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uHY catalyst via solid-state ion
exchange method and its catalytic performance in
isobutane/2-butene alkylation†

Xinyan Sun, Xiang Zhang, Tao Zheng, Haiyan Liu, * Rui Zhang, Xianghai Meng,
Chunming Xu and Zhichang Liu*

CuHY samples prepared by solid-state ion exchange of HY zeolite with CuCl were used as catalysts in

isobutane/2-butene alkylation. The results show that both the addition amount of CuCl and the

calcination temperature affect the ion exchange degree. Cu+ can be introduced into Y zeolite by

replacing H+ in the HY zeolite after the solid-state ion exchange, causing a decrease of the amount of

Brønsted acid sites and an increase of that of Lewis acid sites. When taking CuHY as the catalyst in

isobutane/2-butene alkylation, the 3d104s0 valence electron configuration of Cu+ makes it favorable for

inhibiting the oligomerization of 2-butene and accelerating the hydride transfer reaction rate by

indirectly increasing the local isobutane/olefin ratio around the acid sites of the catalyst. As a result, the

selectivity of C8 and trimethylpentanes over CuHY in alkylate are improved compared with those of HY.
1 Introduction

Isobutane/butene alkylation plays a signicant role in the
petroleum rening industry because the produced alkylate,
which has a high octane number and low contents of sulfur,
olen and aromatics, is viewed as an environment-friendly
gasoline component.1 The traditional alkylation processes,
including concentrated sulfuric acid alkylation and hydro-
uoric acid alkylation, have serious environmental pollution
problems and safety risks, which limit their further develop-
ment and wide application.2–4 Our research group developed
a novel composite ionic liquid alkylation (CILA) technique and
the rst industrial unit was successfully started up in 2013,
however, the spent ionic liquid needs further treatment.5–7

In addition, many research studies focus on the develop-
ment of novel alkylation processes using various solid acids,
such as zeolites, supported heteropolyacids and solid super-
acids as catalysts,8–13 in which Y zeolite is the most extensively
studied one because of its suitable pore structure and relatively
strong acidity.14–17 However, the rapid deactivation of zeolites
caused by the formation of oligomers constrains their further
application.18–20

The acidity of Y zeolite, which is mainly determined by the
Si/Al ratio of zeolite, is the key factor that inuences its activity,
selectivity and stability in isobutane/butene alkylation. De
Jong21 and Yoo22 found that Y zeolite with a lower Si/Al ratio, of
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which the concentration of Brønsted acid sites was higher, had
a longer lifetime and higher trimethylpentanes (TMPs) selec-
tivity. Corma et al.15 compared the alkylation performance of
USY catalysts with different unit cell sizes, and pointed out that
a high unit cell size (low Si/Al ratio) could lead to enhancement
of hydride transfer and rapid desorption of carbocations from
the Brønsted acid sites, which suppressed side reactions. In
addition to the Si/Al ratio, modication of Y zeolite with rare
earth metals, especially lanthanum, also inuences its acidity.
Schüßler et al.23 used H-USY and La-USY as catalysts in alkyl-
ation and found that the lifetime extended from 5 h for H-USY
to 12 h for La-USY. The authors further indicated that the higher
ratio of strong Brønsted acid sites to total Brønsted acid sites of
La-USY caused by La3+ improved the hydride transfer and
cracking reactions.

In addition to the acidity of the zeolite, as for alkylation, the
isobutane/olen (I/O) ratio in the reaction system is another key
factor which signicantly affects the activity and stability of
catalysts.24 De Jong21 and Taylor25 believed that low I/O ratio
resulted in shorter lifetime of catalysts. Corma et al.26 revealed
that the oligomerization of butene and the formation of C9+
could be signicantly inhibited under higher I/O ratio. Kiricsi
et al.27 found that isobutane could suppress the formation of
unsaturated carbocations which was the precursors of carbo-
naceous deposits because of its enhanced hydride ion donor
activity. High I/O ratio is usually adopted to inhibit the oligo-
merization of olens, especially when xed bed reactor is
used.16,17,28 With higher I/O ratio, the olen concentration
around the catalytic center is lower, inhibiting the further
reaction of alkyl carbocations with other olens which forms
undesired heavier products.29–31
RSC Adv., 2021, 11, 23045–23054 | 23045
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There are many advantages of increasing the I/O ratio, but
this is mainly achieved by enhancing the I/O ratio in feed and
the recycle of isobutane is inevitable, which largely increases
operating cost. Additionally, the local I/O ratio around the acid
sites is signicantly lower than that of the feed at the reactor
inlet due to the stronger adsorption capacity of zeolite for
olens than paraffins.32–34 Therefore, increasing the local I/O
ratio around the acid sites is the key to suppress olen oligo-
merization and extend the life of the catalysts.

Due to the unique valence electron conguration of Cu+ of
3d104s0, Cu+ modied materials are oen used as p-complexa-
tion sorbents for the separation of olen/paraffin.35,36 Luna-
Triguero et al.37 found that Cu-BTC metal–organic framework
was promising in separating isobutane/isobutene mixtures
because of the formation of p-complexation between Cu+ and
olens. Qin et al.38 prepared a Cu(I)Y zeolite using liquid phase
ion exchange method followed by reduction with methanol at
low temperature, and the obtained Cu(I)Y favored the separa-
tion of propylene/propane because of the p-complexation of
Cu(I) with propylene.

In addition to the application in the eld of adsorption
separation, it is also proved that Cu+ can be used in isobutane
alkylation process. In the development of the CILA process, our
group found that aer introducing CuCl into the conventional
chloroaluminate ionic liquid, the resulted AlCuCl5

� could
coordinate with butene and tert-butyl carbocation, which
promoted the formation of TMPs.6 Zhang et al.39 modied LaX
zeolite via liquid phase ion exchange with Cu2+ followed by
reduction and found that the resulted CuLaX had longer life-
time and higher selectivity of TMPs. The authors believed that
Cu species in the state of Cu+ could compete with acid sites to
adsorb butene and increase the local I/O ratio in alkylation
reaction. However, it was worthy noting that, Cu(II) was also
present in the produced CuLaX expect for Cu(I) due to the
difficulty in controlling the reduction process performed aer
the liquid phase ion exchange. This problem can be avoided
when solid-state ion exchange (SSIE) is performed. It can be
realized by calcinating the mixture of cuprous salt (such as
CuCl) and zeolite under inert atmosphere, keeping the Cu
species in the monovalent state.

However, there are few research studies on the application of
HY zeolite modied by Cu in alkylation prepared via SSIE
method, and the inuence of preparation conditions on the
physicochemical properties of the product and its alkylation
performance is unclear. In this research, Cu modied HY
catalysts were prepared by SSIE method. The effects of the
addition amount of CuCl and the calcination temperature on
the physicochemical properties of the resulted CuHY zeolites
and their catalytic performance in isobutane/2-butene alkyl-
ation were studied.

2 Experimental
2.1 Materials

NaY zeolite was provided by Nankai University Catalyst Co., Ltd.
(Tianjin, China). Cuprous chloride (CuCl, 97 wt%) and ammo-
nium chloride (NH4Cl, 99.5 wt%) were obtained from Shanghai
23046 | RSC Adv., 2021, 11, 23045–23054
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
Isobutane was provided by Tianjin Dongchuang Rixing Tech-
nology Co., Ltd. (Tianjin, China). 2-Butene was obtained from
PetroChina Lanzhou Petrochemical Co., Ltd. (Lanzhou, China).

2.2 Catalyst preparation

Firstly, NaY zeolite was ion exchanged with NH4Cl solution
(1 mol L�1) at 90 �C for 4 h with a solution to zeolite ratio of
10mL g�1, then it was ltered and washed with deionized water.
Aer the sample was dried and calcinated, these steps were
repeated three times to obtain the HY sample.

A series of CuHY zeolites with various molar Cu/Al ratios
were prepared by SSIE method.40 Typically, 0.1 g CuCl and 5 g
HY zeolite were ground in a pestle mortar for uniform mixing,
then the mixture was heated in owing nitrogen at a heating
rate of 10 �C min�1 up to 450 �C and held for 2 h in a tube
furnace. When the temperature dropped, CuHY catalysts were
obtained and named as CuHY-x%-y, where x% represents the
mass percentage of CuCl added to HY zeolite with the value of
1%, 2% and 3% and y represents the treating temperature with
the value of 400 �C, 450 �C and 500 �C. For comparison, the
mechanically mixed sample with 2 wt% CuCl without calcina-
tion was prepared and dened as HY + 2% CuCl.

The dealuminated sample was obtained by hydrothermal
treatment of HY zeolite in 100% steam at 450 �C for 50 min, and
named as HY–S.

2.3 Physicochemical characterization

The thermogravimetry-mass spectrum (TG-MS) analysis was
performed on a STA 8000 thermogravimetric analyzer and Cla-
rus SQ 8 S spectrometer produced by PerkinElmer. Evenly mixed
sample was placed into the thermogravimetric analyzer and
heated to 800 �C at a rate of 10 �Cmin�1 under owing nitrogen.
X-ray uorescence (XRF) was performed on a Bruker S4 Explorer
analyzer to obtain the chemical composition of the samples. N2

adsorption–desorption experiments was performed at �196 �C
on a Micromeritics ASAP 2420 instrument. Specic surface
areas of the samples were calculated via the Brunauer–Emmett–
Teller (BET) method, while the external surface areas and
micropore volumes were estimated via t-plot method. X-ray
diffraction (XRD) pattern was obtained by a Bruker AXS D8
Advance X-ray diffractometer with Cu Ka radiation. Images of
the samples were observed by eld-emission scanning electron
microscopy (FESEM) on a FEI Quanta 200F machine.

The type and amount of acid sites were obtained by pyridine-
adsorbed infrared (Py-IR) spectra recorded on a Nicolet 5700
spectrometer. Before measurement, the sample was pretreated
under vacuum (10�3 Pa) at 400 �C for 1 h, and the background
spectrum was taken aer the sample was cooled down to 30 �C.
Subsequently, pyridine was introduced into the system. Then
the system was kept at 200 �C and 350 �C respectively for 0.5 h
under vacuum, and the spectra were recorded aer the sample
was cooled down again to 30 �C. The bands at 1540 cm�1 and
1450 cm�1 are attributed to Brønsted acid sites and Lewis acid
sites, respectively.41 X-ray photoelectron spectroscopy (XPS) was
analyzed on a Thermo Scientic K-Alpha instrument. 29Si magic
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 MS signals at m/z ¼ 18 and 36.5 of HY + 2% CuCl during
calcination process.
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angle spinning nuclear magnetic resonance (MAS NMR) spec-
troscopy characterization was performed on a JNM-ECZ600R
spectrometer. Inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis was performed on a Perki-
nElmer Optima 7000 DV analyzer to obtain the contents of Al
and Cu elements in the catalyst before and aer alkylation.

2.4 Catalytic tests

The alkylation performance was tested in a tubular xed bed
reactor (an inner diameter of 8 mm and a length of 600 mm).
Prior to the reaction, 1 g of catalyst was loaded into the reactor
and activated in situ at 170 �C in owing nitrogen. Aer the
temperature dropped to 80 �C, the reactor was lled with
nitrogen to maintain a pressure of 2.0 MPa. Then the isobutane/
2-butene mixture (I/O molar ratio of 150) was fed, and the mass
space velocity of 2-butene was 0.1 h�1. The product was
collected with a closed sampling canister and then injected into
an Agilent 7890B gas chromatograph equipped with an FID
detector by the pressure-lock syringe.

3 Results and discussion
3.1 Thermal analysis

The SSIE of HY zeolite with CuCl was carried out in a tube
furnace in owing N2 with the offgas passing through a ask
containing silver nitrate aqueous solution. During the SSIE
process, white AgCl precipitation in the offgas collecting ask
was observed, suggesting the formation of HCl, as mentioned in
several ref. 42–44. As the calcination is the key step of SSIE
process, TG-MS method was used to monitor the mass loss
during the calcination process and detect the gas composition
generated.

Fig. 1 and 2 display the TG–DTG curves andMS signals atm/z
¼ 18 and 36.5 during the heating process of HY + 2% CuCl,
respectively. As shown in Fig. 1, during the calcination, a strong
dehydration peak at around 110 �C appears in the DTG curve,
corresponding to a mass loss of about 14 wt% in the TG curve.
Additionally, there are two other weaker mass loss peaks at 310–
430 �C and 430–700 �C in the DTG curve, respectively, which
may be caused by the interaction between CuCl and HY. As can
be seen from theMS result (Fig. 2), there is a strong signal ofm/z
¼ 18 at around 110 �C, caused by the desorption of H2O and
Fig. 1 TG–DTG curves of HY + 2% CuCl during calcination process.

© 2021 The Author(s). Published by the Royal Society of Chemistry
corresponding with the mass loss of 14 wt% in the TG curve in
Fig. 1. Whereas two weaker peaks at about 310–430 �C and 430–
700 �C on the mass spectrum of m/z ¼ 36.5 correspond to the
release of HCl, indicating the generation of HCl due to the
reaction of CuCl and H+ in HY zeolite during the calcination
process.

It is worthy noting that the presence of the two weaker peaks
in both DTG curve and MS characterization results indicates
that the reaction of CuCl and HY zeolite during the calcination
undergoes two stages: the rst occurs at 310–430 �C, before the
melting point of CuCl, in which CuCl in solid state could not
react sufficiently with HY and the ion exchange degree is rela-
tively low; and the second occurs at about 430–700 �C, just
beyond the melting point of CuCl of 426 �C, in which CuCl
melts and disperses more evenly and can react more rapidly and
sufficiently with HY zeolite and the ion exchange degree is high.

On the other hand, from Fig. S1,† during the calcination, the
phase of Y zeolite in HY + 2% CuCl sample remains while its
relative crystallinity decreases. When being heated to 400 �C
and 500 �C, the sample remained relatively high crystallinities
(91.4% and 87.9%, respectively); while as the temperature was
enhanced to 800 �C, the crystallinity of Y zeolite decreased
dramatically to 63.9%. This is because Y zeolite as a kind of low-
silica zeolite is easy to be dealuminated at high temperature.45

Therefore, the calcination temperature during SSIE process
should be higher than the melting point of CuCl to achieve
a sufficient ion exchange while lower than the temperature at
which the framework structure of Y zeolite can be dramatically
destroyed.
3.2 Physicochemical properties of catalysts

The elemental compositions of the samples are presented in
Table 1. The amount of Na+ in HY is just 0.08 wt%, with the ion
exchange degree of 99.1%, and the residual Na+ located in the
hexagonal prism or sodalite cages is usually considered to
hardly inuence the reactions because the hydrocarbons can't
access to both of the locations.46,47 As the addition amount of
CuCl increases from 1 wt% to 3 wt%, the molar Cu/Al ratio of
CuHY increases from 0.026 to 0.085, indicating more Cu was
introduced into Y zeolite with the increase of the addition
amount of CuCl. The molar Cu/Al ratio of HY + 2% CuCl is
RSC Adv., 2021, 11, 23045–23054 | 23047
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Table 1 Elemental compositions and the texture properties of the samples

Samples

Elemental composition

SBET
a (m2 g�1) Smicro

b (m2 g�1) Vtotal
c (cm3 g�1) Vmicro

d (cm3 g�1)Na (wt%) Al (wt%) Cu (wt%)
Cu/Al
(molar ratio)

HY 0.08 10.86 0 0 664 511 0.48 0.26
HY + 2% CuCl 0.07 10.76 1.32 0.052 520 384 0.40 0.19
CuHY-1%-450 0.07 10.91 0.67 0.026 559 421 0.45 0.22
CuHY-2%-450 0.08 10.81 1.44 0.057 548 406 0.44 0.21
CuHY-3%-450 0.09 10.72 2.14 0.085 558 416 0.44 0.22

a BET surface area. b Microporous surface area. c Total pore volume. d Microporous volume.
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0.052, close to that of CuHY-2%-450 which is with the same
addition amount of CuCl.

As can be seen from Fig. 3, compared with that of HY, the
XRD patterns of HY + 2% CuCl and CuHY samples show all the
characteristic peaks ascribed to the phase of Y zeolite while with
slight decrease of intensity, suggesting that aer the mechan-
ical mixing and the following calcination process, the crystal
phase of Y zeolite still remains. The decline of the relative
crystallinity of the CuHY samples indicates the slight destroying
of the crystal structure of Y zeolite during the SSIE process.

It is worthy to note that compared with those of CuHY
samples, the characteristic peak at 2q ¼ 28.5� ascribed to CuCl
can be observed in the XRD pattern of HY + 2% CuCl. This
Fig. 3 XRD patterns of HY, CuCl, HY + 2% CuCl and CuHY samples.

23048 | RSC Adv., 2021, 11, 23045–23054
indicates that in the mechanically mixed sample, CuCl
disperses unevenly without the calcination process. The
absence of characteristic peaks of CuCl or other Cu species in
the XRD patterns of the samples obtained via SSIE method
indicates that CuCl could disperse uniformly and react with HY
aer the mixture of CuCl and HY being calcinated.

As shown in Table 1, compared with HY of which the BET
surface area and the total pore volume are 664 m2 g�1 and 0.48
cm3 g�1, respectively, all of the three CuHY-x%-450 samples
have a relatively lower BET surface area (ca. 550 m2 g�1) and
a smaller total pore volume (ca. 0.44 cm3 g�1), and their
microporous surface area and microporous volume also
decrease slightly. This further illustrates the slight damage of
the structure of HY zeolite during the SSIE process. The BET
surface area and the total pore volume of HY + 2% CuCl are 520
m2 g�1 and 0.40 cm3 g�1, respectively, which are lower than
those of HY and CuHY-x%-450. This may be due to the uneven
dispersion of CuCl in the mechanically mixed sample which
could cover the surface and block the pores of HY zeolite.

For zeolite catalyst, the stronger adsorption capacity for
olens than paraffins causes the lower local I/O ratio around the
Brønsted acid sites than that of the feed at the reactor inlet,
which is unfavorable for the alkylation reaction. Cu+ can absorb
olens via p-complexation, which can lower the possibility for
olens to be absorbed on Brønsted acid site.35,39 Therefore, the
valence state of Cu is important for the alkylation selectivity.
The valence state of Cu in Y zeolite can be effectively differen-
tiated by XPS according to the different binding energies.48,49 In
the Cu 2p3/2 XPS spectra of HY + 2% CuCl and CuHY-2%-450
calcinated in N2 (Fig. 4a and b), only one peak located at ca.
932.8 eV appears, which is attributed to Cu+. This indicates that
the Cu species in sample undergoing SSIE in owing N2 can be
protected not to be oxidized and keep in the monovalent state.
For comparison, the XPS spectrum of the sample calcinated in
air is depicted in Fig. 4c, in addition to the peak located at ca.
932.8 eV attributed to Cu+, there is another larger peak at ca.
934.9 eV which is corresponding to Cu2+. This means that both
Cu+ and Cu2+ existed in CuHY calcinated in air. The above
results show that the calcination atmosphere during the SSIE
process inuences the valence state of Cu in the product. N2 can
play a good protective role during the calcination process, so
that the Cu species can keep in the monovalent state.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 XPS spectra of HY + 2% CuCl (a), CuHY-2%-450 treated in N2

(b), CuHY treated in air (c).
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29Si MAS NMR characterization is performed to obtain the
framework Si/Al ratio and the local environment of silicon in the
sample which determine the acidic property. In the 29Si MAS
NMR spectrum of HY (Fig. 5a), there are four peaks with
chemical shis near �106 ppm, �101 ppm, �94 ppm and
�89 ppm, which attribute to Si(0Al), Si(1Al), Si(2Al), and Si(3Al),
respectively. Its framework molar Si/Al ratio is 5.6, estimated
from the spectrum simulation.50 There are no obvious changes
in the chemical shis of these samples. However, for the CuHY
samples (Fig. 5b–d), when the calcination temperature
increases, the intensity of peak attributed to Si(3Al) and Si(2Al)
gradually decreases and that of Si(1Al) and Si(0Al) is gradually
enhanced, and the peak attributed to Si(3Al) in CuHY-2%-500
almost disappears, which results in the increase of the frame-
work molar Si/Al ratio of CuHY from 5.8 at 400 �C, to 6.1 at
450 �C and 6.7 at 500 �C. This reveals that calcination in SSIE
process can lead to varying degrees of dealumination of the Y
zeolite framework, which is also another reason for the decline
of the amount of Brønsted acid sites and the increase of that of
Lewis acid sites in addition to the introduction of Cu+ as charge
Fig. 5 29Si MAS NMR spectra of HY (a), CuHY-2%-400 (b), CuHY-2%-
450 (c) and CuHY-2%-500 (d).

© 2021 The Author(s). Published by the Royal Society of Chemistry
compensating cation at the consumption of H+ which will be
mentioned in Py-IR result.

Zeolite contains both Brønsted and Lewis acid sites and the
amount and strength of different acid sites directly affect the
alkylation performance. As is known, hydride transfer occurs on
the strong Brønsted acid sites,51,52 while Lewis acid sites favor
oligomerization reaction, which are unfavorable to the alkyl-
ation reaction.53 Furthermore, the accessibility of acid sites in
zeolite also affects its alkylation performance. The six-
membered ring openings (0.23 nm) of the hexagonal prism or
sodalite cage of Y zeolite are too small for hydrocarbons to
access. Only the supercages of Y zeolite with twelve-membered
ring openings (0.74 nm) are the reaction sites of alkylation
reaction. The acidity properties of HY and CuHY samples ob-
tained from infrared spectroscopy with pyridine (0.5 nm) as the
probemolecule are presented in Table 2 and the Py-IR spectra of
the samples are shown in Fig. S2.†

Compared with HY with the amounts of total Brønsted and
Lewis acid sites of 442.3 and 170.5 mmol g�1, respectively, CuHY
samples have lower amount of Brønsted acid sites and higher
amount of Lewis acid sites. With the increase of the addition
amount of CuCl from 1 wt% to 3 wt%, the amounts of the total
and strong Brønsted acid sites decrease from 418.5 and 213.1
mmol g�1 to 352.3 and 184.9 mmol g�1, respectively, and those of
the total and strong Lewis acid sites increase from 201.6 and
145.3 mmol g�1 to 258.4 and 157.6 mmol g�1, respectively.
Additionally, the calcination temperature also affects the
amounts of Brønsted and Lewis acid sites. As the calcination
temperature increases, the amounts of the total and strong
Brønsted acid sites decrease and those of the total and strong
Lewis acid sites increase.

The decreasing amount of Brønsted acid sites of CuHY
sample indicates the loss of H+ cations, which is due to the
release of HCl during the SSIE process, as has been veried by
the TG-MS results (Fig. 1 and 2). With the increase of the
addition amount of CuCl and the calcination temperature from
400 �C to 500 �C which is higher than the melting point of CuCl,
the ion exchange degree is improved and the reaction of H+

cations with CuCl accelerates, resulting in the further
consumption of H+ cations and the decrease of the amount of
Brønsted acid sites. Aer the SSIE process, Cu+ introduced as
charge compensating cation is a kind of Lewis acid sites.48 As
the addition amount of CuCl and the calcination temperature
Table 2 Acid sites distribution based on Py-IR for different samples

Samples

200 �C (mmol g�1) 350 �C (mmol g�1)

Brønsted Lewis Brønsted Lewis

HY 442.3 170.5 247.3 129.7
CuHY-1%-450 418.5 201.6 213.1 145.3
CuHY-3%-450 352.3 258.4 184.9 157.6
CuHY-2%-400 395.7 229.3 195.9 155.4
CuHY-2%-450 385.6 232.8 194.7 156.2
CuHY-2%-500 365.3 248.5 192.9 159.6
HY–S 406.8 191.4 223.7 134.7
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increase, more Cu+ cations are introduced as charge compen-
sation cations into HY zeolite, causing the increasing amount of
Lewis acid sites. It is worthy to note that, when the calcination
temperature is higher, combined with the increasing ion
exchange degree of Cu+, the dealumination of the HY zeolite
framework as the 29Si MAS NMR characterization result shown,
leads to the more obvious increase of the amount of Lewis acid
sites and decline of that of Brønsted acid sites in the resulted
CuHY.

In addition, the acidity of the dealuminated HY-S was also
analysed. Compared with HY zeolite, both the amounts of the
total and strong Brønsted acid sites of the obtained HY–S
sample decrease and those of Lewis acid sites increase, which
indicating the dealumination of the zeolite framework during
the hydrothermal treatment process. And, it can be seen that
the acid amounts of HY–S are close to those of CuHY-1%-450.

In conclusion, during the SSIE process, the reaction between
CuCl and HY zeolite occurs with the release of HCl gas, leaving
the exchanged Cu+ as the charge compensation cation in Y
zeolite. Meanwhile, owing N2 is essential to keep the Cu
species in the form of Cu+ which can adsorb olens via p-
complexation. However, the SSIE process results in the decline
of the amount of Brønsted acid sites and increase of that of
Lewis acid sites, which could be aggravated at higher calcina-
tion temperature due to dealumination of the HY zeolite.
3.3 Catalytic performance

In isobutane/2-butene alkylation (as shown in Scheme S1†),10,54

rstly, 2-butene (2-C4]) is protonated on the Brønsted acid site
of zeolite to form sec-butyl carbocation (sec-C4+), then it reacts
through two different paths: (1) undergoes hydride transfer
reaction with isobutane (i-C4) or isomerization reaction to
generate tert-butyl carbocation (t-C4+) which reacts with another
2-butene to form trimethylpentyl carbocation (TMP+); (2)
directly reacts with another 2-butene to form dimethylhexyl
carbocation (DMH+). The produced TMP+ and DMH+ undergo
hydride transfer with isobutane molecules on the Brønsted acid
sites of zeolite, and TMPs with higher octane number and
dimethylhexanes (DMHs) with lower octane number, which are
the two main components in isooctane (C8), are obtained. The
ratio of TMPs to DMHs (TMPs/DMHs ratio) is oen used to
evaluate the quality of alkylate.55 Since the addition of 2-butene
is faster than hydride transfer, the possibility of oligomerization
of 2-butene and multiple alkylation is high, causing the
formation of heavy byproducts (C9+) and the nal deactivation
of the catalyst.19,20 Cracking reaction leads to the formation of
light byproducts (C5–C7). The alkylate distribution is affected
by the relative rate of these individual steps. The lifetime of
catalyst is dened as the time period from the initiation of
reaction to the time at which the conversion of 2-butene
decreased to 99.9%.

As mentioned in Section 3.2, aer the SSIE process, due to
the ion-exchange of H+ by Cu+, the amount of strong Brønsted
acid sites, which facilitate the hydride transfer reaction,
decreases, and that of Lewis acid sites, which favor the oligo-
merization reaction, increases. According to the above results, it
23050 | RSC Adv., 2021, 11, 23045–23054
seems to be inferred that when CuHY zeolite is used in
isobutane/2-butene alkylation, the processing capacity of cata-
lyst per gram will be reduced and the oligomerization and
multiple alkylation reactions will be accelerated. However, the
results presented in Fig. 6a show that all the catalysts give the
initial 2-butene conversion of 100% and the lifetime of CuHY-
1%-450 is almost equal to that of HY (11 h). We consider that
the competitive adsorption of olens by Cu+ via p-complexation
have reduced the concentration of 2-butene near the Brønsted
acid sites,39 which can indirectly increase the local I/O ratio and
inhibit the oligomerization of 2-butene and multiple alkylation
reactions. In addition, the ion exchange degree of Cu+ in CuHY
samples, which depends on the addition amount of CuCl and
the calcination temperature in SSIE process, determines which
is the dominant one in the above-mentioned two effects
(aggravation or inhibition of oligomerization and multiple
alkylation caused by the change of acidity or p-complexation of
Cu+, respectively) that inuence the alkylation performance of
CuHY samples. When the addition amount of CuCl is as low as
1 wt%, the two effects on the lifetime are equivalent. However,
when the addition amount of CuCl increases to 2 wt% or 3 wt%,
the increase effect of the local I/O ratio caused by Cu+ is over-
whelmed by the loss of Brønsted acid sites and the increase of
Lewis acid sites. As a result, the lifetime of CuHY-2%-450 and
CuHY-3%-450 shorten to 9 h and 3 h, respectively (Fig. 6a).

The selectivity of C8 over CuHY-1%-450 and CuHY-2%-450
are larger than that over HY with time on stream (Fig. 6b). The
initial values over CuHY-1%-450 and CuHY-2%-450 increase by
4.7% and 7.7%, respectively, compared with that over HY
(72.2%). However, as the addition amount of CuCl increases to
3 wt%, the selectivity of C8 decreases dramatically and becomes
lower than that over HY aer the rst hour. The selectivity of
C9+ changes in the opposite trend with the increasing addition
amount of CuCl (Fig. 6c). This indicates that the increase effect
of the local I/O ratio dominates when the addition amount of
CuCl is relatively low (1–2 wt%), while as the addition amount of
CuCl increases to 3 wt%, the great loss of Brønsted acid sites
and the increase of Lewis acid sites under high ion exchange
degree of Cu+ results in the dramatic drop of the selectivity of C8
over CuHY-3%-450.

Comparing the change of lifetime and the selectivity of C8
over CuHY with the addition amount of CuCl, it is found that
lifetime is more sensitive to the loss of Brønsted acid sites
which reduces the processing capacity of catalyst.

The lifetimes of the CuHY samples treated at different
calcination temperatures are in the order CuHY-2%-450 (9 h) >
CuHY-2%-400 (8 h) > CuHY-2%-500 (5 h) (Fig. 6d). When the
calcination temperature is enhanced from 400 �C to 500 �C, the
selectivity of C8 goes up rstly and then drops down, achieving
the maximum value at 450 �C (Fig. 6e) and that of C9+ changes
in the opposite trend (Fig. 6f). The longer lifetime of CuHY-2%-
450 than that of CuHY-2%-400 is probably ascribed to the
increase of the local I/O ratio caused by the improvement of the
ion exchange degree of Cu+, which also leads to the increase of
the selectivity of C8 and the decrease of the selectivity of C9+
when the calcination temperature is enhanced from 400 �C to
450 �C. However, when the calcination temperature further
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Alkylation performance of the catalysts. Conversion of 2-butene (a), C8 selectivity (b) and C9+ selectivity (c) over HY and CuHY-x%-450;
conversion of 2-butene (d); C8 selectivity (e) and C9+ selectivity (f) over CuHY-2%-y.
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increases to 500 �C, the excess ion exchange of H+ by Cu+ and
framework dealumination of Y zeolite at high temperature (as
the 29Si MAS NMR result shown) leads to excess loss of Brønsted
acid sites and increase of Lewis acid sites. This reduces the
processing capacity of the catalyst per gram and aggravates
oligomerization and multiple alkylation, hence results in the
Fig. 7 Alkylation performance of the catalysts. TMPs/DMHs ratio (a) and s
and selectivity of TMPs (d) over CuHY-2%-y.

© 2021 The Author(s). Published by the Royal Society of Chemistry
dramatically shorter lifetime of CuHY-2%-500 and lower selec-
tivity of C8 compared with CuHY-2%-450.

As shown in Fig. 7a, the TMPs/DMHs ratio increases with the
increasing addition amount of CuCl, and the initial value
increases from 4.49 to 5.99 as the addition amount of CuCl
increases from 1 wt% to 3 wt%, larger than that of HY (3.51).
electivity of TMPs (b) over HY and CuHY-x%-450; TMPs/DMHs ratio (c)
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Fig. 8 Alkylation performance of HY, CuHY-2%-450 and HY + 2%
CuCl. Conversion of 2-butene (a), selectivity of C8 (b), selectivity of
TMPs (c).
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The TMPs/DMHs ratio also increases with the increasing
calcination temperature (Fig. 7c). As mentioned above, the sec-
butyl carbocation formed via protonation of 2-butene may
convert to the more stable tert-butyl carbocation by hydride
transfer with isobutane or isomerization reaction, and then
these two types of butyl carbocations react with 2-butene to
formDMH+ and TMP+, respectively. The increase of the local I/O
ratio caused by introduction of Cu+ increases the isobutane
concentration around the sec-butyl carbocation. This makes the
sec-butyl carbocation more likely to undergo hydride transfer
reaction with an isobutane molecule to produce TMP+ rather
than to react with another 2-butene molecule to produce DMH+,
hence gives rise to the increase of the TMPs/DMHs ratio. With
the increasing addition amount of CuCl and calcination
temperature, more Cu+ cations are introduced as charge
compensating cations, leading to higher TMPs/DMHs ratio.

The selectivity of TMPs is related to both the TMPs/DMHs
ratio and the selectivity of C8. As shown in Fig. 7b and d, the
selectivity of TMPs changes in a similar trend to that of C8 with
the increasing addition amount of CuCl and calcination
temperature. Although the TMPs/DMHs ratio over CuHY-3%-
450 is high, its lower selectivity of C8 leads to the lower selec-
tivity of TMPs compared with that over CuHY-2%-450, which is
also the case for those over CuHY samples treated at 450 �C and
500 �C.

According to the above analyses, the CuHY sample with 1–
2 wt% CuCl calcinated at 450 �C presents a higher selectivity of
C8 and TMPs and a relatively longer lifetime, which could be
attributed to the suitable ion exchange degree of Cu+.

In order to conrm if there is a loss of Cu in the catalyst aer
alkylation, the contents of Al and Cu elements in the CuHY-2%-
450 before and aer alkylation estimated by ICP-OES are shown
in Table S1.† The molar Cu/Al ratios of the fresh and spent
CuHY-2%-450 are nearly the same, with the value of 0.056 and
0.055, respectively, suggesting there is almost no loss of Cu in
the catalyst aer alkylation.

To exhibit the advantage of the SSIE products, the alkylation
performance of the mechanical mixing sample (HY + 2% CuCl)
is also investigated (Fig. 8). Similar with CuHY-2%-450, the
lifetime of HY + 2% CuCl is also slight shorter than that of HY
(Fig. 8a). Different from CuHY-2%-450, in HY + 2%CuCl, H+ can
not be exchanged by Cu+ without calcination process. The faster
deactivation of HY + 2% CuCl, compared with HY, is probably
ascribed to the decline of the accessibility of active sites
resulting from the pore blocking and coverage of part of the
catalyst surface by the unevenly dispersed CuCl in the sample.
And the uneven dispersion of CuCl also weakens the p-
complexation effect of Cu+, resulting in the slight increase of the
selectivity of C8 and TMPs compared with the calcinated sample
CuHY-2%-450 (Fig. 8b and c).

In order to further demonstrate the advantage of Cu+, the
alkylation performance the dealuminated sample HY–S with
similar acid amounts of CuHY-1%-450 was also investigated. It
seems that HY–S and CuHY-1%-450 may exhibit similar alkyl-
ation performance due to their similar acid amounts. However,
the catalytic test shows different results (Fig. S3†). Although the
acid amounts of HY–S and CuHY-1%-450 are similar, the
23052 | RSC Adv., 2021, 11, 23045–23054
lifetime of HY–S is 9 h, lower than HY (11 h) and CuHY-1%-450
(11 h) and the selectivity of C8 and TMPs over HY–S are obvi-
ously lower than those over CuHY-1%-450. Compared with the
dealuminated sample HY–S, the longer lifetime and higher
selectivity of C8 and TMPs over CuHY-1%-450 demonstrate the
advantage of Cu+ due to its adsorption of 2-butene via p-
complexation.
4 Conclusions

Cu+ was introduced into HY zeolite via SSIE method under the
protection of N2. The reaction between CuCl and HY zeolite
occurs along with the release of HCl gas, leaving the exchanged
Cu+ as the charge compensation cation in Y zeolite. As the
calcination temperature increases, solid CuCl transforms into
molten state, accelerating the reaction rate. Both the addition
amount of CuCl and the calcination temperature affect the ion
exchange degree of Cu+ in the CuHY sample and further inu-
ence its catalytic performance in isobutane/2-butene alkylation.
The introduction of Cu+ results in two opposite effects. On the
one hand, Cu+ can compete with the Brønsted acid sites to
adsorb 2-butene via p-complexation, which indirectly enhances
the local I/O ratio around the Brønsted acid sites. Consequently,
the oligomerization reaction of butene is inhibited and the
hydride transfer reaction is accelerated, causing the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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enhancement of the selectivity of C8 and TMPs. On the other
hand, with the introduction of Cu+, the amount of Brønsted
acid sites in HY zeolite decreases and that of Lewis acid sites
increases, which is further aggravated with the framework
dealumination of Y zeolite at high calcination temperature.
Considering both the two effects, CuHY catalyst treated at
450 �C with a lower addition amount of CuCl (1–2 wt%) shows
enhanced selectivity of C8 and TMPs in alkylate with a relatively
longer lifetime.
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