower BET surface area.Moreover, the hysteresis loops at high pressuremight be
attributed to small aggregate particles of EMT/FAU and SOD zeolite [35, 36].

The isotherms of E50 and E60 (figure 4(c)) show very low adsorption at low pressure because these samples
are pure SODphase. The isotherms of these samples also consist of hysteresis loops at high pressure which is the
behavior of nanosized zeolite [36]. The size of the hysteresis loop of E60 is smaller than that of E50 due to the
larger crystal size. These results confirm that ethanol accelerates the crystallization of the SOD zeolite. From
figure 4(d), both E50 and E60 samples show a broad pore size distribution in the range ofmesopores but not in
the same range as E10. E60 has lessmesopore volume than E50 due to an increase of crystallinity, consistent with
the XRD result. These results are consistent with the literature that the surface area nanosized SODzeolite is
higher than themicro-sized SODzeolite [18].

3.6. Thermal decomposition of samples byTGA
Weight losses of the E00, E10, andE50 samples which are FAU, EMT/FAU, and SOD zeolites from
thermogravimetric analysis are shown infigure 5(a). Their first derivatives are displayed infigure 5(b). The
weight loss of E00 occurs continuously from the beginning to about 400 °Cwith the total loss of about 25%. Its
DTA curve has a peak at 150 °C. Theweight loss is due to loss of adsorbedwaters on their surface, and inmicro-
andmesopores [37]. Compared to E00, E10 has similar TGA andDTA curves with smaller weight loss. The curve
similarity suggests that theweight loss is fromwater.Moreover, these results imply that ethanol acts as the

Figure 3. SEM images of the selected samples; (a)E00, (b) and (c)E10, (d)E20, (e)E30, (f)E40, (g)E50, (h)E60 and (i) bright-field
modewith high-resolution TEM images of E10 showing the EMT-FAU intergrowthwith the stacking fault of the EMTand FAU layers
in a red oval area.
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Figure 4.N2 adsorption-desorption isotherms of (a)E00 and E10, (b)E20, E30 and E40, (c)E50 andE60, and (d)pore size
distributions of E00, E10, E50, and E60.

Figure 5.Thermogravimetric analysis of the synthesized samples including the E00 (blue line), E10 (red line), and E50 (black line)
samples. Panel (a)TGA and (b)DTA curves.
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organic additive, not an organic structuring agent. The less amount of water fromE10 is consistent with the
lower crystallinity and smaller surface area.

The TG andDTGcurves of the E50 sample show threemain peaks of weight losses. The twopeaks around
120 and 250 °Care the loss of watermolecules in ß-cagewhile the peak at 820 °C is caused by phase
transformation of SOD zeolite to nepheline and/orα-carnegieite [38, 39]. Normally, SOD zeolite has a very low
water adsorption capacity because thewatermolecules are not able to enter its small pores.However, thewater
adsorption capacity of nanosized SOD zeolite in this work is about 14.5%. This could be from the presence of
additionalmesopores.

The results from all techniques confirmed that nanosized SODzeolite is obtained from the gel of zeoliteNaX
containing ethanol. Thus, this is an alternativemethod to synthesize nanosized SOD zeolite without template
and low crystallization temperature.

4. Conclusions

Wedemonstrate that the EMT/FAU intergrowth and nanosized SOD zeolite can be produced by one-pot
synthesis from the gel of zeoliteNaX gel by tuning ethanol/water ratio. The ethanol/water ratio affects bothfinal
zeolite phases andmorphologies. The higher ethanol/water ratio favors the crystallization of denser zeolite. The
low ethanol/water ratio favors crystallization of the EMT/FAU intergrowthwith hollow and undefined shapes.
Moreover, polycrystals nanosized SOD zeolite is produced at the high ethanol/water ratio. Agglomeration of
small or nanosized zeolite particles creates additionalmesopores. The increase of ethanol/water ratio decreases
the external surface area andmesopore due to larger zeolite particles of the SOD zeolite. High alkalinity resulting
from the increase of ethanol/water ratio causes a highAl incorporation in zeolite structure resulting in the
decrease of Si/Al ratio of the obtained zeolites.
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