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Abstract

Binderless zeolite X pellets were “one-pot” synthesized via in situ hydrothermal conversion of silica gel precursors in sodium
aluminate solution. The conversion and crystallization kinetics were investigated as a function of synthesis time with a spectrum
of techniques. It is found that four-membered (4R) and six-membered rings (6R) are formed by linking diffused Al species
with dissolved Si species during the aging period, while the zeolite X frameworks are constructed via reorganization of β cages

with double six-membered rings (D6R) in crystallization process. Furthermore, GCMC simulation was conducted to elucidate

1-hexene adsorption in zeolite X as ion species and exchange degree vary, in which adsorption capacity and guest – host

interaction energy were evaluated. Incorporation of Mg2+ and Ca2+ enables higher adsorption capacity, while introduction of

Co2+, Ni2+, Cu2+ and Zn2+ boosts adsorption and enhances interaction energy.

Introduction

Effective separation of olefin/paraffin is critical for modern chemical industry,1-4 in which olefins are primar-
ily obtained from the hydrocarbons steam cracking mixtures to serve as feedstocks.5,6 Removal of impurities
from olefins must be maximized to ensure the high quality of subsequently derived-products.7,8 Typical
methods for olefin/paraffin separation include cryogenic distillation,3,9 liquid – liquid extraction,10 adsorp-
tive separation,11-13 and membrane separation.14-16 Among all these approaches, adsorptive separation is
considered to be a promising alternative compared to the current main technologies owing to its high se-
lectivity and flexibility, mild operating condition and low capital cost.3,13,17 Indeed, successful adsorptive
separation largely relies on the performance of adsorbents employed. During the past several decades, a
variety of porous materials, including aluminosilicate zeolites,12,18,19 carbon molecular sieves,20,21 and metal
– organic frameworks (MOFs),22,23 have been extensively explored, tested and applied for adsorptive separa-
tion of olefin/paraffin mixtures. Synthetic zeolites remain the most popularly utilized adsorbents in various
industrial processes due to their high energetic and structrual stability, and low cost.24,25

Ion-exchange has been primarily focused on tuning the pore structure and adsorption affinity to enhance
adsorption capacity and selectivity.26,27 According to earlier reports, a variety of ion-exchanged zeolite sor-
bents have been employed for selective adsorption of olefins over paraffins. Sakai et al. 28 reported that
compared with the parent zeolite NaX membrane, the selectivity of Ag-exchanged zeolite X membrane for
olefins increased from 3.63 (NaX) to 55.4 (AgX) for a propylene/propane (50:50) mixture. In addition, Anson
et al. 29studied the effect of cation type on the performance of ion-exchanged ETS-10 in ethane/ethylene
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separation. They concluded that the adsorption selectivity of ethylene over ethane decreased following the
order of Na > K > Li > Cu [?] Ba > Ba/H > La/H. This trend appears to be completely opposite to the pres-
sure swing adsorption results. Moreover, it was reported that Cu-exchanged natural Chilean zeolite, which
mainly consists of clinoptilotite and mordenite, showed increased number of adsorption sites and enhanced
interaction energy in ethylene adsorption, which led to significantly increased adsorption capacity.30

For practical applications, conventionally synthesized zeolite powder has to be fabricated as macroscale
particles/pellets with additional binder to ensure relative low pressure drop across the sorbent bed.31,32

Nevertheless, the binder introduced is an adsorption inert component, which results in reduced adsorp-
tion capacity.31,33 Moreover, the binder component may lead to undesired side reactions and/or diffusion
inhibition.33,34 To minimize the negative impacts of binder on the performance of industrial adsorbents, re-
cently, we developed a one-pot route to synthesize binderless zeolite A pellets by using in situ hydrothermal
transformation of silica gel precursors.35

In current work, we report synthesis of spherical binderless zeolite X pellets via in situ hydrothermal conver-
sion of silica gel precursors. The synthesized binderless zeolite X exhibits significantly enhanced adsorption
performance compared with commercially available binder-containing zeolite X products. Employing mul-
tiple analysis methodologies, we further characterized the resulting solid samples as the synthesis length
varies and deduced the in situ conversion mechanism from precursors to zeolite X. Further, the impacts of
ion type and exchange degree on olefin adsorption were evaluated experimentally by 1-hexene adsorption and
computationally with GCMC simulation, in which we successfully correlate adsorption capacity and guest –
host interaction energy with type of cation and degree of exchange for 1-henexe adsorption on ion-exchanged
zeolite X.

Experimental

Materials

Sodium metaaluminate (> 98.5% purity), cetyltrimethyl ammonium bromide (CTAB, > 99.0 % purity) and
binder-containing zeolite X-I were purchased from Aladdin Industrial Co., Ltd (Shanghai, China). Sodium
hydroxide (> 96.0% purity), ammonium chloride (> 99.5% purity) and binder-containing zeolite X-II were
provided by Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). Silica sol (solid content of 40 wt%)
with average particle size of 20 nm, was obtained from Qingdao Fuso Refining & Processing Co., Ltd
(Qingdao, China). n -Heptane (> 99.0 % purity), binder-containing zeolite X-III and all nitrates (> 99.0
% purity) were supplied by Shanghai Titan Scientific Co., Ltd (Shanghai, China). Binder-containing zeolite
X-IV was acquired from Nankai University Catalysts Co., Ltd (Tianjing, China). 1-Hexene (> 99.0% purity)
was provided by Huawei Ruike Chemical Industry Co., Ltd (Beijing, China). Deionized water was applied
in all synthesis experiments. All chemicals were used without further purification.

Synthesis of binderless zeolite X pellets

Figure 1. Schematics of in situ hydrothermal synthesis of binderless zeolite X pellets.
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Binderless zeolite X pellets were prepared by modifying the method we reported earlier to synthesize zeolite A
(see Figure 1).35 First, a custom-made oil/water column for synthesis of the silica gel precursors was prepared.
Specifically, thewater phase : sodium aluminate alkaline solution (250 mL) was prepared by dissolving sodium
metaaluminate (24.6 g) and sodium hydroxide (24 g) into deionized water (230 g). Saturated CTAB aqueous
solution (15 mL) served as the surfactant phase whilen -heptane (30 mL) was employed as the oil phase
. These three phases were successively added in a beaker. Subsequently, the silica gel mixture, which was
obtained by stirring the mixture of silica sol (45 g) and ammonium chloride solution (10 g, 10 wt%), was
dripped into the aforementioned custom-made column through a 0.35 mm (id) syringe needle in order to
form spherical silica gel precursors of 2˜3 mm in size. Subsequently, the alkaline solution at the bottom as
well as the silica gel precursors obtained were separated from the oil/water column followed by transfer to
a Teflon-lined stainless steel autoclave. The molar composition of the prepared reaction system was 3Na2O:
Al2O3: 2SiO2: 98H2O. After aging at 313 K for 0 to 6 h, the zeolite X products were crystallized at 373 K
systematically for 0 to 24 h. Washing samples was triplicated with deionized water. The resulting products
were collected through filtration and dried at 373 K overnight.

Ion-exchange of synthesized zeolite X pellets

Various ions were introduced into the synthesized zeolite NaX to obtain zeolite M-NaX. Particularly, 25 g
zeolite NaX pellets were immersed into 250 mL M(NO3)x (M = Mg2+, Ca2+, Co2+, Ni2+, Cu2+, Zn2+and
Ag+) aqueous solution (0.1 mol/L) under vigorous stir at 333 K for 6 h. The ion-exchanged zeolite X samples
were washed with deionized water for three times, separated by filtration and dried in a vacuum oven at 373
K overnight.

Materials characterization

Powder X-ray diffraction (XRD) patterns of all samples were obtained by employing a Bruker D8 Advance
X-ray diffractometer (Bruker AXS Inc., Germany) with Ni-filtered Cu Kα radiation (λ=1.5418 Å) operated
at 40 kV and 40 mA. The 2θ scanning angle recorded ranges from 5 to 60° with a step size of 0.02 and a rate
of 5o per minute. All XRD patterns were analyzed using Jade 6.0 and ICSD database for phase identification.
Furthermore, the relative crystallinity was evaluated.

The sample morphology was evaluated using a Nova NanoSEM 450 scanning electron microscope (SEM;
FEI, USA) with an accelerating voltage of 15 kV and a beam current of 10 nA. Elemental analysis was
carried out on a Falcon energy-dispersive spectrometer (EDS) (EDAX Inc., USA). A sputter coating with
a thin layer of platinum was adopted to avoid charging. Six measurement points were selected at different
positions to obtain the average elemental composition for each sample.

High resolution transmission electron microscopy (HRTEM) analyses were carried out on a JEM-2100 elec-
tron microscope (JEOL Co., Ltd., Tokyo, Japan) with an accelerating voltage of 200 kV. All samples were
dispersed in absolute ethanol by ultrasonic treatment. Subsequently, the particle-suspended solution was
dropped onto copper TEM grids coated with a holey carbon film and dried at room temperature.

The pore structure of each sample was measured by N2adsorption at 77 K using a 3H-2000PM2 automatic
surface analyzer (BeiShiDe Instrument Co., Ltd., Beijing, China). The specific surface areas, micropore and
mesopore volumes were calculated using the Brunauer-Emmett-Teller (BET), Harvath-Kawazoe (H-K) and
Barrett-Joyner-Halenda (BJH) method, respectively. Vapor adsorption of 1-hexene on zeolite X samples was
determined under P/P0=0.85 at 298 K using a 3H-2000PW gravimetric vapor adsorption analyzer (BeiShiDe
Instrument Co., Ltd., Beijing, China). All samples were outgassed at 573 K for 12 h prior to adsorption
measurements.

Raman spectra were collected by using a Renishaw InVia Reflex Lase Micro-Raman Spectrometer (Renishaw
Plc., U.K.) equipped with a 325 nm argon ion laser. Data were recorded from 1200 to 200 cm-1 with a spectral
resolution of 1.6 cm-1 and using a grating of 2400 lines*mm-1.

Solid-state 29Si and 27Al magic angle spinning nuclear magnetic resonance (MAS-NMR) spectra were
recorded on a Bruker Avance-III 500 MHz super conducting Fourier NMR spectrometer (Bruker AXS Inc.,

3
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Germany) with a 4 mm MAS probe. The chemical shifts of 29Si and 27Al MAS NMR were externally
referenced to tetramethylsilane (0 ppm) and 1M AlCl3 aqueous solution (0 ppm), respectively.

Grand Canonical Monte Carlo (GCMC) simulation

All computation simulations were performed using Sorption module in Materials Studio 7.0 package (Accelrys
Inc., USA). The adsorption of 1-hexene on different ion-exchanged zeolite X structures were calculated based
on the Grand Canonical Monte Carlo (GCMC) and configurational bias methods with periodic boundary
conditions.36

The parent FAU framework topology was obtained from the Materials Studio database. According to the
compositions of synthesized samples determined by EDS analyses (see Table S1), the Al atoms were ran-
domly replaced by Si atoms, automatically following the Lowenstein’s Al-O-Al avoidance rule.37 In addition,
the corresponding extra-framework ion distribution was conducted by using the Locate Task in Sorption
module,38,39 which can avoid the choice of ion amount at a specific position caused by the exchange of ion
species.40 The structural models of ion-exchanged zeolite X samples were enabled by replacing n Na+cations
with n/x Mx+ ones in unit cell based on the found compositions. Moreover, the extra-framework ions incor-
porated in the zeolite structures can be Na+, Mx+, or mixed cations. The Cartesian and fractional atomic
positions were fixed during the simulation to restrict the adsorption in a specific region.

The 1-hexene module was built by a united-atom description, in which each CH3 (sp3), CH2(sp3), CH (sp2),
and CH2 (sp2) group was treated as a single interaction center with effective potential parameters.41 Table
S2 lists the Lennard-Jones 12-6 potential parameters of 1-hexene groups and partial charges of the zeolite X
framework system we used.41,42 The Lennard-Jones potential parameters for zeolite X was obtained using
the COMPASS force field,43 which has a wide application in prediction the covalent molecules adsorption
on FAU zeolite.44,45 During simulation, all bond lengths were considered to be rigid, while bond angles were
allowed to bend. Interactions among different sites were computed based on the standard Lorentz-Berthelot
combining rule, and all interactions were cut off at a radius of 12.5 A and a cubic spline truncation of 1 A
width. The Ewald summation method was used to handle the electrostatic interactions between guest and
host atoms with accuracy of 0.0001 kcal/mol. The guest – host potential energy and the density field of the
guest molecules were sampled with 25 points between two evaluations of the field data on a three-dimensional
grid of 0.25 A spacing.

GCMC simulation was employed to calculate the adsorption capacity and van der Waals interaction energy.
The temperature (T ), volume (V ) and chemical potential (μ ) of the system were fixed, while the system
energy (E ), pressure (P ) and total number of molecules (N ) varied. For each adsorption calculation point,
the computational process was equilibrated during 5,000,000 steps and followed by 5,000,000 production
steps for data collection. In order to validate the experimental results, the predicated simulation data were
converted from absolute values to excess adsorption properties.

4
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Figure 2. (a) XRD patterns, (b to e) TEM images, (f) UV-Raman and (g and h) NMR spectra of
the%”amorphous aluminosilicate precursors with different aging lengths.

Results and Discussion

Aging of amorphous aluminosilicate precursor

To understand the aging process of silica gel precursors in sodium aluminate alkaline solution, the as-
synthesized samples with different aging times were characterized using integrated structural, microscopic
and spectroscopic methods. According to the XRD patterns in Figure 2a, the initially prepared silica gel
precursors at the aging time of 0 h exhibit to be completely amorphous, which suggests the existence of initial
silica nanoparticles in the precursors. The TEM images (see Figures 2b– e) further confirm the presence of
spherical silica nanoparticles (˜20 nm) in the as-prepared precursors. The Raman bands at 436, 785, 964
and 1034 cm-1corresponding to the initial silica nanoparticles are observed in the Raman spectrum for the
sample prior to aging (see Figure 2f). The broad band centered at 436 cm-1 is assigned to the bending mode
of the Si-O-Si bond.46 The band at 785 cm-1 can be attributed to the symmetric stretching mode of the
Si-O-Si bond,46 while the bands at 964 and 1034 cm-1 are associated with the asymmetric stretching mode
of the Si-O-Si bond.47 Additionally, the 29Si MAS NMR spectrum in Figure 2g features a wide chemical
shift at about -111.11 ppm, corresponding to the silica nanoparticles in the original silica gel precursors.35

The absence of27Al MAS NMR signal confirms a pure silica phase (see Figure 2h). Extended aging length
leads to slight decrease in XRD peak intensity for amorphous silica, which is further supported by the
TEM images clearly demonstrate the morphological transformations of silica nanoparticles in the sodium
aluminate alkaline solution during the aging process. Specifically, as the aging length increases the dispersed
silica nanoparticles gradually become coral-like amorphous aggregates without further crystallization. Such
phenomenon is consistent with the XRD results showing no evidence of long range order.

As the aging time reaches 2 h, several weak Raman bands are detected in the region of 300 to 600 cm-1, which
correspond to different ring sizes.48,49 The bands at 315 and 486 cm-1 can be ascribed to the bending modes

5
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of the T-O-T bond of the 6R and 4R, respectively, which indicate the formation of secondary building units
(SBUs).50 The 4R suggested by the Raman band at 486 cm-1 is probably dissociative, which is distinctly
different from the rings in zeolite X structure at around 500 cm-1. The band at 572 cm-1 is associated with
the Al-O-Si stretches of the aluminosilicate anions formed in alkaline solution.51Moreover, the bands at 436,
964 and 1034 cm-1 (for the original precursor sample) shift to 449, 1013 and 1060 cm-1 (for the sample at 2
h of aging time), respectively. Extended aging length leads to stronger Raman absorption at 486 and 1060
cm-1, indicating gradual formation of 4R and T-O-T bonds during the aging process, respectively.

Figure 3. XRD patterns of the synthesized samples at different crystallization times.

In the 29Si MAS NMR spectra, the chemical shift at around -111 ppm gradually vanishes during the aging
process because of the conversion of silica nanoparticles to aluminosilicate species. The27Al MAS NMR
spectra show a chemical shift centered at ˜63 ppm suggesting multiple chemical circumstances of Al species
with the Al atom binding to different number of -O-Si- groups. As the aging time increases, the intensity of
the peak at ˜63 ppm increases, indicating continuous gelation of -O-Si- groups of silica precursors binding
to Al species within the sodium aluminate alkaline solution. Such reaction is primarily dominated by the
diffusion of Al species into the silica gel precursor pellets. Interestingly, for all samples collected during
aging, there is no characteristic Raman band corresponding to the D6R of zeolite X framework. We conclude
that there is probably no crystalline phase formed during the aging process, and all samples appear to be
completely amorphous, evidenced by the XRD and TEM results.

6
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Figure 4. SEM images of the synthesized samples at different crystallization times.

Crystallization of zeolite X

After aging, hydrothermal treatment was applied on the same reaction system (reactor) with amorphous
aluminosilicate precursors to crystallize zeolite X at elevated temperature. To reveal the compositional and
structural evolutions the precursors undergo duringin situ conversion to zeolite X, samples with different
crystallization times (tc ) were collected and thoroughly characterized with structural, spectroscopic and
microscopic methods. Specifically, when tc = 4 h, preliminary phase transition from the amorphous alu-
minosilicate aggregates to zeolite X crystals was observed (20.5 % relative crystallinity) according to the
XRD data shown in Figure 3. The morphological changes of crystallization initiated from the gel precursors
are revealed by SEM and TEM images presented in Figures 4 and 5 respectively. It appears that the sil-
ica nanoparticles become denser aggregates, and partially-crystallized particles from these aggregates were
observed attc = 4 h.

The Raman bands at 290, 366, 504, 1000 and 1063 cm-1(see Figure 6a) belonged to the framework structure
of zeolite X are detected at tc = 4 h.52Specifically, the sharp band at 504 cm-1 is assigned to the bending
mode of T-O-T bond of the 4R in the zeolite X structure.50 The double bands at 290 and 366 cm-1 can
be attributed to the bending modes of T-O-T bond of D6R, which indicate initial crystallization of zeolite
X. In contrast, the absence of these signals for sample attc = 0 h strongly suggests no zeolite X formation.
Additionally, the bands at 1000 and 1063 cm-1 are ascribed to the asymmetric stretching vibration modes of
the T-O-T bonds in zeolite X framework.50 Moreover, the Raman results also suggested formation of second
structure units of 4R, 6R and D6R whentc = 4 h, implying the existence of ordered crystalline zeolite X
framework.

8
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Figure 5. TEM images of the synthesized samples at different crystallization times.

The 29Si MAS NMR spectrum of the sample withtc of 4 h presents chemical shifts at δ = -86.82, -91.00,
-96.02 and -100.44 ppm (see Figure 6b), which correspond to the Si-(O-Al)4-, Si-(O-Al)3-, Si-(O-Al)2- and
Si-(O-Al)- (Si linking to different number of Al atoms by oxygen bridges) species, respectively.53 The 27Al
MAS NMR spectra shown in Figure 6c present significantly enhanced chemical shift at ˜61 ppm owing to
the binding of Al intermediate species with different number of -O-Si- groups.35

On the other hand, the development of zeolite X phase was monitored by XRD as a function of crystallization
time. First, characteristic patterns of zeolite X were confirmed for all samples investigated.54 As crystalliza-
tion proceeds, the relative crystallinity of zeolite X gradually increases until reaching the maximum at 24 h.
Specifically, the samples with crystallization times of 6, 8 and 18 h have relative crystallinity of 48.1 %, 77.8
% and 95.0 %, respectively. Eventually, the relative crystallinity of sample crystallized up to 24 h is 99.6 %.

9
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Figure 6. (a) UV-Raman and (b and c) NMR spectra of the hydrothermally synthesized samples with
different crystallization times. (d) The mechanism deduced for in situ binderless zeolite X synthesis from
silica gel precursors.

From the SEM and TEM images presented in Figures 4 and 5, attc = 8 h, a number of crystals, from 300
to 500 nm in size, are observed within the gel precursors. This suggests the formation of zeolite X crystals
accompanied by consumption of silica nanoparticles. Additionally, the Raman signals of 4R and D6R become
stronger as crystallization time increases, clearly suggesting formation of zeolite X structure. Meanwhile, the
chemical shift at about -96 ppm in the 29Si MAS NMR spectra becomes stronger astc increases suggesting
increase of the Si-(O-Al)2- species population in the zeolite X framework. Moreover, all peaks in the 29Si
and27Al MAS NMR spectra retain their positions, while their intensities increase due to the increase of
structural Si and Al species in zeolite X framework. According to these results, the formation of zeolite
X framework is enabled through the self-aligned assemblage of the 4R, 6R and D6R, accompanied with
consumption of Si species in the silica gel precursors and transportation of Al species to the silica gel pellets.

According to these results, we deduce the mechanism of in situhydrothermal conversion of silica gel precursors
to binderless zeolite X pellets (see Figure 6d). First, in the low temperature aging period, the precursors
containing silica nanoparticles are converted to amorphous aluminosilicate aggregates by reacting with the Al
species to form the primary building units of [SiO4] and [AlO4], in which the Al species diffuse from the bulk
solution to the silica gel precursors accompanied with simultaneous formation of second building units (4R
and 6R). During the crystallization process, D6R are created by interconnection between 6R and 4R, while
the β cages are developed via self-assemblage of the second building units. Finally, the zeolite X framework
is constructed through the reorganization of β cages with D6R. In our study, all these transformations take

10
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place in situ from the initial prepared silica gel precursors.

Kinetic analysis of crystallization

To further understand the crystallization kinetics, the relative crystallinity of the synthesized samples is
examined as a function oftc . The aging time was fixed to be 6 h. The crystallization kinetic curve is well
described by using the Avrami - Erofe’ev (A-E) expression (see Equation (1)).55,56

γ= [1-exp(- (k (τς-θ ))n )]×100% (1)

where γ is the relative crystallinity.k is the apparent rate constant of crystallization.tc and θ are the times of
crystallization and induction, respectively. And n is the A-E exponent, a parameter related to the mechanism
for nucleation and crystal growth.

By correlating the crystallization kinetics (see Figure S1 for the crystallization kinetics curve) with the A-E
model, parameters including apparent rate constant k , induction time θ and Avrami - Erofe’ev exponent
n were extracted from the fitting results (see Table 1). Under the synthesis condition described in the
experimental section, the induction time θ is determined to be 0.81 h. As a result, the TEM image at tc = 4
h (see Figure 5) presents partially-crystallized morphology, because the sample has already experienced the
induction period.51

Table 1. Avrami-Erofe’ev model parameters for in situsynthesis of zeolite X.

Parameter k (h-1) θ (h) n R2

Value 0.16 0.81 1.93 0.99

Figure 7. (a)1-Hexene adsorption capacity on binderless zeolite X pellets and commercial binder-containing
zeolite X samples. (b) SEM images of commercial binder-containing samples.

1-Hexene adsorption performance

1-Hexene gas phase adsorption was carried out to determine the adsorption capacity of the as-synthesized
binderless zeolite X pellets. Several commercial binder-containing products were also tested as references (see
Figure 7a). The 1-hexene adsorption capacity of synthesized binderless zeolite X sample is 20-35% higher
than those of the four commercial binder-containing products, labeled as zeolite X-I – X-IV. Specifically, the
adsorption capacities are 178.2 mg/g for the binderless zeolite X pellets, 133.6 mg/g for zeolite X-I, 117.9
mg/g for zeolite X-II, 141.2 mg/g for zeolite X-III, and 137.5 mg/g for zeolite X-IV. Compared with the final
product synthesized attc = 24 h (see Figure 4), the SEM images shown in Figure 7b reveal that the zeolite
crystals of all binder-containing samples are covered with large amount of binder which has significantly
negative impact in the adsorption performance, both capability and rate. Additionally, according the pore

11
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structure analysis results listed in Table S3, all binder-containing samples present smaller BET specific surface
areas and total pore volumes compared with binderless zeolite X synthesized here. This can be ascribed to
the dilution effect as well as filling of space among zeolite crystals and added binder species.35 Therefore,
the binderless zeolite X we synthesized is a promising candidate for adsorption of olefin compounds with
significantly enhanced capacity and affinity.

Figure 8. XRD patterns of different ion-exchanged zeolite X samples.

Tuning 1-hexene adsorption via ion-exchange of binderless zeolite NaX

To finetune the 1-hexene adsorption performance, we further modified the synthesized binderless zeolite NaX
pellets by post-synthesis ion-exchange with a series of metal nitrate solutions. The chemical compositions
of all ion-exchanged zeolite X samples are listed in Table S1. The XRD patterns in Figure 8 confirm that
all ion-exchanged binderless samples share characteristic FAU topology. However, decrease in peak intensity
due to crystallinity loss can be observed for all ion-exchanged samples. Similar findings have been reported
previously.57 Among these ion-exchanged samples, Mg-NaX and Ca-NaX present comparable XRD peak
intensity as the parent NaX sample with relative crystallinity of 89.4 % (Mg-NaX) and 81.3 % (Ca-NaX),
while Co-NaX, Cu-NaX, Zn-NaX and Ag-NaX exhibit crystallinity degradation of about 40 %, with relative
crystallinity of 62.4 % (Co-NaX), 57.6 % (Cu-NaX), 61.5 % (Zn-NaX) and 60.3 % (Ag-NaX).

Introduction of Co2+, Ni2+, Cu2+, Zn2+ and Ag+into the parent zeolite X decreases the BET specific surface
area and overall pore volume (see Table S3). This is primarily caused by the degradation in crystallinity
during ion-exchange, suggested by the XRD results. In contrast, incorporation of divalent Mg2+and Ca2+

into zeolite X structure generates more free space when keeping the overall framework charge being balanced,
leading to increased BET specific surface area and pore volume.58 In addition, Mg-NaX and Ca-NaX show
comparable crystallinity to that of the parent NaX, and decrease in molecular weight (see Table S1 for
chemical compositions of different samples) also accounts for the change in pore structure analysis results
on a weight basis.

12
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Figure 9. (a) Experimental and simulated 1-hexene adsorption capacity and (b) calculated 1-hexene –
zeolite X interaction energies of all fully ion-exchanged zeolite X.

Gas phase adsorption of 1-hexene was carried out to evaluate the adsorption capacity of ion-exchanged
zeolite X samples (see Figure 9a for the experiment results). Compared with the as-synthesized zeolite NaX
(178.2 mg/g), six ion-exchanged samples have larger adsorption capacities. Specifically, they are 193.9 mg/g
for Mg-NaX, 181.7 mg/g for Ca-NaX, 194.5 mg/g for Co-NaX, 196.2 mg/g for Ni-NaX, 185.2 mg/g for
Cu-NaX and 182.0 mg/g for Zn-NaX. The enhanced adsorption capacities of Mg-NaX and Ca-NaX samples
are ascribed to the decrease in molecular weight as well as the increased pore volume (0.313 cm3·g-1 for
NaX, 0.326 cm3·g-1 for Mg-NaX, and 0.317 cm3·g-1 for Ca-NaX). Unlike Mg-NaX and Ca-NaX samples,
the enhanced adsorption capacities of Co, Ni, Cu and Zn-exchanged samples are ascribed to the increase of
adsorption centers (π-complexation) and interaction energy.30 For Ag-NaX, a 23.4 % increase in molecular
weight leads to significant decrease of 1-hexene adsorption capacity. Furthermore, we used GCMC simulation
to calculate the adsorption of 1-hexene on these ion-exchanged zeolite X samples. The unit cell structures
are presented in Figure S2. Overall, the simulation results are consistent with the experimental data for all
ion-exchanged samples (see Figure 9a).

To further evaluate the effect of ion-exchange on adsorption performance, the van der Waals interaction
energy between 1-hexene and zeolite was calculated by the Locate Task in the Sorption module of the
Accelrys Package (see Figure 9b). The adsorption process was strictly restricted to feature one 1-hexene
molecule confined in each zeolite X cage to exclude the intermolecular force among adsorbates. According
to the GCMC simulation results, introduction of Mg2+ and Ca2+ into zeolite NaX frameworks leads to
decreased interaction energies from 52.22 kJ/mol for NaX to 51.42 kJ/mol for Mg-NaX and 50.97 kJ/mol
for Ca-

13
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Figure 10. Calculated 1-hexene adsorption capacities on all ion-exchanged zeolite X samples.

NaX. Such phenomenon is due to decrease in the number of adsorption sites.59 In contrast, ion-exchange
of Na+ with Co2+, Ni2+, Cu2+, Zn2+ and Ag+ increases the 1-hexene – zeolite X interaction energies to
54.10 kJ/mol for Co-NaX, 56.20 kJ/mol for Ni-NaX, 55.51 kJ/mol for Cu-NaX, 53.09 kJ/mol for Zn-NaX,
and 56.66 kJ/mol for Ag-NaX. Such enhancement is beneficial and will lead to more effective uptake of
olefin from olefin/paraffin mixtures. Indeed, the enhanced guest – host interaction energies are due to π-
complexation, which enables weak and reversible bonds between transition metal ions and olefin molecules,
resulting in olefin/paraffin separation with better selectivity.60,61 According to the calculated interaction
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energies, compared with Co-NaX, Cu-NaX and Zn-NaX, the higher adsorption capacity seen on Ni-NaX
may be enabled by the interplays between more favorable cation-substituted structure and larger interaction
energy.

Figure 11. Calculated 1-hexene – zeolite interaction energies of ion-exchanged samples with different degrees
of ion-exchange.

The adsorption properties of zeolite X samples with different ion-exchange degrees were calculated to further
evaluate the effects of ion type and degree of ion-exchange (see Figures 10 and 11). In summary, introduction
of Mg2+ and Ca2+ into zeolite X leads to increased adsorption capacity due to pore volume increase yet
results in decrease in interaction energy. Indeed, such effect tends to be more significant as the degree
of Mg2+ and Ca2+ exchange increases. In contrast, for Co-NaX, Ni-NaX, Cu-NaX and Zn-NaX, as ion-
exchange proceeds, the magnitudes of both 1-hexene adsorption capacity and interaction energy increase.
This is mainly caused by the π-complexation among 1-hexene molecules and transition metal ions. Moreover,
the adsorption capacity of Ag-exchanged zeolite X decreases mainly due to the increase of molecular weight,
while the magnitude of interaction energy increases owing to π-complexation. Generally, the impacts of
ion-exchange degree on both adsorption capacity and interaction energy tend to be less significant as the
ion-exchange reaches above 60%.

According to the calculated adsorption capacity, fully ion-exchanged MgX presents the highest adsorption
capacity of 195.0 mg/g. Interestingly, at a low ion-exchange degree of 12.8%, Co-NaX shows a higher
uptake (178.5 mg/g) as compared to other partially cation-replaced samples at the same exchange level.
Additionally, full replacement of Na+ with Ag+ in zeolite X leads to a decreased adsorption capacity of
115.1 mg/g. We also found that the calculated 1-hexene – zeolite X interaction energy at the same ion-
exchanged degree follow the transition metal electronegativity order of Ag > Ni [?] Co [?] Cu > Zn > Mg
> Ca. This is because that in zeolite X framework transition metal ion with a greater electronegativity has
stronger bonding with 1-hexene.61 We also noticed that metals with very high electronegativity values lead
to poor (incomplete) regeneration.
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In summary, according to our experimental and simulation results, Mg-NaX, Ca-NaX, Co-NaX, Ni-NaX, Cu-
NaX and Zn-NaX exhibit higher adsorption capacities, and exchange of Co2+, Ni2+, Cu2+, Zn2+and Ag+ into
zeolite X structure increases the interaction energy between 1-hexene and zeolite X. Ion-exchange enhances
the adsorption performance of binderless zeolite X as a promising olefin/paraffin separation sorbent. On
the other hand, our GCMC simulation provides experimental guidance to elucidate the relationships among
ion type, exchange degree and adsorption performance. This study has significant implications for the
controllable preparation of function-strengthened porous materials for adsorption and may benefit chemical
engineers by providing fundamental knowledge governing the performance of zeolite-based olefin/paraffin
separation materials.

Conclusions

In this study, we demonstrate the feasibility of binderless zeolite X pellets synthesis using the one-pot
synthesis method. Precursors with different synthesis periods were fully characterized by multiple techniques
to investigate both the aging and crystallization mechanisms, and to derive the crystallization kinetics.
According to our results, the formation of 4R and 6R in aging are through effective linking among diffused
Al species and dissolved Si species. Subsequently, zeolite X is crystallized through reorganization of β cages
with D6R. In addition, we predict the adsorption capacity and interaction energy of 1-henexe adsorption
using ion-exchanged zeolite X with different ion species and degrees of exchange via GCMC simulation.
Mg-NaX and Ca-NaX present higher 1-hexene uptake, and Co-NaX, Ni-NaX, Cu-NaX and Zn-NaX show
enhanced adsorption capacity and increased binding affinity with degree of ion-exchange. All these data
strongly suggest that the post-synthesis ion-exchanged binderless zeolite X samples we reported here have
promising future to be applied as sorbents for the olefin/paraffin separation.
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