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� Hierarchical zeolite Y is prepared by
the sequential leaching process.
� The mesopore volume increases after

the sequential treatment.
� Low methane selectivity and

excellent high isoparaffin selectivity
are achieved.
� Better catalytic performance is

attributed to the combine acidity and
mesoporisity.
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A two-step method consisting of acid leaching and base leaching was developed and applied to create
hierarchical pores on a general microporous Y zeolite. Characterization with BET and TEM on the texture,
morphology and structure of the prepared hierarchical Y zeolite confirmed the co-existence of mesopores
with zeolitic walls. The analysis results showed that the mesopore surface area and pore volume of the
hierarchical zeolite Y (Y-ABx, A: acid leaching, B: base leaching, ‘‘x’’ represents for base leaching time)
increased with increasing the base leaching time. The hierarchical zeolite Y supported Co as catalysts
were employed to catalyze the hydrogenation of carbon monoxide to form hydrocarbons through
Fischer–Tropsch synthesis (FTS) reaction. The CO conversion and C5–11 selectivity on Co/Y-ABx catalysts
increased significantly compared with those on the pristine Y supported Co catalyst. The isoparaffin
selectivity of Co/Y-AB4 catalyst reached up to 52.3% and middle hydrocarbons became the main FTS prod-
ucts due to the optimized hydrocracking and isomerization function afforded by the hierarchical zeolite Y
with the strong Brønsted acid/Lewis acid (B/L) ratio and textural property.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Zeolite, with unique micropore structure, high thermal stability
and high acidity, is widely applied as adsorbent, catalyst or catalyst
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supports in lots of fields, such as basic petrochemistry, oil refining
and fine chemicals synthesis [1–3]. In general, the pore size and
cavities of the zeolite are less than 0.8 nm and 1.5 nm, respectively
[4,5]. Therefore, the narrow zeolite pores and channels lead to
severe transport limitation for reactants and products in catalytic
reactions [6–9].

In order to overcome this disadvantage, a new concept of
hierarchical zeolite with the combined mesopores and zeolitic
microporous walls, as highly active catalyst, has been presented
in recent years [10,11]. The general preparation methods for the
hierarchical zeolite production are steaming, acid leaching (dealu-
mination), base leaching (desilication) or templating [7,12]. Sasaki
et al. reported that the dealumination led to the formation of mes-
oporous channels [13]. More recently, various carbon templates
were also used to introduce mesopores into microporous zeolite
[14–20]. For application of mesoporous zeolite-based catalysts,
Bao and co-workers demonstrated that Mo loaded on mesoporous
ZSM-5 catalyst showed excellent catalytic performance for meth-
ane aromatization [21]. Li et al. proved that the mesoporous mord-
enite had better catalytic activity than untreated microporous
mordenite in the alkylation of benzene with benzyl alcohol [22].
The desilicated ZSM-5 zeolite supported metal catalyst for direct
gasoline synthesis from syngas exhibited good activity [23–25].
Wang et al. reported direct isoparaffin synthesis with high selectiv-
ity through the mesoporous ZSM-5 supported noble metal catalyst
in Fischer–Tropsch synthesis (FTS). However, the noble metal cat-
alyst with small loading amount could not exhibit considerably
higher reaction activity if compared with the low cost iron and
cobalt-based FTS catalysts [26].

FTS reaction is a promising process to produce ultra clean liquid
fuel by CO hydrogenation, and it is also an important route to deal
with the recent oil crisis and environment problems [27–31]. The
general FTS products are linear paraffin with little a-olefin, and
their distribution strictly follows the Anderson–Schulz–Flory
(ASF) law [23,24,32,33]. As well known, the pore structure and
acidity of catalyst support can affect FTS reaction rate and product
distribution. Recently, with zeolite as FTS catalyst supports, some
researchers have devoted to synthesizing hydrocarbons in a nar-
row distribution, especially in the range of gasoline [33–37]. Zeo-
lite Y with the faujasite (FAU) structure is an excellent catalyst
for cracking reaction. It has been extensively used in fluid catalytic
cracking (FCC) process [38–40]. However, its catalytic reaction rate
is limited severely by the microporous channels of zeolite Y [7].
Therefore, the development of zeolite Y catalysts with mesoporous
cavities is also necessary.

In this paper, we designed a hierarchical zeolite Y supported
cobalt catalyst for tuning the selectivity of FTS products. The hier-
archical zeolite Y, simultaneously containing micropores and mes-
opores, was facilely prepared using an acid leaching and a followed
by base leaching procedures. The acid leaching on zeolite Y not
only enhanced its structure stability, but also improved its catalytic
activity. In addition, the followed base leaching could partly
remove some silicon from zeolite framework, forming the desired
mesoporous structure. For the cobalt loaded on hierarchical zeolite
Y catalyst, the micropores of zeolite could provide large surface
area, high cobalt dispersion as well as rich acid sites, while the
mesoporous structure would facilitate the diffusion of reactants
and products in FTS reaction.
2. Experimental section

2.1. Catalyst preparation

The hierarchical zeolite Y was obtained by a sequential dealu-
mination and desilication process with the assistance of acid
leaching plus base leaching. The overall synthetic route is illus-
trated in Fig. 1. The pristine zeolite Y (Y-P zeolite, Si/Al = 3.05, TOS-
OH CO.) was first treated with 0.17 M citric acid solution at 80 �C
for 4 h, subsequently washed with deionized water, dried at
120 �C overnight and calcined in air at 550 �C for 3 h. The obtained
sample was denoted as Y-A.

The dealuminized zeolite Y (Y-A) was further leached with
0.1 M NaOH aqueous solution for 0.25, 1, 4 and 6 h, respectively.
The sample was filtered, washed with deionized water, dried at
120 �C overnight and calcined in air at 550 �C for 3 h. Finally, the
obtained zeolite sample was exchanged in NH4�NO3 solution at
80 �C for certain time, and then calcined at 550 �C for 5 h to get
H-type hierarchical zeolite Y. The hierarchical zeolite Y was
denoted as Y-ABx (A: acid leaching, B: base leaching, x = 0.25, 1,
4 and 6) where the ‘‘x’’ stands for the leaching time by NaOH
solution.

Another reference catalyst without acid leaching but with base
leaching had also been prepared. The base leaching time on the
pristine zeolite Y was 1 h, followed by the same procedure to the
above mentioned base leaching method. The final catalyst was
named as Y-B.

The FTS catalysts with cobalt loading amount of 10 wt% were
prepared by an incipient wetness impregnation (IWI) method with
the prepared zeolite Y-A, Y-B and hierarchical Y-ABx as catalyst
supports. The cobalt came from an aqueous solution of cobalt
nitrate. Finally, the wet catalyst was dried at 120 �C overnight
and then calcined in air at 400 �C for 2 h. These catalysts were
named Co/Y-A, Co/Y-B and Co/Y-ABx (x = 0.25, 1, 4 or 6), respec-
tively. The pristine zeolite Y supported cobalt catalyst, as a refer-
ence catalyst, was also prepared by IWI method and denoted as
Co/Y-P.

2.2. Catalyst characterization

The crystalline structure of the zeolite samples was measured
by X-ray diffraction (XRD) with a Rigaku RINT 2400 diffractometer
employing Cu Ka radiation. All samples were scanned at 40 kV and
40 mA. The relative crystallinity (the percentage of crystalline
material) of the zeolite was also determined by X-ray diffraction.
The relative crystallinity was determined by comparing the diffrac-
tion intensities of the three major peaks at 2h = 6.2, 15.6, and 23.6.
The relative crystallinity was calculated using equation: Cryst
(%) = a0 � I/I0, where Cryst (%) and a0 are the crystallinities of the
unknown and pristine zeolite Y (defined 100%), respectively, and
I and I0 are the heights of the characteristic peaks of the unknown
and pristine zeolite Y, respectively.

The Si/Al molar ratio of the zeolite samples was determined by
an energy dispersive X-ray spectroscopy (EDX-700, Shimadzu).

Transmission electron microscopy (TEM) measurements were
performed on JEOL JEM-2100 UHR at an acceleration voltage of
200 kV to analyze the morphology of zeolite samples.

The nitrogen adsorption and desorption measurements of the
zeolite samples were performed on a Micromeritics 3Flex analyzer
(Micromeritics Instrument CO.). The surface area of samples was
determined by the Brunauer–Emmett–Teller (BET) method. The
pore size distribution of micropore was determined by HK method.
The pore size distribution of mesopores was obtained from desorp-
tion branch by the Barrett–Joyner–Halenda (BJH) method. The sur-
face area and volume of micropores were determined by the t-plot
method. Mesoporous surface area was also evaluated by the t-plot
method.

Pyridine IR (Py-IR) spectra were conducted on FT-IR spectrom-
eter. For the Py-IR experiment, the sample was placed into self-
supported wafers in an in situ IR cell. Sample was first evacuated
at 350 �C for 3 h under a vacuum of 10�2 Pa, and then cooled to
room temperature, followed by adsorption of purified pyridine



Fig. 1. Schematic depiction of the hierarchical zeolite Y preparation procedure.
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Fig. 2. XRD patterns of Y-P and hierarchical zeolite samples.
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vapor for 30 min. The excess pyridine was removed at 150 �C for
1 h under the vacuum, and the Py-IR spectra were collected after
the temperature reduced to room temperature. The system was
also evacuated at 350 �C, and IR spectra were recorded. The
Brønsted acid/Lewis acid (B/L) ratio was calculated by previous
report [41].

H2 temperature programmed reduction (H2-TPR) and NH3 tem-
perature programmed desorption (NH3-TPD) experiments were
performed in a flow apparatus on a BELCAT-B-TT (BEL CO.) instru-
ment. In a typical H2-TPR experiment, 0.03 g of catalyst was pre-
treated at 150 �C in a quartz-made tube under a flowing He for
1 h, followed by cooling to 50 �C. Then, H2/Ar mixture (5%H2,
20 mL/min) was introduced into the tube, and the temperature
was linearly increased from 150 �C to 500 �C with a heating rate
of 5 �C/min. The consumption of H2 was detected by gas chromato-
graph with a thermal conductivity detector (TCD).

For the NH3-TPD analysis, the catalyst was first loaded in a
quartz-made tube and then pretreated in the flowing He at 150 �C
for 1 h. The adsorption process was performed by using 5%NH3 in
He with a flow rate of 20 mL/min at 80 �C for 20 min. The primary
desorption process proceeded first on the NH3-saturated catalyst
at 80 �C under flowing He for 1 h to remove some physically
adsorbed NH3, and then the NH3-TPD was implemented by increas-
ing the temperature from 100 �C to 500 �C at the heating rate of
5 �C/min in He (20 mL/min).

2.3. FTS reaction

FTS reaction was carried out in a flowing fixed-bed reactor at
260 �C under reaction pressure of 1.0 MPa. In brief, 0.5 g catalyst
was loaded in the middle of the stainless steel reactor and reduced
in situ at 400 �C in a flow of pure H2 (80 mL/min) for 10 h prior to
reaction. FTS reaction was implemented using syngas with the
ratio of H2/CO = 2 and the WCatalyst/FSyngas = 10 gh/mol. An ice trap
with octane as solvent was fixed between reactor and back pres-
sure regulator to capture the heavy hydrocarbons. The obtained
heavy hydrocarbons were finally analyzed by an offline gas chro-
matograph (Shimadzu GC-2014, FID). The residual gaseous prod-
ucts effused from the ice trap were analyzed online by other two
online gas chromatographs (Shimadzu GC-8A, TCD and Shimadzu
GC-14B, FID).
3. Results and discussion

The XRD patterns of the zeolite samples are illustrated in Fig. 2.
All of the samples exhibit similar peaks with the faujasite zeolite
diffraction pattern. The crystallization intensity of the treated zeo-
lite Y with acid (Y-A), base (Y-B) or the combination of acid and
base (Y-ABx) is weaker than that of the pristine zeolite Y (Y-P).
The relative crystallinity of all of the zeolite samples is also deter-
mined by XRD and listed in Table 1, where we can find that the
crystallinity of samples after acid leaching, base leaching or the
combined acid and base leaching decreases in comparison with
that of the pristine zeolite Y-P. The lowest zeolite crystallinity is
48.3% for Y-AB6 sample, indicating that the base leaching for 6 h
possibly leads to the partial collapse of zeolite structure [4,42,43].

The nitrogen adsorption and desorption isotherms of the Y-P
and hierarchical zeolite samples are shown in Fig. 3. The isotherm
slopes of the hierarchical zeolite samples are larger than that of the
pristine Y-P zeolite, indicating the formation of mesopores after
leaching process. For Y-A sample obtained by single acid leaching,
its hysteresis loop enlarges slightly compared with the pristine
zeolite Y-P. It is interesting that the scope of the hysteresis loop



Table 1
Summary of the textural properties of different samples.

Sample S (m2/g)a V (cm3/g) Si/Al ratiog %Crysth

Total Microb Mesoc Totald Microe Mesof

Y-P 589 528 61 0.38 0.28 0.10 3.04 100.0
Y-A 628 557 71 0.45 0.31 0.15 4.92 75.9
Y-B 643 564 79 0.43 0.30 0.13 2.84 82.8
Y-AB0.25 638 563 75 0.46 0.28 0.18 4.72 65.5
Y-AB1 619 541 78 0.48 0.28 0.20 4.69 63.4
Y-AB4 615 530 85 0.52 0.28 0.24 4.32 58.1
Y-AB6 607 509 98 0.57 0.28 0.29 4.05 48.3

a BET surface area.
b Microporous surface area evaluated by the t-plot method.
c Mesoporous surface area evaluated by the t-plot method.
d Total pore volume calculated by single point method at P/P0 = 0.99.
e Micropore volume evaluated by the t-plot method.
f Mesopore volume calculated as VMeso = VTotal � VMicro.
g Si/Al mole ration determined by EDX analysis.
h The relative crystallinity value (%Cryst) calculated by XRD.

0.0 0.2 0.4 0.6 0.8 1.0

V
ol

um
e 

ad
so

rp
tio

n 
/ c

m
3 g-1

P/P0

 Y-P
 Y-A
 Y-B

 Y-AB0.25
 Y-AB1     
 Y-AB4
 Y-AB6

10
0

Fig. 3. N2 sorption isotherms of varied zeolite samples.

0.5 1.0 1.5 2.0

dV
/D

lo
g(

D
) /

 c
m

3 g-1
nm

-1

Pore diameter / nm

g

f
e

d

c
b
a

1.
0

102

g
f
e
d

c

b

Pore diameter / nm
50

a

dV
/D

lo
g(

D
) /

 c
m

3 g-1
nm

-1

0.
01

Fig. 4. Pore size distribution of the pristine zeolite (a) Y-P, single acid or base
leaching (b) Y-A and (c) Y-B, and hierarchical zeolite (d) Y-AB0.25, (e) Y-AB1, (f) Y-
AB4, (g) Y-AB6 (microporous region determined by HK method and mesoporous
region determined by BJH method).

C. Xing et al. / Fuel 148 (2015) 48–57 51
enlarges obviously for the single base leaching-treated sample of
Y-B. For the Y-ABx series samples prepared by the combination
of acid leaching and base leaching, their hysteresis loop scopes
enlarge gradually with increasing the base leaching time from
0.25 to 6 h, suggesting the pore sizes enlarge gradually by increas-
ing the base leaching time.

The pore size distribution of the Y-P, Y-A, Y-B and hierarchical
zeolite Y-ABx are displayed in Fig. 4. The pristine zeolite Y has a
bimodal pore distribution around 0.56 and 0.71 nm in microporous
region. For the sample of Y-A prepared by single acid leaching, the
peak intensity of its micropore at 0.56 nm is lower than that of Y-P,
while the intensity of the peak at 0.71 nm enhances significantly.
For the single base leaching treated sample, the obtained Y-B
shows slight increase both at 0.56 nm and 0.71 nm in comparison
with the Y-P. By using the combination method that consists of the
precedent acid leaching and the followed base leaching on the Y-P,
the Y-ABx zeolite samples were prepared. These samples also exhi-
bit a bimodal pore distribution, but the larger micropore at
0.71 nm shifts negatively to smaller pore size of 0.69 nm. Different
from Y-P or Y-B, the peak intensity of 0.56 nm pore becomes larger
than that of 0.69 nm pore. The pore distribution of different sam-
ples in mesoporous region is also given in Fig. 4. According to the
analysis results, two pore sizes in mesoporous region are found
in all of the samples. For the pristine Y-P zeolite, two types of mes-
opores appear at 3.6 nm and 16.4 nm respectively. After single acid
leaching, the Y-A sample shows higher intensity at the peak of
3.6 nm and larger pores around 25 nm compared with Y-P. How-
ever, the Y-B sample after single base leaching exhibits different
pores at 3.6 nm and 12.0 nm, and the last pores are slightly smaller
than the counterpart pores of Y-P. For hierarchical zeolite Y-ABx
(x = 0.25, 1, 4 or 6), all of peaks both on size and intensity enlarge
clearly compared with that of Y-P sample. The intensity of the
peaks increases linearly with increasing the base leaching time.
These results suggest that the hierarchical mesopores on zeolite
Y can be generated effectively by using the combination of the acid
leaching combined with base leaching. Moreover, changing base
leaching time is an effective way to control the micro- and mesop-
ores properties of zeolite, forming hierarchical zeolite structure.

The BET surface area, pore volume, Si/Al ratio and relative crys-
tallinity of the pristine zeolite Y-P, Y-A, Y-B and hierarchical zeolite
Y-ABx (x = 0.25, 1, 4 or 6) are listed in Table 1. The mesopore sur-
face area and mesopore volume of the Y-P catalyst are 61 m2/g
and 0.10 m3/g respectively, indicating the existence of few mesop-
ores possibly derived from the intergranular holes of zeolite. In
comparison with pristine Y-P, the BET surface area and total pore
volume of Y-A (acid leaching) and Y-B (base leaching) increase
obviously. By employing base leaching on the Y-A sample for cer-
tain time (0.25, 1, 4 or 6 h), the mesopore surface area and meso-
pore volume of the obtained Y-ABx samples also increase,
suggesting more mesopores were created within the Y-P zeolite
by the sequential acid and base leaching process. Acid leaching
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for preparing Y-A leads to the selective dealumination of zeolite.
Therefore the Si/Al ratio of Y-A increased to 4.92, which is higher
than the Si/Al ratio of 3.04 of the Y-P zeolite as indicated in Table 1.
Reversely, after the base leaching that can result in the selective
desilication of zeolite, the Si/Al ratio of Y-ABx series samples
decreases gradually along with increasing the base leaching time.

The acidic properties of the prepared samples are measured by
NH3-TPD. The NH3-TPD profiles of the Y-P, Y-A, Y-B and Y-ABx are
compared in Fig. 5. The pristine zeolite Y-P exhibits a broad NH3

desorption peak. The peak starts at a lower temperature about
180 �C, which is associated with the weak acid sites and terminal
A
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Table 2
Brønsted acid sites and Lewis acid sites of samples by IR spectra of absorbed pyridine.

Sample Brønsted acid sites/(l mol/g) Le

150 350 15

Y-P 389.4 276.3 16
Y-A 282.3 205.0 10
Y-B 189.3 86.3 17
Y-AB0.25 89.0 8.5 16
Y-AB1 55.9 9.6 16
Y-AB4 62.2 18.2 19
Y-AB6 68.8 20.3 22

a The number of acid sites is a relative value of Brønsted acid sites to Lewis acid sites
silanol groups [44]. The higher temperature peak around 420 �C
is attributed to some strong Brønsted and Lewis acid sites. After
single acid or base leaching on Y-P, the middle acid sites on both
of the prepared Y-A and Y-B zeolite decrease obviously as com-
pared with that of Y-P, but the higher acid sites at 420 �C still exist
without obvious change. For Y-ABx series catalysts, increasing the
base leaching time can clearly decrease the amount of acid sites
including the middle acid sites and strong acid sites above
250 �C. With these Y-ABx zeolite as cobalt supports for FTS reac-
tion, their unique acidic properties together with hierarchical
structure should exert considerable effects on the catalytic activity
and products distribution [45].

The type and concentration of Brønsted acid sites and Lewis
acid sites in the catalyst were determined by Py-IR and illustrated
in Fig. 6. The absorption peaks at about 1540 and 1450 cm�1 corre-
spond to the Brønsted acid sites and Lewis acid sites, respectively,
indicating the coexistence of Brønsted and Lewis acid sites on all
the catalysts [46]. And the bands at 1490 cm�1 are assigned to pyr-
idine adsorption on both Lewis and Brønsted acid sites [47].
According to the bands assignments, both Brønsted and Lewis acid
sites decrease obviously after leaching. It is worth noting that
strong Brønsted acid sites to Lewis acid sites (B/L = 8.96, see
Table 2) of base leaching zeolite Y (Y-B) are stronger than that of
other samples, indicating Brønsted acid sites on Y-B are present
predominantly on the zeolite. In addition, the bands of ABx sam-
ples appear at 1440 cm�1, while the Lewis acid sites shift to
1450 cm�1 with the increase of desorption temperature. The result
indicates that the total lewis acid sites increases after the combina-
tion of acid and base leaching [48].

The acid strength distributions of the Y-P and treated zeolite Y
with the pyridine adsorbed IR spectra at 150 and 350 �C are listed
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wis acid sites/(l mol/g) B/La

0 350 Strong Total

1.7 132.4 2.09 2.41
7.8 61.6 3.33 2.62
6.3 9.6 8.96 1.07
6.4 4.8 1.77 0.53
8.1 6.6 1.46 0.33
5.9 5.8 3.14 0.32
1.0 7.3 2.78 0.31

, estimated by the corresponding calibrated peak area.
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in Table 2. The Y-P sample exhibits the strong strength of Brønsted
acid sites and Lewis acid sites. For the base leaching, especially the
combination of acid and base leaching, the ratio of total B/L
decreases significantly. But the strong B/L obtained from Py-IR at
350 �C enhances obviously for Y-A, Y-B and Y-AB4 samples. It is
well known that zeolite Y as an efficient cracking catalyst is applied
widely in the conversion of crude oil to transportation fuels
because of its strong Brønsted acid sites [49]. The enhanced strong
Brønsted acid sites can make effects on catalytic performance and
products distribution.

The above zeolite samples are used as supports to prepare cobalt
loaded catalysts. The TEM images and particle size distribution of
the Co loaded Y-P and hierarchical zeolite are shown in Fig. 7. A
small number of mesopores are introduced into the pristine zeolite
by acid leaching (Y-A) or base leaching (Y-B). The average diameter
of Co3O4 on the Co/Y-P, Co/Y-A, Co/Y-B and Co/Y-ABx catalysts is
measured by TEM observation. The size of Co3O4 particles is distrib-
uted in the range of 4–19 nm. In addition, a broad particle size
distribution is observed with Co/Y-B catalyst. With increasing the
NaOH leaching time from 0.25 to 6 h on Y-A for the preparation
of hierarchical zeolite Y samples (Y-ABx), the mesoporous channels
increase significantly, which is an important effect on the promot-
ing diffusion behavior of reactants and products in catalytic
process. By sequential dealumination by citric acid and desilication
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by NaOH solution for 4 h on Y-P, mesoporous zeolite supported Co
catalyst (Co/Y-AB4), shows a smallest Co3O4 average particle size
with 10.7 nm, smaller than that of other catalysts. However, when
the NaOH leaching time is increased to 6 h, the zeolite grains col-
lapse slightly, which is in good agreement with the previous report
[50].

The reduction behaviors of the calcined Co/Y-P, Co/Y-A, Co/Y-B
and hierarchical zeolite Y supported Co catalysts (Co/Y-ABx) are
studied using H2-TPR, as shown in Fig. 8. The H2-TPR profiles for
all catalysts exhibit two major reduction peaks with the tempera-
ture in 250–310 �C and 310–500 �C, respectively. The first reduc-
tion peak is ascribed to the reduction of Co3O4 to CoO. The
second reduction peak belongs to the reduction of CoO to Co0

[51,52]. It can be found that the reduction step from Co3O4 to
CoO happens quickly, giving a sharp low-temperature peak, while
the reduction step from CoO to Co0 proceeds slowly to form a
broad profile [53]. Moreover, different from other samples, the
Co/Y-B catalyst exhibits a considerably broad reduction peak above
310 �C, possibly due to its wide Co particle size distribution rang-
ing from 4 to 18 nm (see Fig. 7).

In FTS reaction on these zeolite supported cobalt catalysts, the
syngas diffuses in catalysts and reacts initially on the cobalt active
sites to form primary FTS products. The formed heavy hydrocarbons
50 nm

Co/Y-AB1

Co/Y-AB4

50 nm

Co/Y-AB6

50 nm

Fig. 7 (cont
escape from catalyst slowly and have more chance to contact the
acid sites of zeolite supports, whereby to be converted into light
isoparaffin through hydrocracking and isomerization reactions. As
well known, the hierarchical structure of the catalyst has important
effect on the diffusion behaviors of the reactants and products in
catalytic process, which certainly affects the FTS catalysts activity
and products selectivity [54]. The FTS reaction performed on the
cobalt loaded Y-P, Y-A, Y-B and the hierarchical Y-ABx zeolite cata-
lysts are presented in Table 3. The hierarchical structure of zeolite Y
with different acid type, strength and amount, and their supported
Co catalysts have important effect on the diffusion behaviors of the
reactants and products in catalytic process, which certainly affect
the FTS activity and products selectivity. On zeolite loaded cobalt
catalyst, as bifunctional catalyst system, the primary linear hydro-
carbons formed on the FT active metal may undergo several second-
ary reactions (e.g., the isomerization of the linear hydrocarbons, the
hydrocracking of heavier hydrocarbons, and the oligomerizations of
the light olefin) on the acid sites. CO conversion obtained on the Co/
Y-P catalyst is 50.2%, being accompanied by the formation of some
middle isoparaffin. The Co/Y-A and Co/Y-B catalysts treated either
acid leaching or base leaching zeolite as supports give CO conver-
sion of 66.2% (Co/Y-A) and 69.7% (Co/Y-B), respectively, higher than
that of Co/Y-P catalyst. Meanwhile, the isoparaffin selectivity on
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these two catalysts also enhance clearly in comparison with that of
Co/Y-P. The improved catalyst activity together with isoparaffin
selectivity, here, can be attributed to the well-performed secondary
reactions, including hydrocracking and isomerization of the pri-
mary FTS products, over mesoporous zeolite supports [55]. The
FTS reaction first happens on the Co particles on zeolite supports.
And then the formed heavy hydrocarbons diffuse to the acid sites
of zeolite supports where they are hydrocracked and isomerized
to form light middle isoparaffin. Moreover, the selectivity of
unwanted CH4 on Co/Y-A and Co/Y-B catalyst is only 10.8% and
11.9%, respectively, which is considerably lower than of Co/Y-P
with 21.9%. This result can be explained by the known relationship
between FTS and catalyst support. The Co/Y-P with more micropo-
rous cavities, favors the formation of CH4 in FTS reaction. And rever-
sely, the mesoporous pores of Y-A and Y-B can depress CH4

selectivity [56]. Wang et al. concluded that the weaker Lewis acid
sites of HZSM-5 were beneficial to the selective production of
C5–11 hydrocarbons during the hydrocracking of primary FTS prod-
ucts [26]. However, different from reported HZSM-5, zeolite Y as an
efficient hydrocracking and isomerization catalyst is attributed to
the presence of strong Brønsted acid sites in the zeolite [57].
According to Table 2, the strong B/L ratio of Y-A is 3.33. It supported
Co catalyst (Co/Y-A) exhibits a higher isoparaffin selectivity of
50.9% higher than that of Y-P. The Y-B gives the highest strong B/
L ratio, but it shows a lower isoparaffin selectivity than Y-A. The
result is possibly due to occur the overcracking of primary FTS
hydrocarbons on the surface of Y-B with strong Brønsted acid sites.

The CO conversion and hydrocarbons selectivity of FTS reaction
performed on the cobalt loaded hierarchical zeolite Y-ABx catalysts
Table 3
Catalytic performance of the pristine and hierarchical zeolite Y supported cobalt catalysts

Catalyst Conv./% Sel./%

CO CO2 CH4 C2–4 C

Co/Y-P 50.2 1.1 21.9 13.6 5
Co/Y-A 66.2 1.5 10.8 13.9 6
Co/Y-B 69.7 2.9 11.9 13.6 6
Co/Y-AB0.25 66.3 1.9 14.7 10.7 6
Co/Y-AB1 75.7 3.5 11.4 10.2 6
Co/Y-AB4 75.9 1.8 8.4 7.7 7
Co/Y-AB6 66.5 2.0 14.5 12.8 6

a Reaction conditions: catalyst 0.5 g; temperature 260 �C; pressure 1.0 MPa; H2/CO2;
b Ciso/Cn is the ratio of isoparaffin to paraffin of C4+.
are also compared in Table 3. The CO conversion on the Co/Y-ABx
catalysts increases gradually with the increase of base leaching
time from 0.25 to 4 h, but the methane selectivity decreases
slightly, indicating that more mesopores of zeolite supports facili-
tate the diffusion of syngas and products, simultaneously sup-
pressing the formation of methane. The CO2 selectivity obtained
by these Co/Y-ABx series catalysts is stable, indicating a very low
water–gas shift reaction activity under the reaction conditions.
However, for Co/Y-AB6 catalyst prepared by longer base leaching
time of 6 h, CO conversion decreases suddenly, which is attributed
to the partial collapse of zeolite structure during excessive base
leaching time, leading lower crystallinity (48.3%). The results indi-
cate that a volcano-like trend of CO conversion and product distri-
bution is obtained for the hierarchical zeolite supported Co
catalysts system.

Hierarchical zeolite Y with different pore structure, as catalyst
supports, can lead to the varied Co-based FTS catalyst, ultimately
tuning the FTS products distribution as we desire. To our studied
samples as given in Table 3, it is clear that the light hydrocarbons
of C2–4 on the Co/Y-ABx series catalysts are lower than those of Co/
Y-P, Co/Y-A and Co/Y-B catalysts. Strengthening the hierarchical
structure of the zeolite with the combined acid and based leaching
method (see Fig. 4) possibly weakens the effect of the zeolite Y
micropores, finally suppressing the formation of light hydrocar-
bons in FTS reaction. On the other hand, due to the increase of mes-
opores on the zeolite supports, the selectivity of C5–11 and C12+

obtained on Co/Y-ABx catalysts increases clearly compared with
that of Co/Y-P. These results suggest that the increased pore size
of mesoporous zeolite Y support leads to the formation of hydro-
carbons toward those with higher carbon number, being in agree-
ment with Khodakov’s report [58].

In FTS reaction, zeolite Y acts not only as a support but also an
excellent hydrocracking and isomerization catalyst owing to its acid
sites, special pores, cavities and regular channels. Reaction results in
Table 3 show that isoparaffin can be directly synthesized via FTS
reaction using the Co/Y-A, Co/Y-B and Co/Y-ABx catalysts. The iso-
paraffin selectivity enhances obviously with increasing the base
leaching time on acid treated zeolite support (Y-ABx). The Co/Y-
AB4 exhibits the highest isoparaffin selectivity of 52.3% among the
tested catalysts because of high strong B/L ratio (3.14) and hierarchi-
cal structure as well. As compared with Y-AB4, both Y-A and Y-B
have a higher strong B/L ratio, but the surface and volume of mesop-
ores are lower than that of Y-AB4. The results indicate that the strong
B/L ratio and textural property are effective for improved FTS activity
and isoparaffin selectivity. The product distribution of FTS reaction
over Co/Y-P, Co/Y-A, Co/Y-B and Co/Y-ABx series catalysts is pre-
sented in Fig. 9. Generally, FTS products are normal aliphatic hydro-
carbons with few olefin and isoparaffin. However, using the Co/Y-
ABx catalysts with varied hierarchical zeolite Y as the supports,
.a

5–11 C12+ Cn C= Ciso Ciso/Cn
b

9.2 5.3 51.7 18.6 29.8 1.40
9.4 3.4 41.9 7.3 50.9 1.97
5.2 9.3 46.4 10.1 43.5 1.47
7.6 7.0 46.0 18.1 35.9 1.46
7.0 11.4 39.1 18.2 42.6 1.89
1.8 12.1 29.5 18.3 52.3 3.06
5.0 7.7 46.2 13.9 39.9 1.58

WCatalyst/FSyngas 10 g h/mol.



Fig. 9. Product distribution of FTS reaction performance on the Co/Y-P, Co/Y-A, Co/Y-B and Co/Y-ABx catalysts.
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the product selectivity, especially isoparaffin selectivity, can be fac-
ilely tuned with the restrained formation of light hydrocarbons of
C1–4 simultaneously.

4. Conclusions

Hierarchical zeolite Y with intra-crystalline mesopores was
obtained facilely by a sequential acid and base leaching method.
By increasing the base leaching time from 0.25 to 6 h on the
acid-leached Y-A zeolite, the obtained Y-ABx (x = 0.25, 1, 4 and 6)
samples exhibited high mesopore surface area and volume as com-
pared with the pristine zeolite Y. With the obtained hierarchical
zeolite Y as supports, we prepared a series of cobalt loaded cata-
lysts for FTS reaction to investigate the effect of supports hierarchi-
cal structure on tuning FTS products distribution. The CO
conversion and C5+ selectivity of the hierarchical zeolite Y sup-
ported Co catalysts were much higher than that of untreated zeo-
lite support cobalt catalyst (Co/Y-P). Especially on Co/Y-AB4
catalyst, due to the optimized hydrocracking and isomerization
function afforded by the hierarchical zeolite structure and high
B/L ratio, isoparaffin with the highest selectivity of 52.3% became
the main FTS products instead of the general FTS products of nor-
mal paraffin. Facilely tuning the FTS product distribution, espe-
cially the content of isoparaffin, could be realized using the
hierarchical zeolite Y supported cobalt as catalysts. The presented
hierarchical zeolite Y preparation method and its application for
tuning the FTS product distribution reported here will further
inspire the development of zeolite-based catalyst for FTS reaction
to synthesize directly the desired hydrocarbons more efficiently.
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