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Abstract

Crystal twinning, a common growth phenomenon, can substantially affect material per-
formance in fields such as semiconductors, nonlinear optics, and drug development, yet
its elimination during crystallization is challenging. This study presents a method for the
controlled synthesis of ZSM-5 zeolite as either single crystals or twinned crystals using
kaolin as the primary raw material. The method leverages the etching effect of ammonium
fluoride (NH4F) on the aluminosilicate structure derived from pre-treated kaolin. By adjust-
ing the concentrations of NH4F and the structure-directing agent tetrapropylammonium
bromide (TPABr), pure ZSM-5 single crystals and twinned crystals were selectively syn-
thesized. Conventionally, NH4F is employed to introduce defects into zeolite structures.
In contrast, this work demonstrates its utility in controlling crystal habit. The synthesis
utilizes kaolin, an abundant and low-cost aluminosilicate mineral, to provide the entire
aluminum source and a portion of the silicon source, offering an economical alternative
to expensive precursors like aluminum isopropoxide. The resulting single and twinned
crystals exhibited high crystallinity, demonstrating the viability of using natural minerals to
produce high-quality zeolites. The physical and chemical properties of the kaolin-derived
ZSM-5 were characterized and compared to those of ZSM-5 synthesized from conventional
chemical reagents. A growth mechanism for the formation of single and twinned crystals is
also proposed.

Keywords: kaolin; single crystal; ZSM-5; aluminum; twinning control

1. Introduction

Crystal twinning can substantially affect material performance in fields such as semi-
conductors [1], nonlinear optics [2], and drug development [3], making its control a sig-
nificant scientific challenge. Zeolites are a class of aluminosilicates characterized by a
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three-dimensional framework structure with uniform micropores. Their well-defined pore
architecture, combined with high catalytic activity and thermal stability, has led to their
extensive application in catalysis, adsorption, and ion exchange [4,5]. Among them, ZSM-5
zeolite exhibits excellent catalytic performance and is widely used in petrochemical pro-
cesses such as catalytic cracking [6], isomerization [7], aromatization [8], and alkylation [9].

As an abundant mineral resource composed primarily of aluminosilicates, kaolin is an
attractive and low-cost precursor for the synthesis of various zeolites [10-13], offering an
alternative to more expensive reagents like aluminum isopropoxide [14]. Previous studies
have reported the synthesis of ZSM-5 from kaolin and illite [15,16]; however, issues such
as low sample purity, poor crystallinity, and the absence of a well-defined structure have
limited the practical application of these mineral-based routes. A significant obstacle is the
high structural stability of kaolin, which necessitates an activation pretreatment before it
can be used as a reactive raw material.

This study employed a low-cost alkaline thermal activation treatment to convert kaolin
into acid-soluble sodalite [17]. Subsequent adjustment of the pH of the acid hydrolysis
solution yielded an amorphous silica-alumina gel. A challenge with such gels is that their
three-dimensional network structure prevents the raw materials from participating in the
crystallization reaction as uniformly as pure chemical reagents, thereby limiting the quality
of the final product. To address this, we utilized the known etching effect of the fluoride
ion (F~) on aluminosilicate structures [18,19]. While fluoride sources have previously been
used to assist in the dissolution of silica-alumina gels [20,21], their role has generally been
limited to pretreatment or non-selective etching. To the best of our knowledge, this is the
first report on the strategic use of NH4F concentration to selectively control the formation of
either single or twinned ZSM-5 crystals derived from a mineral precursor. In our approach,
ammonium fluoride (NH4F) was introduced as a “structural shearing agent” to break down
the gel network, allowing the silica and alumina species to be more evenly dispersed in the
reaction mixture.

By systematically adjusting the concentration of NH4F, we achieved the controlled
synthesis of ZSM-5 with high crystallinity in the form of either single crystals or twinned
crystals. This advancement facilitates the use of processed minerals as a substitute for pure
chemical reagents in zeolite synthesis. The as-synthesized samples were ion-exchanged
to produce the protonated form (H-ZSM-5). For comparison, a ZSM-5 sample was also
synthesized using aluminum isopropoxide as the aluminum source. The materials were
characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDS), Fourier-transform infrared spectroscopy (FI-IR), Np
adsorption-desorption, and ammonia temperature-programmed desorption (NH3-TPD).
Finally, a formation mechanism for the single and twinned crystals is discussed.

2. Results and Discussion
2.1. X-Ray Diffraction Analysis

The phase purity and crystallinity of the synthesized materials were examined by
XRD. Figure 1 displays the XRD patterns of the samples. A-HZSM-5 and K-HZSM-5
denote H-ZSM-5 zeolites synthesized with aluminum isopropoxide and kaolin-derived
silica-alumina gel as the aluminum source, respectively. The numbers in parentheses
indicate the molar ratio of NH4F in the synthesis gel. The black vertical lines represent the
standard diffraction pattern for ZSM-5 (PDF#42-0024).

All samples, except for A-HZSM-5 (0.05 M), exhibit the characteristic diffraction peaks
of the MFI framework structure, confirming the formation of ZSM-5 zeolite. A comparison
of the patterns reveals that the addition of NH4F did not inhibit the formation of the
ZSM-5 structure when the silica-alumina gel was used. In contrast, when aluminum
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isopropoxide was the aluminum source, the presence of NH4F resulted in an amorphous
product. A crystalline ZSM-5 phase was only obtained from aluminum isopropoxide in the
absence of NHyF. This suggests that without the buffering effect of the silica-alumina gel,
NH4F disrupts the crystallization of ZSM-5.

The XRD patterns of the raw kaolin, the activated sodalite, and the final silica-alumina
gel are shown in the Appendix A (Figure Al). The pattern of the raw material corresponds
well with the standard for kaolin (PDF#78-1996), with minor impurities of quartz and mica.
After alkaline thermal activation, these components were converted into a pure sodalite
phase (PDF#76-1639). Subsequent acid dissolution and washing yielded an amorphous
silica-alumina gel, as confirmed by the absence of sharp diffraction peaks.
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Figure 1. XRD patterns of samples prepared with different aluminum sources and NH4F concentrations.

2.2. Surface Morphology and Elemental Analysis

The morphology of the synthesized ZSM-5 samples was investigated by SEM.
As shown in Figure 2a, when the silica-alumina gel was used as the raw material without
NH4E, the resulting product consisted of irregularly shaped and sized elliptical particles,
with a noticeable amount of unreacted amorphous material. This suggests that the three-
dimensional network within the gel hinders its uniform dispersion and participation in
the reaction.

Upon the addition of 0.10 M NH4F (Figure 2c), uniformly dispersed, well-defined
twinned crystals of ZSM-5 were obtained, with almost no residual amorphous phase. This
indicates that F~ acts as a shearing agent, effectively breaking down the gel’s network
structure into smaller, more reactive molecular species that can participate uniformly in the
crystallization process. When the NH4F concentration was increased to 0.15 M (Figure 2b),
the product was composed of pure single crystals of ZSM-5.

Further adjustments to the NH4F concentration affected the crystal morphology
(Figure A2). An insufficient amount of NH4F (0.05 M) did not significantly improve the
crystallization. Conversely, an excessive amount (0.20 M) led to the formation of many
crystals with incomplete or etched structures, likely due to the strong etching effect of F~
on the ZSM-5 framework.
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Figure 2. SEM images of (al,a2) K-HZSM-5 (0 M), (b1,b2) K-HZSM-5 (0.15 M), and (c1,c2) K-HZSM-5
(0.10 M).

EDS analysis was performed on the synthesized single crystal and twinned crystal
ZSM-5 (Figures 3 and 4). The EDS maps confirm the homogeneous distribution of silicon
(5i), oxygen (O), and aluminum (Al) throughout the crystals, which is critical for uniform
acid site distribution. The absence of sodium (Na) indicates that the ion-exchange process
was complete. The elemental composition, showing a high proportion of Si and O with a
smaller amount of Al, is consistent with that of high-silica ZSM-5 zeolite.
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Figure 3. EDS analysis of a single crystal ZSM-5 sample (K-HZSM-5 (0.15 M)): (a) SEM image of
the selected crystal; and corresponding elemental maps for (b) Silicon (Si), (¢) Oxygen (O), and
(d) Aluminum (Al), demonstrating the uniform distribution of elements.

Figure 4. EDS analysis of a single crystal ZSM-5 sample (K-HZSM-5 (0.10 M)): (a) SEM image of
the selected crystal; and corresponding elemental maps for (b) Silicon (Si), (¢) Oxygen (O), and
(d) Aluminum (Al).
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2.3. FT-IR Spectrum Analysis

FT-IR spectroscopy was used to analyze the structural transformations of kaolin and
the final zeolite products. The spectra of the raw kaolin, sodalite, and silica-alumina gel are
provided in the Appendix A (Figure A3). The absorption peaks for kaolin and sodalite are
consistent with those reported in the literature [22-25]. The spectrum of the silica-alumina
gel, the direct precursor for ZSM-5 synthesis, shows a broad band at 1005 cm ™! due to Si-O
stretching vibrations, bands at 707 and 574 cm ™! representing Si-O-Al bending vibrations,
and a band at 445 cm~! associated with internal T-O (T = Si, Al) bending vibrations [26,27].

Figure 5 presents the FT-IR spectra of the final calcined samples in the 1500400 cm !
region. All samples display absorption bands at approximately 1225, 1080, 790, 550, and
440 cm ™1, which are characteristic of the ZSM-5 framework structure [28]. This confirms
that the single crystals and twinned crystals synthesized from silica-alumina gel, as well as
the ZSM-5 synthesized from aluminum isopropoxide, all possess the correct MFI topology.
Specifically, the band at 440 cm ! corresponds to T-O bending vibrations [29]. The band
at 550 cm~! is attributed to the vibration of the double five-membered ring units that
are characteristic of the ZSM-5 structure [30]. The bands at 790 cm~! and 1080 cm ! are
assigned to symmetric and internal asymmetric stretching vibrations of T-O-T linkages,
respectively [31]. The band at 1225 cm ™! is due to external asymmetric stretching of T-O-T
linkages [32].
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Figure 5. FT—IR spectra of the as-synthesized ZSM-5 samples.

2.4. Ny Adsorption-Desorption Analysis

The textural properties of the samples were evaluated by N, physisorption. The
adsorption-desorption isotherms and corresponding pore size distributions are shown
in Figures 6 and 7, respectively. The key textural parameters are summarized in Table 1.
The specific surface areas of all synthesized samples are higher than that of a commercial
ZSM-5 (309 m?/g) reported previously [33].

The isotherm for the single crystal sample, K-HZSM-5 (0.15 M), is a type I isotherm,
which is characteristic of microporous materials and typical for conventional ZSM-5 [34].
In contrast, the twinned crystal sample, K-HZSM-5 (0.10 M), and the sample synthesized
from aluminum isopropoxide, A-HZSM-5 (0 M), both exhibit type IV isotherms with
hysteresis loops, indicating the presence of mesoporosity. The hysteresis is slight for the
twinned crystal sample but more pronounced for the A-HZSM-5 (0 M) sample, suggesting
a larger volume of mesopores in the latter.

The pore volume and specific surface area are important factors influencing a zeolite’s
performance. As shown in Table 1, the textural properties of the single and twinned crystal
ZSM-5 synthesized from kaolin are comparable or superior to those of the sample made
from pure chemical reagents, affirming the viability of the mineral-based synthesis route.
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A comparison between the two kaolin-derived samples shows that the single crystal has
a slightly higher specific surface area, while the presence of some mesoporosity in the
twinned crystal may be advantageous for certain catalytic applications by facilitating mass
transport. The BJH pore size distribution (Figure 7) confirms that all samples have a primary
pore size distribution centered below 2 nm, consistent with the micropores of ZSM-5.

Table 1. Textural properties of the ZSM-5 samples.

S ampl e S].’;ET a Smicro ¢ Smeso b Vtotal d Vmicro f Vmeso €
(m’g~1) (m?’g™) (m’g™") (emPg™) (cmPg) (cmPgh)
A-HZSM-5 (0 M) 322 198 123 0.16 0.12 0.04
K-HZSM-5 (0.10 M) 351 280 71 0.18 0.15 0.03
K-HZSM-5 (0.15 M) 385 316 69 0.19 0.16 0.03

2 BET surface area. ® Syeso = SpeT — SMicro- © t-plot micropore surface area. d Pore volume at p/po = 0.99.

€ VMeso = VTotal — VMicro- f t-plot micropore volume.
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Figure 6. N, adsorption-desorption isotherms of ZSM-5 samples.
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Figure 7. BJH pore-size distributions of samples.

2.5. Evaluation of Surface Acidity

The acid properties of the protonated H-ZSM-5 zeolites were investigated using
NH;-TPD analysis. The profiles in Figure 8 show two distinct NH3 desorption peaks
for each sample. The low-temperature (LT) peak, between 100-300 °C, is assigned to
NHj3 desorbing from weak acid sites, while the high-temperature (HT) peak, between
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300-500 °C, corresponds to desorption from strong acid sites [35]. The quantified acid site
densities are listed in Table 2.

The NH;3-TPD profiles of the single crystal K-HZSM-5(0.15M) and the twinned crystal
K-HZSM-5(0.10M) are very similar. In ZSM-5, strong Brensted acidity originates from
tetrahedrally coordinated aluminum within the framework, whereas weaker acidity is
typically associated with surface silanol (Si-OH) groups or extra-framework aluminum
species [36,37]. The similarity in the profiles indicates that the single and twinned crystals
possess comparable internal structures and distributions of framework aluminum. The sam-
ple synthesized from aluminum isopropoxide exhibits a higher total acidity, but a lower
concentration of strong acid sites, which may affect its catalytic performance in reactions
requiring strong acid catalysis. The kaolin-derived single and twinned crystals, with their
substantial fraction of strong acid sites, may be more suitable for such applications.

-8 A-HZSM-5(0M)
@ K-HZSM-5(0.10M)
—A- K-HZSM-5(0.15M)

Intensity(a.u.)

100 200 300

400 500 600
Temperature(°C)
Figure 8. NH3-TPD profiles of ZSM-5 samples.
Table 2. Acid properties of ZSM-5 samples.
Sample Weak Acidity Strong Acidity Total Acidity
P (mmol g~ 1) (mmol g~ 1) (mmol g~ 1)
A-HZSM-5 (0 M) 591 1.25 7.16
K-HZSM-5 (0.10 M) 3.50 244 5.94
K-HZSM-5 (0.15 M) 3.59 2.53 6.12

2.6. Discussion on the Formation Mechanism

Figure 9 provides a schematic illustration of the ZSM-5 crystal structure. ZSM-5
crystallizes in the orthorhombic system with unit cell parameters of a ~ 20.1 A, b~ 19.9 A,
and ¢ ~ 13.4 A [38]. Because the lengths of the a- and b-axes are very similar, twinning
frequently occurs across the (010) plane, resulting in the characteristic intergrown structure
shown on the right side of Figure 9.

The growth process can be understood in the context of the Kossel-Stranski model
of layer growth [39]. As illustrated in Figure 10(1), crystal growth preferentially occurs
at sites with the highest coordination, such as kink sites a ~ 20.1 A, b~199 A, and
¢ &2 13.4 A [38]. (three-sided concave corners, position a) and step sites (two-sided concave
corners, position b), rather than on flat terraces (general position c). For crystals like ZSM-
5 where the a- and b-axes are similar, twinning can relieve internal strain and enhance
stability. The formation of a twin boundary creates a permanent re-entrant (concave)
corner, as shown in Figure 10(2), which acts as a continuous source of new step sites,
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promoting rapid growth in that direction. Consequently, in conventional synthesis systems,
the formation of twinned crystals is often favored and difficult to suppress.

In this study, we propose that the presence of F~ ions at an appropriate concentration
inhibits the formation of these twin boundaries. The F~ ions are known to etch aluminosilicate
structures. We hypothesize that this etching effect preferentially removes or passivates the
nucleation sites on the (010) crystal face that would otherwise lead to twinning. This “shearing”
action results in a smoother (010) plane, as depicted in Figure 10(3), which disfavors the
intergrowth of a second crystal and thereby promotes the formation of single crystals.

It is known that NH4F can introduce mesoporosity and framework defects in ZSM-5,
as demonstrated by Bolshakov et al. [18]. However, the N physisorption data for our single-
crystal sample (K-HZSM-5 (0.15 M)) shows a Type I isotherm with minimal hysteresis,
suggesting that under our specific synthesis conditions, particularly the presence of the
reactive silica-alumina gel and a controlled NH4F concentration, the dominant role of
fluoride is the moderation of crystal growth rather than aggressive framework etching. We
speculate that NH4F primarily acts during the crystal growth stage, after nucleation. Its
function is likely to selectively passivate or etch the (010) crystal face, which is prone to
twinning, thereby inhibiting intergrowth and promoting the development of single crystals.
Further kinetic studies would be required to definitively confirm this proposed mechanism.

The presence of twin boundaries in ZSM-5 crystals can disrupt the continuity of the
straight micropore channels. This disruption creates longer, more tortuous diffusion path-
ways for reactant and product molecules, which can lead to increased diffusion limitations
and potentially lower catalytic activity or faster deactivation. The synthesis of single crys-
tals, as demonstrated in our work, mitigates this structural issue by providing unobstructed
transport pathways through the zeolite framework.

b(a)

¢ a(h)

a

Figure 9. Schematic diagram of single and twinned ZSM-5 zeolite crystals.

@ ©)
N (010) (010)

—

Figure 10. Proposed crystal growth mechanism illustrating the inhibition of twinning by F~.

3. Materials and Methods
3.1. Materials

Kaolin minerals and natural quartz (5iO,, 99 wt%) were supplied by Xinyisheng
Advanced Technology Co., Ltd., Xiamen, China. The chemical reagents included sodium

hydroxide (NaOH, 96 wt%) and ammonium chloride (NH4Cl, 99.5 wt%), which were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Sulfuric acid (H2SOy,
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98 wt%) and ammonium fluoride (NH4F, 96 wt%) were purchased from Xilong Chemical
Co., Ltd., Chengdu, China. Tetrapropylammonium bromide (TPABr, (CH3CH>CH>)4N(Br),
98 wt%) was acquired from Aladdin Industrial Co., Ltd., Shanghai, China. Fumed silica
(5107, 99.8 wt%) was sourced from Evonik Degussa, Xiamen, China. All chemical reagents
were used as received without further purification.

3.2. Pre-Treatment of Minerals

To prepare the sodium silicate solution, quartz (3.60 g, 0.06 mol) and NaOH (4.80 g,
0.12 mol) were combined with 50 mL of deionized water in a beaker. The mixture was
transferred to a 100 mL polytetrafluoroethylene-lined stainless steel autoclave and heated at
463 K for 24 h. The resulting product was centrifuged, washed three times with deionized
water, and dried at 343 K for 24 h to obtain sodium silicate powder.

The pretreatment of kaolin involved three steps. First, the as-received kaolin was
activated. Kaolin (0.5 g) was mixed with 10 mL of 6 M NaOH solution in a 25 mL
polytetrafluoroethylene-lined stainless steel autoclave and reacted at 473 K for 5 h to
produce sodalite. Second, the sodalite was dissolved by adding 5 mL of 1 M H,SO4 so-
lution and stirring. Third, the pH of the resulting clear solution was adjusted to 7.0 with
NaOH solution to precipitate a white gel. This silica-alumina gel was collected by filtration,
washed, and used in subsequent syntheses.

3.3. Synthesis of ZSM-5

ZSM-5 zeolite was synthesized via a conventional hydrothermal method. A mixture of
sodium silicate, silica-alumina gel, TPABr, and deionized water was prepared at room temper-
ature with thorough stirring. Fumed silica was then rapidly added to the solution. The final
molar composition of the synthesis gel was SiO5: 0.02 Al,O3: 0.16 NapO: 0.2 TPABr: x NH4F:
185 H,O, where x was varied (0, 0.05, 0.10, 0.15, and 0.20). The homogeneous gel was transferred
to a polytetrafluoroethylene-lined stainless steel autoclave and heated at 473 K for 48 h.

After the reaction, the samples were collected by centrifugation, washed three times
with deionized water, and dried. To obtain the protonated form, ion exchange was per-
formed by treating the samples with a 1 M NH4Cl solution at 343 K for 6 h. This process
was repeated three times. Finally, the samples were calcined at 823 K for 5 h to remove
the organic template, yielding H-ZSM-5 zeolite. A comparative sample (A-HZSM-5) was
synthesized under identical conditions, but using aluminum isopropoxide as the aluminum
source. Samples derived from kaolin are denoted as K-HZSM-5.

3.4. Characterization

Powder X-ray diffraction (XRD) patterns were collected on a Bruker-D8 diffractometer
with Cu Ka radiation (40 kV, 40 mA) over a 26 range of 5-50°. The surface morphology of the
samples was examined using a SU-70 field-emission scanning electron microscope (SEM) at
an accelerating voltage of 10 kV. Elemental analysis was conducted using an energy-dispersive
X-ray spectrometer (EDS) attached to the SEM, operating at 20 kV. Fourier-transform infrared
(FT-IR) spectra were recorded on a Nicolet iS10 spectrometer over a range of 4000400 cm .

Ammonia temperature-programmed desorption (NH3-TPD) experiments were per-
formed on a Micromeritics AutoChem II 2920 to determine the acid properties. Typically,
100 mg of catalyst was degassed in flowing helium at 600 °C for 1 h. After cooling to 100 °C,
the sample was saturated with NH3 for 30 min. Physisorbed ammonia was removed by
purging with helium. The temperature was then ramped from 100 to 600 °C at a rate of
10 °C-min !, and the desorbed NH; was monitored.

Nitrogen adsorption-desorption isotherms were measured at 77 K using a Micromerit-
ics ASAP 2460 system. Prior to the measurements, samples were outgassed under vacuum
at 573 K for 6 h.
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4. Conclusions

ZSM-5 zeolite, as either single crystals or twinned crystals, was successfully synthesized
via a hydrothermal method using kaolin as the sole aluminum source and a partial silicon
source. The introduction of F~ ions from NH,F was effective in breaking down the network
structure of the kaolin-derived silica-alumina gel, overcoming a common limitation in the use
of mineral precursors for zeolite synthesis. By carefully adjusting the concentration of NH4F,
Z5M-5 zeolites with high crystallinity were selectively produced as either single crystals or
twinned crystals. This work presents a simple and low-cost route for synthesizing high-quality
zeolites from natural minerals as an alternative to pure chemical reagents.

Furthermore, this study demonstrates a different application for F~ in zeolite synthesis.
While often used to create defects or modify structures, here it was employed to inhibit
the growth of twinned crystals, enabling the formation of single crystals. Characterization
by XRD, SEM, FT-IR, N; physisorption, and NH3-TPD confirmed the successful synthesis
and favorable properties of the kaolin-derived materials. A comparison of the single and
twinned crystals revealed similar surface acidity, but the single crystals possessed a higher
specific surface area. These findings suggest that by controlling the synthesis conditions,
particularly the F~ concentration, it is possible to produce ZSM-5 single crystals with
superior textural properties for various applications.
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XRD X-ray Diffraction
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EDS Energy Dispersive X-ray Spectroscopy
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NH3-TPD  Ammonia Temperature-Programmed Desorption
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Figure A1. XRD patterns of (a) raw kaolin, (b) sodalite after activation, and (c) amorphous silica-
alumina gel.
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Figure A2. SEM images showing the effect of varying NH4F concentration on ZSM-5 morphology:
(a) 0.05M and (b) 0.20 M.
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Figure A3. FT—IR spectra of (a) raw kaolin, (b) sodalite after activation, and (c) amorphous silica-
alumina gel.
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