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Adsorptive separation of propylene and propane, an important step of polypropylene production, is more energy-
efficient than distillation. However, the challenge lies in the design of an adsorbent which exhibits both high
selectivity and uptake. Herein, we hypothesise that enhancing the propylene affinity of the adsorption sites while
keeping a suitable pore size can address this challenge. To do so, we performed silver exchange of a commercial
zeolite Y, thereby making the adsorbent design easily scalable. We characterised the adsorbent using analytical,
spectroscopic and imaging tools, tested its equilibrium and dynamic sorption properties using volumetric and
gravimetric techniques and compared its performance to those of state-of-the-art adsorbents as well as other
silver-functionalised adsorbents. The silver-exchanged zeolite Y (Ag-Y) exhibited one of the best selectivity vs
uptake performances reported so far. Ag-Y also displayed fast adsorption kinetics and reversible propylene
sorption, making it a promising new benchmark for propylene/propane separation. Synchrotron-based pair
distribution function analyses identified the silver cations’ location which confirmed that the silver sites are
easily accessible to the adsorbates. This aspect can, in part, explain the propylene/propane separation perfor-
mance observed. The overall design strategy proposed here to enhance sorption site affinity and maintain pore
size could be extended to other adsorbents and support the deployment of adsorption technology for propylene/
propane separation.

1. Introduction propylene/propane separation materials [6,17,18], i.e., adsorbents

exhibiting a high selectivity often possess a low capacity, and vice versa.

Propylene/propane separation, a necessary step in polypropylene
production, relies on distillation, which comes with high energy con-
sumption and infrastructure cost [1]. Adsorptive separation can reduce
the energy intensity of the separation process by a factor of ten and offset
carbon emissions by a similar amount [2]. In this context, researchers
have investigated several adsorbents for this separation, such as zeolites
[3-5], metal-organic frameworks (MOFs) [6-10], carbons [11,12],
polymers [13,14], silicas [15,16]. From this body of work, they have
identified that a trade-off exists between uptake and selectivity for
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Indeed, adsorbents with high selectivity typically have narrow pore sizes
necessary to discriminate propylene and propane, due to their small and
similar kinetic diameters. The narrow pore sizes in turn lead to low
uptake and often slow kinetics. On the other hand, larger pores can lead
to higher uptake at the expense of selectivity. Low selectivity can result
in insufficient purity, and low uptake in poor recovery. Either case
compromises the deployment of the adsorbent.

Studies have tried to tackle the above issue, focusing on achieving
both high propylene selectivity and uptake. Bachman et al. worked with
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a MOF series, My(m-dobdc) (M = Mn, Fe, Co, Ni; dobdc* = 4,6-dioxido-
1,3-benzenedicarboxylate), that possess increased charge density at the
unsaturated metal sites compared to their structural isomer, MOF-74
[6]. The resulting enhanced metal — propylene interactions increased
the propylene/propane selectivity while maintaining a high propylene
capacity. Liang et al. studied another MOF, Co-gallate, with optimal
aperture size and pore confinement for propylene molecules [19],
endowing it with high propylene selectivity and acceptable capacity.
Recently, we reported a series of silver functionalised hypercrosslinked
polymer (HCP)/activated carbon (AC) composites [17]. Owing to the
high propylene affinity arising from the silver sites and the enhanced
capacity from AC and HCP, the adsorbents overcame the trade-off effect
between propylene selectivity and capacity at low pressure range.

Inspired by these former studies, we hypothesise that enhancing the
propylene affinity of the adsorption sites while keeping a suitable pore
size could lead to a high propylene selectivity and uptake. Here, we
propose to test this hypothesis while also focusing on a universal
adsorbent design strategy with potential for easy scale-up. For this
reason, we opted for a commercial zeolite as the ‘backbone’ of the
adsorbent. Zeolites are well-known for their cation-exchange ability. A
priori, one could replace low propylene-affinity cations with high af-
finity ones via cation exchange, without significantly changing the pore
size, provided adequate selection of the exchanged and initial cations.
Metal cations such as Ag" and Cu" exhibit high affinity with olefins.
Indeed, they both allow sigma and pi interactions with propylene: (i)
o-bond formation between the filled c-orbital of the carbon electrons
and the empty d or p-orbital of the metal, and (ii) back-donation from
the filled metal d-orbital to the empty carbon n*-orbital [20]. While both
Ag"' and Cu' could in theory be considered for cation exchange, we
selected Ag" over Cu™ as Ag" exchange usually requires fewer synthesis
steps than Cu™ exchange, making the whole process easier [21]. Spe-
cifically, we conducted silver-exchange on a sodium-form zeolite Y (Na-
Y). Na-Y is well-known for its flexible cation exchange behaviour [22]
and relatively high surface area [23]. We characterised the silver-
exchanged zeolite Y (Ag-Y) using analytical, spectroscopic and imag-
ing tools. Ag-Y exhibited increased propylene selectivity compared to
Na-Y, as well as fast adsorption kinetics. Compared to other propylene-
selective adsorbents, Ag-Y ‘bridged’ the selectivity and uptake demon-
strated by Fey(m-dobdc) and Co-gallate, making it a unique adsorbent
with this kind of properties. Ag-Y also showed reversible propylene
adsorption over 5 testing cycles. Finally, synchrotron-based pair distri-
bution function (PDF) analyses showed that the silver cations mainly
exist at Site II in Ag-Y, making them easily accessible to the adsorbates.
Such effect could, in part, explain the good propylene/propane separa-
tion performance observed. Overall, the findings show that one could
use commercial adsorbents and follow a simple cation exchange pro-
cedure to produce an adsorbent with high selectivity and uptake for
propylene/propane separation.

2. Experimental section
2.1. Chemicals

All chemicals were obtained from commercial sources and directly
used without further purification. Silver nitrate (>99.0%) was pur-
chased from VWR (Honeywell Fluka, CAS# 7761-88-8). Zeolite Y so-
dium form (Na-Y, powder, 5.1:1 mol ratio SiO5:Al,03) was purchased
from Alfa Aesar (CAS# 1318-02-1). Silver-exchanged zeolite (granular,
+20 mesh) was purchased from Sigma-Aldrich (CAS# 130328-18-6).
He and N; gas cylinders were purchased from BOC (research grade).
Propylene and propane gas cylinders were purchased from Air Liquide
(N4.0 grade).

2.2. Silver-exchanged zeolite synthesis

1 g of Na-Y (Na™) was added to 9 mL of a 0.2 M aqueous solution of
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silver nitrate. The suspension was then stirred in the dark during 24 h at
room temperature. The resulting product was washed using a centrifuge
(10 mL water, 3000 rpm for 3 min, three times) and dried in an oven at
333 K for 6 h. The yield was 94.8%.

2.3. Material characterisation

2.3.1. Fourier-transform infrared (FTIR) spectra

Fourier-transform infrared (FTIR) spectra were acquired using a
PerkinElmer Spectrum 100 spectrometer equipped with an attenuated
total reflectance (ATR) accessory. Sixteen spectra were collected per
sample to obtain an averaged spectrum over the wavenumber range of
500 — 4000 cm™! with a resolution of 2 cm™}. The samples were ana-
lysed as received/as synthesised.

2.3.2. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo
Scientific K-Alpha™ X-ray photoelectron spectrometer equipped with a
MXR3 Al Ka monochromated X-ray source (hv = 1486.6 eV). The
samples were previously ground in an agate mortar, dried in a vacuum
oven at 313 K for 24 h, and then mounted onto an XPS sample holder
using a conductive carbon tape. Thermo Avantage software was used to
process the data for Ag 3d. The adventitious carbon (C-C) peak set at
284.8 eV was used for binding energy calibration. A ‘Smart’ background
based on the Shirley background and a Powell algorithm were used for
peak fitting.

2.3.3. Thermogravimetric analyses (TGA)

Thermogravimetric analyses (TGA) were performed on a Netzsch TG
209 F1 Libra system. About 10 mg of sample was subjected to a heat
treatment from room temperature to 1173 K, at a heating rate of 10 K/
min, under a 1 atm N5 flow (20 mL/min).

2.3.4. Inductively coupled plasma — optical emission spectrometry (ICP-
OES)

Inductively coupled plasma - optical emission spectrometry (ICP-
OES) was employed for elemental composition and was conducted using
the Varian Vista MPX ICP-OES system. The samples were sent for
analysis to MEDAC LTD. Prior to the analyses, approximately 15 mg of
sample was weighed and digested in a 100 mL aqueous solution con-
taining 5 mL nitric acid and 1 mL hydrofluoric acid.

2.3.5. N3 Sorption analyses at 77 K

N, sorption analyses at 77 K were used to derive the textural prop-
erties of the samples. The isotherms were measured volumetrically using
a Micromeritics 3Flex gas sorption analyser. Prior to the analyses, about
100-150 mg of sample was evacuated at 333 K under vacuum (0.2 mbar)
for 24 h. Then, the samples were degassed in-situ down to 0.003 mbar at
a heating rate of 1 K/min up to 393 K, with steps at 353 K, 373 K, 393 K
during which the temperature was maintained for 1 h. The temperature
was then raised up to 623 K at a heating rate of 5 K/min and maintained
for 8 h. The surface area was calculated using the Brunauer-Emmett-
Teller (BET) method [24]. The total pore volume was determined
from the volume of nitrogen adsorbed at a relative pressure (P/Pg) of
0.97. The pore size distribution (PSD) was derived from the N3 sorption
isotherms at 77 K using the DFT model (N3 - Cylindrical Pores - Oxide
Surface in the 3Flex software version 5.02).

2.3.6. Powder X-ray diffraction (PXRD)

Powder X-ray diffraction (PXRD) measurements were conducted in
reflection mode on a PANalytical X'Pert Pro diffractometer with an
anode voltage of 40 kV and an emission current of 20 mA, using a
monochromatic Cu Ka radiation (A = 1.54178 10\). The XRD detector was
a silicon strip detector X’Celerator. Prior to the analyses, the samples
were ground and pressed on a silicon sample holder to form a thin layer.
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Fig. 1. Characterisation analyses of Ag-Y and Na-Y. (a) PXRD patterns; (b) XPS peaks of Ad 3d in Ag-Y; (c) STEM image of Na-Y; (d) STEM image of Ag-Y (arrow
points to silver-containing nanoparticle); (e) Ny sorption isotherms at 77 K with y-axis as mmol/mmol Al (note: the results with y-axis as mmol/g can be found in
Fig. S3, the results with x-axis as log scale can be found in Fig. S4); (f) PSD derived from the N5 sorption isotherms at 77 K using a DFT model (N5 - Cylindrical Pores -
Oxide Surface in the 3Flex software version 5.02).

2.3.7. Scanning transmission electron microscopy (STEM) 2.4. Equilibrium propylene and propane sorption

Scanning transmission electron microscopy (STEM) analyses were
carried out on a JEOL 2100F electron microscope operated at 200 kV. The measurements were conducted on a Micromeritics 3Flex gas
Elemental mapping analyses were performed by Oxford Instruments sorption analyser. The samples were subjected to the same degassing/
Aztech. Prior to analysis, the samples were dispersed in water and heating procedure as for the Ny sorption measurements at 77 K (see
mounted on carbon tape. Section 2.3.5). The propane and propylene sorption measurements were

performed at 288 K, 298 K and 308 K. The data points of the isotherms
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can be found in the Supporting Information. The sorption isotherms
were used to derive values of selectivity, heat of adsorption and diffu-
sional time constant. The details of the calculations can be found in the
Supporting Information (section S1).

2.5. Cyclic propylene adsorption/desorption

The measurement was conducted using a Netzsch TG 209 F1 Libra
thermogravimetric analyser. Around 15 mg of Ag-Y was activated by
heating in-situ under N3 flow (20 mL/min) at 5 K/min up to 373 K, with
steps at 353 K, 363 K, 373 K during which the temperature was main-
tained for 1 h. The temperature was then raised up to 623 K at a heating
rate of 10 K/min and maintained for 8 h. After that step, the system was
allowed to cool down naturally to room temperature. During the
adsorption step of the cycle, the sample was first exposed to N3 at 298 K
(15 min, 2 mL/min), then propylene at 298 K (5 h, 2 mL/min). During
the desorption step, the sample was exposed to N3 at 298 K (15 min, 2
mL/min), then heated under N5 up to 423 K at 1 K/min and up to 623 K
at 5 K/min. Finally, the sample was held at 623 K under N; for 3 h,
before being allowed to cool down naturally to room temperature. These
steps represent one adsorption—desorption cycle. The measurement was
repeated for five cycles. Caution note: the TG outlet must be connected
to a ventilation unit and no heating should occur when propylene is
flown through the sample chamber. During desorption, N5 flow and slow
heating rate are necessary.

2.6. Pair distribution function analyses

Synchrotron X-ray total scattering data suitable for PDF analyses
were measured at the P02.1 beamline at PETRA IIII (Deutsches
Elektronen-Synchrotron) using 60 keV (0.20734 A) X-rays. Samples
were loaded in borosilicate capillaries (0.8 mm @) and measured by a
Varex XRD 4343CT flat panel detector (150 x 150 um? pixel size, 2880
x 2880 pixel area) with a sample-to-detector distance (SDD) of 292 mm
and exposure times of 900 s, capturing quarters of the Debye-Scherrer
rings. Calibration of the detector and the SDD was performed
measuring LaB6 (NIST 660b) as standard material. Geometric correc-
tions and reduction to 1D data were performed by DAWN Science soft-
ware [25]. PDF results were obtained by PDFgetX3 within xPDFsuite to a
Qmax = 25 Al [26]. Differential PDFs were obtained by subtraction of
the curve of Na-Y from Ag-Y in real space using Microsoft Excel. The
control was multiplied by an appropriate constant to ensure that the
scale of each PDF was the same. Simulated PDF results of zeolite Y were
obtained by PDFgui [27], the model of zeolite Y containing sodium
cations was adopted from [28] and that containing silver cations was
adopted from [29].

3. Results and discussion
3.1. Material characterization

We synthesised Ag-Y from Na-Y via cation exchange. Prior to pro-
pane and propylene sorption testing, we characterised the Ag-Y and Na-
Y samples to assess their chemical and textural properties and confirmed
the extent of silver exchange and the nature of the silver species in Ag-Y.
The PXRD patterns of Ag-Y displayed similar diffraction peaks to those
of Na-Y (Fig. 1a), indicating that Ag-Y maintained the same structure as
Na-Y. The reduced intensity of the peaks at 26 10.3° and 12.1° in Ag-Y
have been reported before [30], and could be related to a partial crys-
tallinity loss or the change of preferred orientation during the silver-
exchange process. The Ny sorption measurements at 77 K further
confirmed the integrity of the zeolite upon cation exchange (Fig. 1e and
1f, Fig. S3, Table S1). The Ag-Y sample maintained similar type I
isotherm shape and pore size distribution (PSD) to the Na-Y sample.
While the absolute porosity of the sample (i.e., per gram of sample)
decreased upon cation exchange, the relative porosity (i.e., per mmol of

Chemical Engineering Journal 446 (2022) 137104

()= e
1.251

1.00 4
0.75 1
0.50

0.254

0.00 T
1E-6 1E-5

1E-4 0001 001 01 1
Pressure (bar)

Amount absorbed (mmol/mmol Al

(b) 160 > T T T T T

Selectivity

00 02 04 06 08 10
Pressure (bar)

(c) : - : : : ;
1.0 p «/’/j- 1 -
y Ag-Y
0.8 1 i
» 064 1
o
=
O
0.4 1 i
Slope 1.38121 + 0.00523
0.2 Adj. R-Square 0.99913 .
0.0 L T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0
Sqrt time (min1/2)

Fig. 2. Equilibrium gas sorption analyses at 298 K. (a) Propylene and propane
sorption isotherms of Ag-Y and Na-Y (y-axis as mmol/mmol Al). Square: pro-
pylene, circle: propane; solid: adsorption, unfilled: desorption. The results of y-
axis as mmol/g and x-axis in linear and log scale are shown in Fig. S10; (b) IAST
selectivity of Ag-Y and Na-Y for a propylene:propane ratio of 1:1. The results for
a 9:1 ratio are shown in Fig. S14. (¢) Adsorption diffusion plot with data points
derived from the equilibrium propylene sorption measurement on Ag-Y at 4 x
10° bar, including linear fitting (black line).

Al site) was preserved. This result demonstrates that no obvious pore
blockage was caused by silver exchange. From ICP-OES analyses
(Table S2), we also observed a similar Si:Al ratio before and after cation
exchange, confirming that the zeolite backbone remained intact. STEM
images showed the particle size of Ag-Y is around 0.3 um (Fig. S6f, g).

We now focus our attention on the identification and quantification
of silver species in Ag-Y. Based on ICP-OES analyses (Table S2), Ag-Y
exhibited a Ag:Al ratio of 0.92, indicating that silver almost fully
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Fig. 3. Propylene adsorption/desorption cycles as measured using a thermogravimetric analyser for Ag-Y. Adsorption steps were conducted at 298 K under a
propylene flow. Desorption steps were conducted under a N flow by gradually ramping up the temperature to 623 K.

replaced sodium in zeolite Y. The Ag:Al and Si:Al ratios obtained from
XPS analysis (Table S2) were close to those derived from ICP-OES ana-
lyses, implying the homogeneity of the sample. To further study the
nature of silver in Ag-Y, we used PXRD, XPS and STEM coupled with
elemental mapping. We did not identify any peaks from metallic silver
or silver oxide from the PXRD patterns (Fig. 1a). The Ag 3d5/2 and Ag
3ds/2 XPS peak appeared at 369.1 eV and 375.1 eV, respectively,
(Fig. 1b, Fig. S5), and can be assigned to the Ag™ cations [31,32]. We did
not observe peaks related to metallic silver (368.2-368.0 eV) or silver
oxide (368.0-367.3 eV) [31]. The STEM images of Ag-Y (Fig. 1d)
exhibited a similar particle morphology to that of Na-Y (Fig. 1c), albeit
the presence of nanoparticles of ~ 20 nm on the surface of Ag-Y parti-
cles. Elemental mapping suggested that these nanoparticles contained
mostly silver (Fig. S6a-e). To summarise, the above analyses indicate
that silver existed predominantly as Ag' replacing original Nat of
zeolite Y. Yet, a small amount of silver is present as nanoparticles on the
surface of Ag-Y, most likely in the form of metallic silver.

Next, we investigated the effect of activation on the nature of the Ag-
Y sample prior to adsorption testing. The activation under vacuum and
at high temperature (see Experimental section) was necessary owing to
zeolite Y’s hygroscopic behaviour [33]. For instance, a low activation
temperature such as 393 K resulted in only partial activation of the
sample, thereby causing a low propane uptake and an overestimation of
the propylene/propane selectivity (Fig. S7). After activation at 623 K,
Ag-Y turned grey, a phenomenon which could imply the formation of
silver nanoparticles [34]. Yet, neither XPS analyses (Fig. S8) nor PXRD
patterns (Fig. S9) point to noticeable changes upon activation suggesting
that silver still mainly existed as Ag" and the Ag-Y framework main-
tained its integrity upon activation.

3.2. Equilibrium propylene and propane sorption

Having characterised the Ag-Y and Na-Y samples, we then studied
their propylene and propane adsorption properties at 298 K. The pro-
pylene adsorption isotherm of Ag-Y displayed a steep adsorption step at
low pressure until ~ 10 bar (Fig. 2a, Figs. $10, $12), implying strong
interactions between Ag-Y and propylene [35]. This low pressure for the
‘initial’ adsorption step is the lowest we identified based on current
literature. At that pressure, we measured a propylene uptake of 0.9 mol/
mol silver, indicating that nearly all silver sites interacted with propyl-
ene (the adsorption step finished at 2.1 mmol/g as shown in Fig. S10,
silver content calculated based on ICP analyses). Further adsorption
beyond 10 bar may be related to uptake in the empty pore space of Ag-
Y. At 1 bar, Ag-Y exhibited a propylene uptake of 1.25 mmol/mmol Al
(3.1 mmol/g), as opposed to 1.15 mmol/mmol Al (3.8 mmol/g) for Na-
Y.

Beyond uptake, we looked at selectivity, an important metric that
influences the purity of the propylene produced. We calculated the IAST
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Fig. 4. Propylene uptake vs IAST selectivity (propylene:propane ratio of 1:1) at
1 bar and 298 K for propylene-selective adsorbents. Besides Ag-Y, the named
adsorbents are reported in [6,8,19,40]. The unnamed adsorbents are listed in
Table S4. Adsorbents that do not adsorb propane, i.e. with undefined IAST
selectivity (zeolite 4A [5], KAUST-7 [10], Y-abtc [55]), are shown on the far
right in blue colour.

selectivity of Ag-Y and Na-Y for propylene:propane ratios of 1:1 and 9:1
at 298 K. Ag-Y exhibited a selectivity of 124 at 1 bar for a propylene:
propane ratio of 1:1. This value was seven times higher that of Na-Y
(Fig. 2b). For a propylene:propane ratio of 9:1 at 1 bar, Ag:Y exhibited
a selectivity of 124 vs 18 for Na-Y (Fig. S14).

Next, we calculated the heats of adsorption for both Na-Y and Ag-Y
for propylene and propane (Figs. S15, S16). While the data tend to
suggest a higher heat of adsorption for Ag-Y towards propylene than Na-
Y, the points are with the error range (at least partially caused by
calculation issues) and do not allow for an unambiguous conclusion at
this stage.

3.3. Diffusional time constant

We studied propylene adsorption kinetics in Ag-Y (Fig. 2¢, Sup-
porting Information Section S1). The diffusional time constant for pro-
pylene reached 2.78 x 10 s™!. This value compared well with the
values reported for other materials in one of our recent studies, which
used a similar method to estimate the diffusional time constant [17]. For
context, we present the value along with that of other adsorbents in
Table S3, showing Ag-Y displays relatively fast adsorption kinetics.
However, one must consider that the values reported for these other
adsorbents may have been obtained under different conditions and
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Fig. 5. The positions of silver cations inside Ag-Y by differential-PDF (d-PDF). (a) Structure of zeolite Y showing three possible cation locations (Site I, I' and II) [58].
The subunits of supercage, sodalite cage, and hexagonal prism are marked as blue, green and orange, respectively. (b) Experimental d-PDF signal for the distances of
Ag-0O and Ag-Si/Al in Ag-Y (up), as well as simulated d-PDF signal for the distances of Ag-O and Ag-Si/Al of silver cations at the Site I and Site II (down).

following a different calculation/estimation method, hence direct
comparison may not always be justified.

3.4. Cyclic propylene adsorption/desorption

We performed cyclic propylene adsorption/desorption testing in a
dynamic propylene flow to assess Ag-Y recyclability (Fig. 3). Ag-Y dis-
played a similar propylene uptake to that measured at 1 bar using the
gas sorption analyser (3.1 mmol/g). The uptake was maintained over
five cycles, showing the reversibility of the propylene adsorption
process.

3.5. Comparison with literature

In an attempt to provide perspective on the above results, we
compared the propylene uptake and selectivity of Ag-Y with those of
other propylene-selective adsorbents whose performance was reported
at 298 K and 1 bar [4,6,8,13,14,18,36-53]. We present the results in
Fig. 4. Fig. 4 exclude adsorbents exhibiting kinetic separation ability.
Overall, we found that Ag-Y exhibited one of the best selectivity vs
uptake performances, ‘bridging’ the MOF-74 and My(m-dobdc) series
and Co-gallate, and thereby providing a compromise between selectivity
and uptake at 298 K, which has not been achieved by other adsorbents
before. Considering the superior stability of Ag-Y zeolite compared to
MOF-74 series materials [54], Ag-Y may be promising for future in-
dustrial application of propylene/propane separation.

The use of silver exchange or doping to produce adsorbents for
propylene/propane separation has been reported before [16,56,57]. Yet,
the adsorbent investigated here exhibits high propylene uptake and
selectivity compared to these adsorbents and a natural question is
“Why?”. We found that the latter adsorbents might have either exhibited
too narrow pores after silver exchange (e.g. AgsSiAlyg [16], SAM-HCP-
Ag-3 [14]) or too large pores (e.g. MC-S-Ag-3 [41], (Cr)-MIL-101-
SO3Ag [56]). Overall, Ag-Y displays the highest propylene selectivity
and the third highest capacity among all the silver-containing adsor-
bents (Tables S5, S6).

We also compared the performance of Ag-Y to that of a commercially
available silver-exchanged zeolite. We characterised the latter zeolite

using FTIR spectroscopy, TGA, ICP-OES, PXRD and Ny sorption at 77 K.
The results are presented in Figs. S1-S3 and S9 as well as Tables S1-S2.
Compared to Ag-Y, the commercial zeolite exhibited a lower porosity
and a higher silver content. From a propylene/propane separation
perspective, the commercial zeolite performed poorly compared to Ag-
Y, despite its higher silver content (Figs. S10, S13, S14). We speculate
that its inferior propylene/propane separation ability is due to the low
surface area and limited accessibility to the silver sites. We note though
that we do not know if the commercial zeolite contained any binder.
Overall, our findings point towards the need of suitable pore size and
silver content and accessibility to ensure optimal propylene selectivity
and uptake.

3.6. The location of silver cations and possible adsorption mechanism

Aiming to gain information on the positions of silver cations inside
Ag-Y and further shed light on the mechanism of propylene/propane
separation, we applied PDF analyses of X-ray total scattering data on Na-
Y (as-synthesised), Ag-Y (as-synthesised), and activated Ag-Y (prepared
following the same approach as for gas adsorption tests). The results
firstly showed that the average structure of the three samples were
overall maintained after silver exchange and thermal activation
(Fig. S17). Particularly, no major changes were observed between Ag-Y
and activated Ag-Y, once more corroborating that silver predominately
exists as cation rather than metallic silver or silver oxide. Secondly, for
the structure of Na-Y, the distances of Na-O and Na-Al/Si correspond
well with the simulated result obtained from the structure of zeolite Y
with Na™ cations at Site I’ and II (Fig. S18), showing that Na™ cations
most likely located at the Site I' and Site II in Na-Y (Fig. 5a).

To study the location of silver sites in Ag-Y, we performed
differential-PDFs (d-PDFs) analyses which isolates the environment of
silver (the pair of Ag-O and Ag-Si/Al in this study) by subtracting the
PDF of Na-Y from that of Ag-Y (Fig. 5b). The d-PDF results showed the
peaks of experimental Ag-Y are combinations of the simulated results
obtained by Ag+ cations at Site I and Site II (Fig. 5b), demonstrating that
silver cations plausibly exist at Site I and Site II in Ag-Y (Fig. 5a).

To quantitatively analyse the ratio of silver cations at Site I and Site I
in Ag-Y, we fitted the peaks related to Ag-Si/Al from 3.1 to 3.9 A to
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Gaussian curves (Fig. S19), the integration areas indicate that the silver
cations at Site II account for 75% of the total. We note that Site II can be
accessed from the supercage which possesses the largest pore size in
zeolite Y. As a result, the majority of Ag" cations may be easily accessed
and this could contribute to the high propylene capacity and selectivity.

4. Conclusions

In summary, we show that by using a simple silver-exchange pro-
cedure and a commercial zeolite Y, we obtain an adsorbent (Ag-Y) for
propylene/propane separation that exhibits both high propylene selec-
tivity and capacity compared to its precursor, Na-Y. The combination of
a high-affinity adsorption site and suitable pore size confers Ag-Y with
one of the best selectivity vs capacity performances reported so far,
along with fast adsorption kinetics and reversible propylene adsorption.
PDF analyses confirmed that the silver cations are mainly located at
positions easily accessible by the adsorbates. Such effect can contribute
to the good propylene/propane separation performance observed. The
overall adsorbent design strategy demonstrated here could be extended
to other adsorbents and the uptake and selectivity obtained could be
used for process modelling calculations for further evaluation of the
adsorbent performance. Furthermore, one could possibly optimise the
adsorbent by studying the partial exchange of Ag-Y, the impact of trace
amount of moisture on the separation, as well as extending the design
strategy to other cation-exchangeable adsorbents.
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