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The cobalt-imbedded zeolite catalysts in which Co3O4 particles were compatibly imbedded

or confined into the zeolite crystals were prepared with the conventional Co/SiO2 catalyst

as the precursor and the silica source by a hydrothermal synthesis method. The effect of

hydrothermal condition on the catalyst properties and the catalytic performance for the

direct synthesis of gasoline-range hydrocarbons was comparatively investigated in this

work. And the formation mechanism for the synthesis of this kind of catalyst was pro-

posed. The coincidence of the rate of the silica dissolving process and the zeolite crystal-

lization process was proved to be the key to the rational design of this imbedment-

structured catalyst. Compared with the conventional Co/SiO2 catalyst and the zeolite-

supported catalyst, the optimized cobalt-imbedded zeolite catalysts present significantly

higher gasoline selectivity and produce more iso-paraffins, which can be reasonably

attributed to the confined reaction environment, the high diffusion efficiency, the proper

reduction behavior, and the suitable acidic properties.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

FischereTropsch Synthesis (FTS) has attracted considerable

attention as an alternative route for obtaining clean fuel and

valuable chemicals via conversion of syngas (a mixture of CO

and H2) derived from abundant and renewable sources since

the pioneering work of Franz Fischer and Hans Tropsch [1e5].

The resurgence of interest in FTS has been primarily moti-

vated by the problems of utilization of stranded gas, diversi-

fication of sources of fossil fuels, and environmental concerns

[1]. Comparing with the fuels derived from petroleum or crude
4.
(J.-F. Chen).
d Chemical Engineering,
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oil, gasoline or diesel from FTS generally behaves with sulfur-

free, aromatic-free and nitrogen-free properties [2]. Despite all

the advantages, with respect to the production of synthetic

gasoline, the FTS processmainly suffers from two constraints.

On one hand, originating from the polymeric nature of the

reaction, the carbon number distribution of the products

(from methane to long-chain hydrocarbons) obeys the

Anderson-Schulz-Flory (ASF) distribution, characterized by a

parameter a known as the chain growth probability. There-

fore, the selectivity of gasoline-range hydrocarbons is theo-

retically limited to a maximum value of about 45%. On the

other hand, the dominating n-paraffins in the FTS products
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determine too poor quality of the synthetic gasoline with low

octane number, which means extensive downstream pro-

cedures are required to upgrade the liner hydrocarbons into

high-octane structured components [1,2].

In order to overcome the above two limitations of the FTS

oriented to the synthesis of gasoline, the utilizing of the mul-

tiple functionalities of zeolites in the reaction system is one of

the main focuses to circumvent the selectivity limitation and

quality problem. Recently, tremendous efforts have been

devoted to the preparation of bifunctional catalysts combined

of conventional FTS catalysts with zeolites as co-catalysts,

aiming at directly obtain hydrocarbons with certain carbon

number distribution. The zeolite component in the composite

catalysts can promote the secondary reactions (e.g., hydro-

cracking, isomerization, oligomerization) of the primary

products formed on the FTS catalysts in the production of high-

octane branched and aromatic hydrocarbons, resulting in

enhanced gasoline selectivity with non-ASF distributions.

Some researchers have attempted to prepare catalysts with

FTS active metal supported on an acidic zeolite, generally by

the procedures of impregnation, drying and calcination [6,7].

Although the preparation techniques have great practical

simplicity, these catalysts usually exhibited low FTS activity,

extremely bad reduction degree and relatively high methane

selectivity. On the other hand, the hybrid catalysts, physically

mixed by FTS catalysts (e.g., Co/SiO2, fused iron) and zeolites

(e.g., HZSM-5, Hb) have been employed to directly convert

syngas into isoparaffins [8e10]. In this catalyst system, the

heavy products such aswax formed on the FTS catalysts can be

hydrocracked and isomerized to branched hydrocarbons on

the neighboring acidic sites of zeolites. However, the yield of

isomerized products is not high enough. Despite the improved

selectivity of short-chain hydrocarbons, partial long-chain

hydrocarbons can desorb directly and escape without con-

tacting the catalytically acidic sites, which is believed that the

reactions of hydrocracking and isomerization occurring on the

zeolite are random [11].

To further promote the iso-paraffin selectivity, novel

zeolite capsule catalyst with a coreeshell structure has been

developed in our previous reports [12,13]. The capsule catalyst

consisted of a FTS catalyst such as Co/SiO2 as the core and a

layer of zeolite membrane such as HZSM-5 as the shell,

providing spatially confined effects and shape selectivity

properties. During the FTS reaction, syngas firstly passes

through the zeolite to reach the inner core catalyst, and then

all the formed straight-chain hydrocarbons must pass

through the zeolite channels to be converted to iso-paraffins.

As a result of this confined reaction field, the selectivity of iso-

paraffins was improved dramatically, and the formation of

heavy paraffins (C12þ) was completely suppressed [12]. How-

ever, the zeolite membrane is directly coated on the

millimeter-sized SiO2-supported or Al2O3-supported catalyst

in a strong basic condition, resulting in ultimately unsatis-

factory mechanical stability. In addition, the pretreatment of

the precursor catalyst is always time-consuming and

complicated.

Herein, we developed an intriguing cobalt-imbedded

zeolite catalyst, prepared with conventional Co/SiO2 catalyst

as the precursor of the zeolite by a facile hydrothermal

method. With this strategy, the imbedment of cobalt particles
into the zeolite crystal was successfully achieved, as

confirmed by various characterization techniques. This tailor-

made catalyst not only significantly promoted the selectivity

of gasoline-range hydrocarbons, but also exhibited excellent

stability and high catalytic activity for the FTS oriented to the

one-step synthesis of gasoline. In addition, the effect of the

hydrothermal condition of the preparation system was

stressed and elucidated to gain insights into the synthesis

mechanism of this imbedment-structured catalyst. The

coincidence of the rate of the silica dissolving process and the

zeolite crystallization procedure is proved to be the key to the

rational design of this high-performance catalyst.
Experimental section

Catalyst preparation

Preparation of precursor catalyst
The support for the preparation of conventional Co/SiO2

catalyst was commercially available SiO2 (specific surface area

451m2 g�1, pore volume 1.061 cm3 g�1 and average diameter of

pore 6.7 nm). Employing the incipient wet impregnation

method, the aqueous solution containing the required

amount of Co(NO3)2$6H2O was used to yield nominal 20 wt%

cobalt loading. Then the catalyst was vacuuming for 1 h and

dried at 393 K for 12 h. Thereafter, the catalyst precursor was

calcined in air from room temperature to 673 K for 2 h, with a

ramping rate of 2 K min�1.

Preparation of cobalt-imbedded zeolite catalysts
For the one-step preparation of cobalt-imbedded zeolite cat-

alysts with Co/SiO2 as the precursor, hydrothermal synthesis

was employed. Tetrapropylammonium hydroxide (TPAOH)

was selected as the structure-directing agent. For the crys-

tallization of the zeolite, the Si source originated from the

gradually dissolved silica from Co/SiO2 during the synthesis

process, while Al(NO3)3$9H2O served as the Al source. The

synthesis recipewas based on themolar ratio of 0.3 TPAOH: 10

EtOH: 0.025 Al(NO3)3: 1.0 SiO2: 32H2O. The nominal molar ratio

of Si/Al in this study was 40. It should be noted that in this

work NH3$H2O (ammonia aqueous solution) was selected as

the alkali source to enforce and control the silica dissolving

process in the crystallization and growth of the zeolite [14,15].

Al(NO3)3$9H2O was firstly dissolved with deionized water

and high-purity ethanol under continuous stirring in a

stainless steel autoclave with a Teflon inner tank. After that,

the precursor catalyst powder and the template TPAOH were

added into the solution. Subsequently, the reaction mixture

was sealed in the Teflon container with vigorous stirring for

6 h at room temperature. Afterwards, different volume of

NH3$H2O was added into the mixture and stirred continu-

ously for another 15 min. Finally, the hydrothermal process

was performed at 453 K for a crystallization time of 100 h. The

obtained samples were filtered from the mother liquid and

washed thoroughly with deionized water and ethanol, fol-

lowed by drying at 393 K for 12 h. Calculation in air from

room temperature to 773 K for 5 h with a ramping rate of

2 K min�1 was conducted in order to remove the organic

structure-directing agent that had stored in the zeolite pores.

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
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The obtained catalysts were denoted as CoZ-xN, where x

stands for the dosage of ammonia and represented by the

molar ratio of n(NH3$H2O)/n[Al(NO3)3$9H2O]. The direct syn-

thesis of proton-type HZSM-5 was also performed through

the hydrothermal process as mentioned above, with the

same Al source, structure-directing agent and molar

composition. The only difference was that the silica source

was pure SiO2, and the obtained pure HZSM-5 zeolites were

denoted as Z-xN. It should be noted that prior to each prep-

aration process the inner tanks were carefully washed with

NaOH aqueous solution at 453 K for 4 h to avoid adventitious

zeolite seeding, followed by dilute nitric acid and deionized

water.

Preparation of zeolite-supported cobalt catalyst
Self-made Z-300N powder (molar ratio of Si/Al ¼ 40, molar

ratio of n(NH3$H2O)/n[Al(NO3)3$9H2O] ¼ 300) was utilized as a

support for the preparation of the zeolite-supported catalyst,

denoted as Co/Z. The Co/Z catalyst with nominal 20 wt% co-

balt loading was prepared by impregnating the as-obtained Z-

300N supportwith excessive Co(NO3)2$6H2O aqueous solution.

Afterwards, the suspension was continuously stirring over-

night at room temperature. Before drying and calcination, the

mixture was heated at 333 K to remove the residual water.

Catalyst characterization

An X-ray diffractometer (Rigaku D/max e 2500VB2þ/PC)

equipped with Cu Ka radiation (l ¼ 0.154056 nm) was

employed to record the powder X-ray diffraction (XRD) pat-

terns within the 2q range of 5e90�. The X-ray tube was oper-

ated at 40 kV and at 200 mA. The supported crystalline size of

cobalt oxide of the catalysts was evaluated with the help of

Scherrer equation by using the full-width at half maximum

(FWHM) of the diffraction peak of Co3O4 crystallites at 2q of

59.3� instead of the commonly used 36.9� to avoid the distur-

bance of the diffraction peaks of HZSM-5. The crystal size of

the metallic cobalt of the reduced catalysts was calculated

with the help of the equation of d (Co0)¼ 0.75·d (Co3O4). And the

crystallinity of the zeolite-involved samples was determined

by the calculation as following: (peak area between

2q ¼ 22e25� of the sample/peak area between 2q ¼ 22e25� of

the reference) � 100%. The zeolite with the maximum peak

area between 2q ¼ 22e25� was selected as a reference and

defined as a crystallinity of 100%.

The Fourier-transform infrared (FT-IR) spectra of the

samples were obtained with a Nicolet Model 205 spectrom-

eter. The sample was mixed with KBr and the mixture was

then pressed into thin wafers.

The elemental compositions of the various catalysts were

determined by X-ray fluorescence (XRF) on a XRF-1800

spectrometer.

The morphology of the samples was investigated with a

field-emission scanning electronmicroscope (SEM) (Hitachi S-

4700), combined with an energy-diffusive X-ray spectroscopy

attachment (EDAX, Genesis 60), which can simultaneously

provide the elemental composition analysis. EDS mapping

was performed on a scanning electron microscope (JEOL JSM-

7800F) equipped with an attachment (OXFORD X-Max, Oxford

Instruments, Oxford, UK). The samples used for this analysis
were first deposited on a holder with an adhesive carbon tape

and then coated by a platinum layer on the surface.

Transmission electron microscopy (TEM) images were ob-

tained on a JEOL JEM-3010 microscope. The samples were

prepared in an ultrasonic bath with ethanol as the dispersing

agent. Then a drop of the suspension was deposited on a

copper grid covered with a carbon perforated film and the

solvent was allowed to evaporate. The size distribution of

Co3O4 nanoparticles was measured from the statistical TEM

data over 150 selected particles via several high magnification

images.

The high-angle annular dark-field scanning-transmission

electron microscopy (HAADF-STEM) image was obtained on a

Tecnai G2 F20 S-Twin high-resolution TEM. The sample

preparation was similar with the TEM analysis.
27Al solid-state nuclear magnetic resonance (27Al NMR)

spectra of the calcined catalysts packed in a ZrO2 NMR rotor

were recorded undermagic angle spinning (MAS) in a 300MHz

solid-state Bruker AV300 spectrometer (B0 ¼ 7.05 T). The MAS-

NMR spectra were obtained with a frequency of 78.2 MHz, a

spinning rate of 8.0 kHz, and a recycling delay of 0.5s.

The acidic properties of the FTS catalysts were measured

by the temperature-programmed desorption of ammonia

(NH3-TPD). Before the analysis, about 0.1 g of the calcined

samples were loaded in a quartz micro-reactor and then

pretreated with a He flow at 473 K for 1 h. After cooling to

373 K, ammonia was introduced into the reactor and the

adsorption process was performed at 373 K for 1 h. Prior to the

desorption process, the samples were purged with He again to

remove the gaseous and physically adsorbed NH3 at 373 K for

30 min. The TPD experiments were then carried out under a

He flow rate of 50 mL/min from 373 K to 923 K at a ramping

rate of 10 K min�1. The effluent was detected by on-line gas

chromatograph with a thermal conductivity detector.

The hydrogen temperature programmed reduction (H2-

TPR) experiments were conducted in a quartz-made micro-

reactor using 0.1 g calcined catalysts. The samples were

reduced with a mixture of 10% H2/Ar (vol.) in a flow rate of

30mLmin�1. The temperaturewas raised from 323 K to 1173 K

with a linear heating rate of 10 Kmin�1. After passing through

a 5A molecular sieve trap to remove the generated water

during the reduction, the effluent gas was detected by a

thermal conductivity detector.

Catalytic reaction

The FTS reactions were carried out in a continuous-flow-type

fixed-bed reactor. The catalysts were first pressurized and

sieved to the desired grains of 20e40 mesh. The catalysts

diluted with quartz sands were loaded in the center of the

stainless steel reactor and reduced in situ at atmospheric

pressure in the flow of pure H2 (80 mLmin�1) at 673 K for 10 h,

and then cooled down to about 373 K before switching to

syngas. The temperature and pressure of the FTS reaction

were 533 K and 1.0 MPa, respectively. Themolar ratio of H2/CO

was 2 and Wcatalyst/Fsyngas was 5 g h mol�1. All the transfer

lines between the outlet of the reactor and the inlet of the gas

chromatography were heated at about 473 K to prevent the

possible condensation of heavy compounds. The effluent gas

released from the reactor during the reaction process was

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
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analyzed by online gas chromatography (Shimadzu, GC-

2014C). The concentration of CO and CO2 in the effluent

were analyzed with a thermal conductivity detector (TCD)

equipped with an active charcoal column. The product was

also analyzed by a flame ionization detector (FID) for gaseous

hydrocarbons (Porapak Q, online) and for liquid hydrocarbons

(SE-30, uniport), respectively. In addition, the condensate hy-

drocarbons collected in an ice trapwere analyzedwith the GC-

FID equipped with a capillary column (J&W Scientific GS-

Alumina, i.d. 0.53 mm, length ¼ 30 m) for separating the iso-

and n-paraffins. All the analysis resultsmentioned abovewere

summed up to obtain the composition of the corresponding

hydrocarbons. The selectivity and the CO conversion were

calculated using the reaction data at 30 h. The product selec-

tivity in the reaction systemwas calculated in terms of carbon

mol percentage (c-mol %). Argon was selected as an internal

standard, with a concentration of 5% in the feed gas.

The conversion percentage of CO was calculated as the

following:

CO conversion ð%Þ ¼

�
CO
Ar

�
in

�
�

CO
Ar

�
out�

CO
Ar

�
in

� 100%

The selectivity of hydrocarbon component ðCiÞ was

demonstrated as the following:

Selectivity of ð%Þ ¼ molar number of CiP
Ci

� 100%

Results and discussion

Phase, texture and morphologies

Fig. 1 shows the XRD patterns of the impregnated catalyst Co/

SiO2, the zeolite-supported catalyst Co/Z and the series cobalt-

imbedded zeolite catalysts CoZ-xN. All peaks displaying a flat

baseline can be indexed to the crystalline Co3O4 spinel phase
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Fig. 1 e XRD patterns of the samples: (a) Co/Z, (b) CoZ-500N,

(c) CoZ-400N, (d) CoZ-300N, (e) CoZ-200N, (f) CoZ-100N, (g)

CoZ-50N, (h) CoZ-15N, (i) CoZ-0N and (j) Co/SiO2.
and MFI-type HZSM-5, with no other crystalline phases

observed, thereby confirming the high purity of the materials.

The relative zeolite crystallinity of the catalysts as listed in

Table 1 and presented in Fig. S1 is significantly dependent on

the ammonia content, i.e. basicity of the hydrothermal sys-

tem. As shown in Fig. S1, the crystallinity of the HZSM-5

zeolite is progressively increased from CoZ-0N to CoZ-200N

and achieves the highest value in the CoZ-300N catalyst. As

shown in Fig. 1, the wide diffraction peak of amorphous silica

centered at about 20� for CoZ-xN catalysts gradually weakens

and finally disappears. This indicates that with increasing the

basicity, the vast majority of Si in the precursor Co/SiO2 was

dissolved to act as Si source and was finally transformed into

the framework of HZSM-5. It seems that the larger the amount

of ammonia addition, the more prone to obtain highly crys-

tallized HZSM-5 catalysts. However, this is not true since the

zeolite crystallinity is gradually decreased from CoZ-300N to

CoZ-500N. Therefore, excessive ammonia addition or too high

basicity cannot facilitate the improvement of the zeolite

crystallinity, but instead can hinder the zeolite nucleation

process [16]. In fact, after the hydrothermal reaction, almost

no silica species were detectable in the resulting solution

collected from the autoclave except for CoZ-400N and CoZ-

500N catalysts, implying that some silica species were not

converted into the zeolite and finally leached out from the

mixture in these two catalysts. It should be noted that the

cobalt content in the final catalyst should be close to that of

the Co/SiO2 precursor, i.e. 20 wt%, considering the very small

amount of aluminum added to the synthetic solution. This is

verified by the cobalt content of the CoZ-xN catalysts (x ¼ 0,

15, 50, 100, 200, 300), as determined by XRF analysis (Table 1),

which is consistent with the theoretical value. However, in the

case of CoZ-400N and CoZ-500N catalysts, the cobalt content

is 22.1 wt% and 23.4 wt%, respectively, apparently higher than

20 wt%. This observation strongly supports our explanation

on the silica loss and weight reduction of these two catalysts.

The variation in the zeolite crystallinity can also be re-

flected in the FT-IR spectra of the pure HZSM-5 samples, as

shown in Fig. S2, where the band at about 548 cm�1 assigned

to the asymmetric stretching vibration of SiO4 tetrahedra de-

termines the materials are of MFI type [17]. For the Z-0N

sample, almost no peak at 548 cm�1 can be distinguished,

indicating its very low zeolite crystallinity. Furthermore, the

intensity ratio of the band 548 cm�1 to 450 cm�1 (I548/I450) can

be utilized to assess the named IR crystallinity of the samples

[18]. The maximum I548/I450 value (0.75) is obtained on the Z-

300N catalyst, suggesting the high ordering of the HZSM-5

material, considering that the optical density ratio of pure

pentasil is 0.8 [18].

The estimated crystallite sizes of Co3O4 in the catalysts

were also calculated from the XRD line broadening with the

Scherrer equation and exhibited in Table 1. Irrespective of the

different hydrothermal conditions, the average crystal sizes of

Co3O4 and metallic cobalt of the CoZ-xN catalysts are just

slightly varied in a narrow range and close to those of the Co/

SiO2 catalyst, indicating that the size and distribution of Co3O4

particles in the precursor tend to be retained after the hy-

drothermal treatment and calcination process. In the case of

the impregnated Co/Z catalyst with the self-made HZSM-5 as

a support (Fig. 1a), however, the diffraction peaks of Co3O4

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
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Table 1 e Properties of the catalysts.

Catalyst Co3O4 particle size/nm HZSM-5 crystallinity/% XRF Co particle
size/nmd

Ia IIb Co content/%c Si/Al ratioc

Co/SiO2 13.7 12.8 e 20.5 e 10.3

CoZ-0N 13.8 12.4 2.1 20.0 41.7 10.4

CoZ-15N 13.8 11.8 9.3 20.6 40.8 10.4

CoZ-50N 13.1 12.1 15.8 20.5 38.5 9.8

CoZ-100N 13.8 11.0 47.1 20.8 38.9 10.4

CoZ-200N 13.2 11.4 74.4 20.6 37.2 9.9

CoZ-300N 13.0 12.1 90.6 20.9 36.8 9.8

CoZ-400N 13.1 12.5 69.9 22.1 38.7 9.8

CoZ-500N 13.6 12.5 62.9 23.4 39.3 10.2

Co/Z 7.8 5.1 100 20.2 37.0 5.9

a Calculated by XRD pattern.
b Evaluated from TEM image.
c Calculated from XRF data.
d Measured by the equation d (Co0) ¼ 0.75·d (Co3O4) and the Co3O4 particle size calculated by XRD pattern.
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were found to be apparently broadened, implying a consid-

erably smaller Co3O4 particle size.

Fig. 2 shows the typical SEM images of the CoZ-xN cata-

lysts. HZSM-5 zeolite with classical morphology of hexagonal-

prism shaped crystals, with the longest crystal dimension

along the c-axis, can be observed from all the samples. Only

slight differences in the size and shape of individual zeolite

crystallites can be distinguished. Nevertheless, some amor-

phous silica species still exist in the CoZ-15N and Co-100N

catalysts, indicating a relatively low crystallinity, which is

consistent with the XRD results (Fig. 1 and Table 1). For the

CoZ-300N catalyst, it is consisted of regular HZSM-5 crystals,

with almost no other morphologies observable, demon-

strating good uniformity and high crystallinity. However,

further increase of the ammonia quantity of the hydrothermal

process will not be beneficial to the powder morphology, as

represented in the CoZ-500N catalyst, where the zeolite

crystals become somewhat irregular and fragile.

The typical TEM images of the various catalysts are

exhibited in Fig. 3. It can be clearly observed that distinguish-

able Co3O4 clusters or aggregates are suitably imbedded or

confined into the HZSM-5 crystals and are homogeneously

distributed with a good degree of dispersion (Fig. 3cee). Based

on the particle size distributions obtained from the TEM im-

ages with highmagnifications, the average Co3O4 particle sizes

of the series CoZ-xN catalysts were calculated, and all the

values are in the range of 11.0e13.0 nm (Table 1), similar to that

of the precursor Co/SiO2 catalyst and slightly lower than the

XRD calculation results. These results indicate that the Co3O4

particles in the precursor were preserved with minor changes

and prevented from apparent aggregating or migration during

the hydrothermal preparation and calcination process, which

further demonstrates that the cobalt-imbedded structure is

well organized and very stubborn since the Co3O4 particles

were compatibly imbedded into the zeolite crystals. This

finding can be further corroborated by the representative

HAADF-STEM image of the CoZ-300N catalyst (Fig. 3c inset).

Comparedwith the CoZ-xN catalysts, the Co/Z catalyst present

more dispersed Co3O4 particles (Fig. 3b), with an average par-

ticle size of 5.1 nm, which is the smallest among all the cata-

lysts and in accordance with the XRD analysis.
Acid properties of the catalysts

Since aluminum is the origin of the Br€onsted acidity of

aluminosilicate molecular sieves, its quantity, location and

coordination state are of much interest, and should be

comprehensively investigated. The bulk molar ratios of Si/Al

for the various CoZ-xN catalysts were determined by the XRF

analysis (Table 1). It is interesting to find that all the bulk Si/Al

ratios are in the range of 36e42, which are very similar with

the nominal value of the primary synthetic solution, in spite of

the different hydrothermal details. Therefore, it is rationally

concluded that almost all of the aluminum species were

brought into the catalysts via the hydrothermal treatment,

regardless of the relative amount of aluminosilicate zeolites

and amorphous silica in the final catalysts. This means that in

the catalysts with low zeolite crystallinity such as CoZ-0N,

aluminum species also exist on the undissolved amorphous

silica.

Although the aluminum source is effectively utilized in

the series CoZ-xN catalysts, the state of aluminum in the

catalysts is not distinguished. To investigate the difference of

the surroundings of aluminum in the catalysts, solid-state
27Al MAS NMR studies were carried out, with the spectra

presented in Fig. 4. The strong signals with the maximum

chemical shifts of about 54 ppm are typically attributed to the

tetrahedrally coordinated framework Al (FAL) atoms located

in the zeolite matrix [19]. For CoZ-0N, CoZ-15N and CoZ-50N

catalysts, apparent octahedrally coordinated Al atoms char-

acterized by resonances at about 0 ppm were detected, indi-

cating that extra-framework aluminum (EFAL) species were

formed [19]. And some amorphous Al (AAL) appears in the

poorly crystallized CoZ-xN samples such as CoZ-0N, as

confirmed by the protruded baseline, implying that

aluminum was not only converted into the zeolite crystal but

also dispersed on the undissolved silica [20], just as stated

above. This is also clearly supported by the EDS analysis that

aluminum was detected in the undissolved amorphous ma-

terial of the CoZ-15N catalyst (Fig. 1h). Moreover, the broad-

ening of the FAL peak in these samples can be attributed to

the decreased symmetry of some aluminum sites [21]. Such

finding is not surprising since it is difficult to synthesize

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
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Fig. 2 e SEM images of the catalysts: (a) CoZ-15N, (b) CoZ-100N, (c) CoZ-300N and (d) CoZ-500N catalysts. EDS spectrum (e)

and elemental mapping (f) of an individual zeolite crystallite in the CoZ-300N catalyst.
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HZSM-5 with very high Al content, thus incorporation of all

aluminum into the zeolite crystals of the catalysts with low

zeolite crystallinity is unpractical. The absence of EFAL and

AAL species in the highly crystallized CoZ-200N to CoZ-500N

catalysts suggests that the vast majority of the Al species

have been effectively converted into the HZSM-5 framework.

Selected EDS analysis of the representative zeolite crystal in

the CoZ-300N catalyst is displayed in Fig. 2e, and the calcu-

lated molar Si/Al ratio is 38.0, which is in line with the

nominal value (40) and close to the XRF result (36.8). More-

over, the EDS elemental mapping performed on an individual

zeolite crystal reveals the homogeneous element distribution

of cobalt, silicon and aluminum in the CoZ-300N catalyst. It is

rationally expected that the quantity, location, and coordi-

nation state of aluminum should have a great influence on

the acidic property of the catalysts, which were further

investigated with the help of the NH3-TPD technique.
Fig. 5 shows the NH3-TPD results. As indicated from the

profiles, all the samples display two main desorption peaks

except for Co/SiO2, which shows trace amount of acidic sites.

The low temperature (LT) peak centered at about 500 K and the

high temperature (HT) peak centered at about 760 K are

assigned to the weak acidic sites and strong acidic sites,

respectively [22]. Among all the CoZ-xN catalysts, CoZ-300N

shows the highest HT peak, corresponding to the presence

of the largest quantity of acidic sites while CoZ-0N catalyst

gives the lowest one. This result is easy to understand when

the zeolite crystallinity and the aluminum properties of the

CoZ-xN catalysts are considered, as fully discussed above. It is

well known that the Br€onsted acidity of the aluminosilicate

zeolite stems from the presence of accessible hydroxyl groups

associated with FAL atoms (“structural hydroxyls”) [23]. EFAL

species, however, are generally considered to be associated

with the amount of acidic sites that are hardly active in the

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
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Fig. 3 e TEM images of the catalysts: (a) Co/SiO2, (b) Co/Z, (c) CoZ-300N, (d) CoZ-200N and (e) CoZ-500N catalysts. The insert in

(c) is the selected HAADF-STEM image.
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cracking and isomerization of heavy hydrocarbons [24].

Therefore, the CoZ-300N catalyst with the best zeolite crys-

tallinity and fine framework aluminum atoms should possess

the most acidic sites, while the contrary result is observed for

the poorly crystallized CoZ-0N catalyst in which EFAL and
amorphous aluminum have been proved to exist. For the CoZ-

500N catalyst, the decreased acidity should be attributed to

the deteriorative effects of excess ammonia as discussed

above. In the case of the Co/Z catalyst with the self-made

acidic HZSM-5 powder as the support, more acidic sites can

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
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Fig. 4 e 27Al NMR spectra of the catalysts: (a) CoZ-0N, (b)

CoZ-15N, (c) CoZ-50N, (d) CoZ-100N, (e) CoZ-200N, (f) CoZ-

300N, (g) CoZ-400N and (h) CoZ-500N. (▫) tetrahedral

aluminum, (B) octahedral aluminum.
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Fig. 5 e NH3-TPD profiles of the calcined catalysts: (a) Co/

SiO2, (b) CoZ-15N, (c) CoZ-100N, (d) CoZ-200N, (e) CoZ-300N,

(f) CoZ-500N and (g) Co/Z catalysts.
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be obtained as the intensity of the two desorption peaks is

observed to be apparently larger than that of the CoZ-300N

catalyst, which could be derived from the different prepara-

tion method that involves impregnation, drying and calcina-

tion processes.
Proposed formation mechanism

Theoretically, Oswald's proposed rule of successive trans-

formations states that a metastable silicate phase will suc-

cessively transform to more stable (denser) phases until it

reaches themost stable phase [25]. This concept indicates that

the recrystallization of silica to ZSM-5 is possible in principle

[26]. It's worth noting that the reactants were selected care-

fully in this study to avoid unwanted deactivation of the
obtained catalysts. With this in mind, the frequently used

strong base NaOH should not be utilized, and the related im-

purities should not be present in the raw materials used for

the synthesis. In addition, the conventional tedious method

for synthesizing proton-type zeolite by ion-exchange of Na-

type zeolite should not be applied in our study since even

small amounts of Na can be a poison for FTS process and

deactivate the catalysts [27], although Na was reported to be

able to accelerate the zeolite crystallization process [28].

What's more, compared with the harsh environment of NaOH

and the like, the silicon dissolution by the controlled-released

hydroxyl from theweak inorganic base ammoniumhydroxide

is much milder [29]. This mild silica dissolving process is of

benefits for coinciding with the crystallizing process of the

zeolite. Thus, this further indicates that the addition of

ammonia to the hydrothermal system plays an extremely

important role in the successful synthesis of this kind of co-

balt-imbedded zeolite catalyst. In short, the use of TPAOH and

NH3$H2O without involving any alkali metal cations can be

significantly advantageous in the direct preparation of the

cobalt-imbedded zeolite catalysts. Both NH4
þ and TPAþ cations

can be occluded into the as-prepared catalysts to compensate

the negative charge in the zeolite framework. When the as-

synthesized catalysts were heated to remove the occluded

organic complex of the template, the NH4
þ decomposed as

well, thus the protonic-form of the zeolite could be directly

obtained upon calcinations. We also attempted to synthesize

the catalysts with no template addition of the hydrothermal

preparation, but no zeolite could be obtained.

During the hydrothermal process, the silica from the Co/

SiO2 precursor served as the only silica “nutrition”, dissolving

gradually and further in quantity up to a point where almost

all Si was consumed in the procedure of the zeolite crystalli-

zation, meanwhile the added Al species were incorporated

into the zeolite framework with the template action of the

structure-directing reagent tetrapropylammonium hydroxide

(TPAOH). In this case, the optimum basicity of the reaction

system could be sufficiently regulated to dissolve Co/SiO2 in a

proper rate, and the remaining Co3O4 clusters served as sub-

strates for the nucleation and growth of the zeolite crystals. In

addition, the silica dissolving process should coincidewith the

zeolite crystallization process, so that the hydrogels contain-

ing silicon and aluminum groups could react properly to

construct the zeolite framework. In a word, a “balance” or

“synchronization” between the silica dissolving and the

zeolite crystallization processes is the key to obtain this new-

type cobalt-imbedded zeolite catalyst with high degree of

crystallinity, in which cobalt oxide particles could be appro-

priately imbedded into the zeolite crystals. Therefore, the

CoZ-xN catalysts with different ammonia addition in the

synthetic solution are thoroughly investigated in this work

since basicity is reasonably considered to play an extremely

important role in the catalyst preparation process, as dis-

cussed above. With these findings, we can come to the

following interpretations. If the addition of ammoniawere not

enough, the basicity of the synthesis system would be insuf-

ficient to dissolve the silica species from the Co/SiO2 precur-

sor. With increasing of the ammonia dosage, the basicity is

increased and the kinetics of silica dissolution is accelerated,

which is more and more inclined to coordinate the silica
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Fig. 7 e H2-TPR profiles of the catalysts: (a) Co/SiO2, (b) CoZ-

0N, (c) CoZ-15N, (d) CoZ-50N, (e) CoZ-100N, (f) CoZ-200N, (g)

CoZ-300N, (h) CoZ-400N, (i) CoZ-500N and (j) Co/Z.
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dissolution and zeolite crystallization processes, and finally

highly crystallized cobalt-imbedded zeolite catalyst can be

prepared. However, some other deteriorative effects on the

catalyst structure and zeolite acidity could arise if excessive

ammoniawere added, whichwill be further discussed later. In

aword,with the preparation condition carefully regulated, the

optimal catalyst with delicate cobalt-imbedded structure can

be obtained as designed.

Based on these understandings and above discussions, we

proposed the formation mechanism for the synthesis of the

cobalt-imbedded zeolite catalyst. In the first stage, with

proper and sufficient basicity, the Co/SiO2 precursor is

decomposed into small parts, as exhibited in the typical TEM

image of the CoZ-300N sample treated at 453 K for the hy-

drothermal duration of 18 h (Fig. 6a). In the second stage, these

dissolving silica species reacted with the added aluminum

species to form the aluminosilicate framework with the help

of the template TPAOH, thus the “intermediate” is generated

(Fig. 6b). Finally, in the process of the remaining hydrothermal

duration, the “intermediate” continues to interact with each

other to form highly crystallized cobalt-imbedded zeolite

catalyst as designed.
Reduction behavior of the catalysts

The reduction performance of various catalysts was investi-

gated by the hydrogen temperature-programmed reduction

(H2-TPR), with the profiles presented in Fig. 7. To better
Fig. 6 e TEM images of the samples treated at 453 K for different h

is a magnified image. (c) Schematic illustration of the proposed

imbedded zeolite catalyst.
elucidate the reduction behavior of the samples, we divided

the spectra into three regions. As shown in region I, two peaks

are clearly distinguished, indicating that the reduction of

Co3O4 to metallic Co can be identified as two consecutive

stages with CoO as an intermediate [30]. Compared with all

the zeolite-containing samples, the initiating and peak-

maximum temperatures are the lowest for the Co/SiO2
ydrothermal durations: (a) 18 h and (b) 50 h. The inset in (b)

formation mechanism for the synthesis of the cobalt-

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
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catalyst, revealing its outstanding reducibility, as expected

from the relatively high cobalt content of 20 wt% and theweak

interaction of cobalt nitrate with the silica support. For the

CoZ-xN catalysts, the shape of the reduction profiles in this

region resembled with that of the Co/SiO2 catalyst, which can

be reflected from the similar Co3O4 size (Table 1). Further-

more, in comparison with the Co/SiO2 catalyst, the increase of

the initiating temperatures of the CoZ-xN catalysts can be

rationally explained when the cobalt-imbedded structure and

the diffusion restraint of hydrogen among the microporous

zeolite channels are considered. For the Co/Z catalyst, the

reduction of Co3O4 to CoO is significantly retarded. Moreover,

the second reduction peakwith regard to the reduction of CoO

to Co is quite broad, spanning from 660 K to 900 K, indicating

its lowest reducibility. These observations from the Co/Z

catalyst can be ascribed to the extremely strong interaction of

metal oxides with the HZSM-5 support, considering its

smallest cobalt particle size. Khodakov et al. [31] demon-

strated that smaller cobalt particles have more intensive

interaction with the catalyst support. This strong mutual

interaction and consequent large resistance for reduction,

was also found in the report of Kang et al., with the same

cobalt loading and zeolite [7]. In region II, all the samples

showed a rather weak and broad peak, implying the existence

of hardly reducible components, such as cobalt aluminates or

silicates [32]. Nevertheless, no assignment for these species

could be readily ascertained by the XRD analysis due to their

trace content in the catalyst.

The initiating temperatures of the CoZ-xN catalysts are not

in evident difference or good regularity. However, in region III,

it is interesting to find that another distinguishable peakswith

markedly different intensity centered at about 1050 K appear

for all the CoZ-xN catalysts. It is believed that the appearance

of this additional peak characterizes the imbedment-

structured catalyst, and can be attributed to the complex

irreducible compounds derived from the strong mutual

interaction of cobalt with HZSM-5 since the cobalt particles

are imbedded into the zeolite crystals. The differences origi-

nate from the H2-TPR results further confirm that the novel

cobalt-imbedded catalyst consisting of cobalt component and
Table 2 e Comparison of the catalytic performance of different

Catalyst Conv./% Sel./%b Se

CO CO2 C1 C2eC4 C5e

Co/SiO2 95.7 14.3 22.5 19.6 44

CoZ-0N 84.2 8.34 29.6 21.8 45

CoZ-15N 80.5 6.79 28.1 20.8 49

CoZ-50N 78.6 6.48 26.6 20.0 51

CoZ-100N 76.9 6.02 22.5 15.7 61

CoZ-200N 74.7 3.39 19.0 10.6 69

CoZ-300N 65.4 2.41 22.3 15.2 62

CoZ-400N 72.4 4.30 26.6 19.0 53

CoZ-500N 76.3 5.05 29.3 21.4 48

Co/Z 18.1 9.07 37.0 37.1 25

a Reaction conditions: 1.0 MPa, 533 K, molar ratio of H2/CO ¼ 2.0, W/F ¼
b Analyzed by TCD.
c Chain growth probability.
d The molar ratio of iso-paraffins to n-paraffins in the range of C5eC12.
e The molar ratio of olefins to n-paraffins with C2þ hydrocarbons.
zeolite material was successfully developed in our study, in

accordance with the results of other characterization tools.

Furthermore, as shown in region III, the intensity or area of

the reduction peak increases gradually from CoZ-0N to CoZ-

300N and then decreases, with CoZ-300N catalyst displaying

the highest one, which exhibits the same trend with the

variation of crystallinity. For CoZ-400N and CoZ-500N cata-

lysts, the structure destruction due to the excess ammonia of

the hydrothermal system, as stated above, should make the

hydrogen reduction process easier to proceed than that of the

CoZ-300N catalyst. These observations will be further dis-

cussed later, combined with the various FischereTropsch re-

action results.

Catalytic performances of the FischereTropsch Synthesis

Catalytic activity
The catalytic features of the series CoZ-xN catalysts were

summarized in Table 2. To better elucidate the unique

imbedment structure for the direct synthesis of gasoline-

range hydrocarbons, the precursor Co/SiO2 catalyst and the

supported Co/Z catalyst were tested as well for a comparison

purpose under the same FTS reaction conditions. As shown in

Table 2, the conventional Co/SiO2 catalyst shows a very high

CO conversion of 95.7% as expected, which is very common

under the reaction condition applied in this study. In the case

of the Co/Z catalyst, however, extremely poor catalytic activity

(CO conversion of only 18.1%) was obtained and can be

ascribed to its poor reducibility, whichmeans fewer Co0 active

sites were available during the FischereTropsch process.

What's more, the diffusion barrier or limitation [33], which

is strongly dependent on the structure feature of the catalyst,

can seriously affect the diffusional access of CO and H2 to the

active sites. This means the syngas diffusion process also

plays an important role in determining the FTS activity,

similar to the hydrogen diffusion restriction in the H2-TPR

process as illustrated previously. Indeed, the diffusion effect

can be of paramount significance in the catalytic process.

Example of a quantitative calculation was given that a 1-fold

increase in the diffusion length would lead to about 20-fold
catalysts.a

l./% ac Ciso/Cn
d C¼/Cn

e

C12 C13eC20 C20þ

.8 12.4 0.72 0.82 0.12 0.10

.4 2.95 0.25 0.78 0.31 0.14

.0 2.02 0.07 0.75 0.42 0.23

.5 1.86 0.02 0.74 0.81 0.28

.0 0.77 0 0.73 1.71 0.30

.7 0.66 0 0.79 3.17 0.30

.3 0.25 0 0.78 4.55 0.36

.8 0.56 0 0.75 2.03 0.25

.3 1.05 0 0.73 1.32 0.22

.9 0 0 0.70 1.83 0.23

5 gcat h mol�1 time on stream 30 h.
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increase in the gas diffusion time in themesopores of the SBA-

15 materials [34]. In spite of the different zeolite type and re-

action details, similar mechanism seems to be valid in this

study. During the FTS reaction process, for the impregnated

Co/Z catalyst, the external CO and H2 molecules must diffuse

along the narrow and long zeolite channels to contact the

rather dispersed small cobalt particles in the zeolite crystals.

Moreover, pore blocking induced by the tiny cobalt particles in

the Co/Z catalyst can further aggravate the diffusion difficulty

of syngas [35]. This diffusion behavior is significantly different

from the all-around diffusion paths of the CoZ-300N catalyst

with concentrated large Co3O4 clusters (Fig. 3c). Hence, the

apparently large diffusion barrier as stated above serves to

explain the low catalytic activity of the Co/Z catalyst activity

from another aspect.

The catalytic activity of the series CoZ-xN catalysts ranges

from 65.4% to 84.2%, indicating the significant effect of hy-

drothermal basicity on the catalyst properties. This effect is

more strongly presented fromCoZ-100N to CoZ-400N, with CO

conversion dropping sharply from74.7% for CoZ-200N catalyst

to 65.4% for CoZ-300N as an example. Also, as shown in Fig. S3,

it is interesting to find that the activity of the CoZ-xN catalysts

presents a concave curve. That is, the CO conversion un-

dergoes a first decrease fromCoZ-0N to CoZ-300N and then an

increase from CoZ-300N to CoZ-500N, which is in fairly

agreement with the reduction capability of the catalysts as

verified by TPR measurement. In addition, the cobalt particle

size generally considered to have influences on the catalytic

activity [36] should not be involved in the explanation of the

different catalytic activities of CoZ-xN catalysts due to the

slight variation of the cobalt sizes in the range of 9.8e10.4 nm.

Fig. 8 presents the variation of CO conversion with time-

on-stream (TOS) of the catalysts. As for the cobalt-based FTS

catalysts, the main deactivation reasons have been summa-

rized as the follows: water-induced oxidation of cobalt, for-

mation of compounds between cobalt and supports, sintering

or cluster growth and finally refractory coke formation [37]. As

expected, the Co/SiO2 catalyst exhibits excellent stability
Fig. 8 e CO conversion with time on stream over the

various catalysts. Reaction conditions: 1.0 MPa, 533 K,

molar ratio of H2/CO ¼ 2.0, W/F ¼ 5 gcat h mol¡1, time on

stream 30 h.
during the reaction period, which can be explained by its high

reducibility and large cobalt particles. It has been reported

that cobalt particles with smaller sizes can bemore inclined to

be reoxidized and sintered by the water byproduct [38], and

thus facilitate the generation of irreducible species, which are

unstable and inactive during the reaction process. The gradual

rate loss of catalytic activity during the first hours can be

rationally ascribed to the accumulation of heavy hydrocar-

bons (waxes) and the progressive filling of liquid waxes in the

pores, resulting in aweakened diffusion rate of syngas to react

with the cobalt active sites located inside the pores [39]. The

cracking of part of the long-chain hydrocarbons with an acidic

co-catalyst in the hybrid system has been verified to slow

down the deactivation rate and thus can improve the catalyst

life time in the FTS process [11]. However, for the Co/Z catalyst

with the acidic HZSM-5 as support, such a beneficial effect of

the usage of zeolite on the catalytic stability was not observed.

Instead, a fast deactivation behavior took place, which can be

attributed to the easily reoxidized and sintered small cobalt

particles initiated from the seriously retarded water removal

process due to the mass transfer restrictions as mentioned

above.

For the CoZ-xN catalysts, very different deactivation be-

haviors were observed. All the CoZ-xN catalysts display rela-

tively stable CO conversion during the reaction period, which

yet should originate from diverse reasons. For the CoZ-200N

and 300N catalysts, the ideal cobalt-imbedded structure can

bring a lot of advantages. On one hand, the larger cobalt par-

ticle size and the faster water removal rate derived from the

low diffusion barrier as discussed previously can effectively

suppress the reoxidizing and aggregating of cobalt particles,

with more fine Co0 active sites accessible for the CO and H2

molecules. On the other hand, the long-chain hydrocarbons

with low volatility, reported to dominate in the coke forma-

tion of HZSM-5 zeolite [10], can be sufficiently cracked and

taken away to hinder the possible coke accumulation. With

respect to the CoZ-0N to 100N catalysts, they seem to possess

themixture properties of the undissolved Co/SiO2 catalyst and

the cobalt-imbedded zeolite catalyst due to their low zeolite

crystallinity, which can be reasonably applied to explain their

stable catalytic activity. For the CoZ-400N and -500N catalysts,

the FTS catalytic activity can be maintained to a large extent

owing to the firm cobalt-imbedded structure in spite of the

negative effects of excess ammonia addition, as indicated

before.

Product distribution
The selectivity data of the catalysts were listed in Table 2 and

presented in Fig. 9. The carbon number distribution of the Co/

SiO2 catalyst is very broad, with C20þ produced, and only very

small amounts of branched hydrocarbons are formed as

indicated from the very low Ciso/Cn molar ratio of 0.10 for the

gasoline-range hydrocarbons. The relatively higher methane

selectivity observed for the Co/SiO2 catalyst can be attributed

to the high reaction temperature employed in this study.

Compared with the Co/SiO2 catalyst, all the zeolite-

involved catalysts show a narrower product distribution.

Such a positive effect originates from the hydrocracking and

isomerization reactions of the long-chain hydrocarbons

desorbing from the FTS active sites, with the help of the acidic

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
http://dx.doi.org/10.1016/j.ijhydene.2016.10.004


0

20

40

60

80

100

Co/Z-imp

CoZ-500N

CoZ-400N

CoZ-300N

CoZ-200N

CoZ-100N

CoZ-50N

CoZ-15N

CoZ-0N

Co/SiO
2

Se
le

ct
iv

ity
 (%

)

C
C -C
C -C
C -C

 CH

Fig. 9 e Product distribution of the FTS reaction on the

various catalysts. Reaction conditions: 1.0 MPa, 533 K,

molar ratio of H2/CO ¼ 2.0, W/F ¼ 5 gcat h mol¡1, time on

stream 30 h.

Fig. 10 e Selectivity of C5eC12 hydrocarbons and Ciso/Cn of

the CoZ-xN catalysts. Reaction conditions: 1.0 MPa, 533 K,

molar ratio of H2/CO ¼ 2.0, W/F ¼ 5 gcat h mol¡1, time on

stream 30 h.
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sites of the zeolite component. However, the highest Ciso/Cn

ratio was not achieved on the Co/Z catalyst, in spite of itsmost

Br€onsted acidic sites. This can be rationalized by the occurring

of over-cracking [40], verified by the product distribution with

completely avoided C11þ hydrocarbons, which should be

ascribed to themost acid sites of the zeolite and the prolonged

residence time of the formed hydrocarbons diffusing along

the zeolite channels derived from the mass transfer limita-

tions. This is strongly supported by the high selectivity of

C1eC4 light hydrocarbons for the Co/Z catalyst, with CH4 of

37.0% and C2eC4 of 37.1%, respectively. Especially, methane is

the least desired product for FTS, with numerous efforts

devoted to reduce its selectivity [37]. The selectivity of

methane (Fig. S3) can be affected by many factors, thus other

reasons should also contribute to the extremely high CH4 yield

in the Co/Z catalyst. One is that the H2/CO ratio near the cobalt

metal sites can be significantly higher than the original ratio

from the external gas phase due to the severe diffusion bar-

rier, as COmolecules diffusingmuchmore slowly than H2 [33].

Moreover, the unreduced cobalt oxide phase in the Co/Z

catalyst as confirmed by the TPR experiment was reported to

be able to catalyze the water-gas-shift (WGS) reaction

(CO þ H2O ¼ CO2 þ H2), thus further increasing the effective

H2/CO ratio [41]. This could be supported by the low C¼/Cn

value of the Co/Z catalyst in spite of the intensive cracking

process. It should be noted that high H2/CO ratio is advanta-

geous to the generation of CH4 [41]. Moreover, smaller cobalt

particles have the tendency to obtain higher selectivity of

short-chain hydrocarbons, thus further promoting the CH4

formation [42].

For the selectivity of gasoline-range (C5eC12) hydrocar-

bons, the lowest value is observed over the Co/Z catalyst due

to its small cobalt size and the presence of over-cracking.

Contrary to the contradiction in the Co/Z catalyst, it is inter-

esting to find that the C5eC12 selectivity of the series CoZ-xN

catalysts (Table 2 and Fig. 10) follows the expected trend of

acidity tested by the NH3-TPD experiments (Fig. 5), indicating
that the secondary hydrocracking/isomerization reactions of

the long-chain hydrocarbons were processed in different ex-

tents. Consequently, the highest gasoline selectivity of 69.7%

and a Ciso/Cn molar ratio of 3.17 were successfully obtained on

the CoZ-200N catalyst. Compared with the Co/Z catalyst, the

primary long-chain hydrocarbons of the CoZ-200N catalyst

were firstly formed in abundance on the relatively large cobalt

particles and then were effectively converted to the light and

branched hydrocarbons via the secondary reactions along the

zeolite channels with proper acidic sites. The confined reac-

tion environment originated from the cobalt-imbedded

structure and the high diffusion efficiency of the feed gas

and the formed iso-paraffins significantly facilitated the

selectivity of C5eC12 hydrocarbons for the CoZ-200N catalyst.

However, the maximum Ciso/Cn ratio was not found on the

CoZ-200N catalyst. As observed in Fig. 10, the highest Ciso/Cn

ratio was obtained on the CoZ-300N catalyst, suggesting that

the secondary reactions were conducted to a greater degree

and therefore more iso-paraffins were produced. This can be

reasonably ascribed to the present of more Br€onsted acidic

sites in the CoZ-300N catalyst than in the CoZ-200N catalyst.

As for the CO2 selectivity, cobalt-based catalysts have been

proved to show a low activity for the WGS reaction [2]. With

the increase of the CO Conversion, the WGS reaction can be

enhanced due to the more produced water, thus the selec-

tivity of CO2 will increase accordingly [37]. The CO2 selectivity

of 14.3% of the base Co/SiO2 catalyst is understandable and

common due to the high reaction temperature employed in

this study. Nevertheless, the impregnated Co/Z catalyst pre-

sents a high CO2 selectivity, despite its low catalytic reactivity.

Such finding is not surprising when the catalyst structure and

the reducibility are taken into consideration, based on the

above results and discussion. As mentioned above, the WGS

reaction can be remarkably enhanced due to the retarded

evacuation of the generated water. Additionally, the unre-

duced cobalt oxides can catalyze the WGS reaction as

mentioned above for the Co/Z catalyst, thus further promoting

the CO2 formation. What's worse, as previously discussed, the

http://dx.doi.org/10.1016/j.ijhydene.2016.10.004
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slow water removal process tends to reoxidize the small co-

balt particles, and then the WGS reaction will be further

accelerated, which can be corroborated by the fast deactiva-

tion of the Co/Z catalyst. For the CoZ-xN catalyst, the CO2

selectivity appears to be less than 8.34%, indicating the high

utilization efficiency of CO, which can be regarded as an

advantage considering the harmful impact of CO2 on the

global climate as a kind of greenhouse gas. It's also interesting

to find that the variation trend of CO2 selectivity corresponds

with that of the CO conversion of the CoZ-xN catalysts. Owing

to the fast evacuation of the formed water and large cobalt

size, the detrimental effect of water on the CoZ-xN catalysts is

significantly alleviated.
Conclusions

By systematically regulating the hydrothermal condition, we

have successfully prepared the cobalt-imbedded zeolite

catalyst inwhich the Co3O4 particles are compatibly imbedded

or confined into the HZSM-5 crystals. A series of catalysts with

significantly different structure features, acidic properties and

reduction behaviors were synthesized and testedwith various

characterizations. Ammonium hydroxide was reasonably

selected and proved to be the proper alkali source for the

hydrothermal preparation. The proton-type zeolite of the

cobalt-imbedded zeolite catalyst can be directly obtained

upon calcination without needing the conventional tedious

ion-exchange process. In addition, the formation mechanism

of the synthesis of the cobalt-imbedded catalyst was pro-

posed. The coincidence of the rate of the silica dissolving

process of the precursor Co/SiO2 and the zeolite crystallization

process is the crucial factor to the rational design of this

imbedment-structured catalyst. The CoZ-xN catalysts were

employed for the direct synthesis of gasoline-range hydro-

carbons. It was observed that the optimal CoZ-xN catalysts

remarkably promoted the gasoline selectivity and exhibited

high catalytic activity and good stability. The highest gasoline

selectivity was obtained on the CoZ-200N catalyst and the

maximum Ciso/Cn molar ratio was achieved on the CoZ-300N

catalyst. These excellent catalytic performances were ratio-

nally attributed to the confined reaction environment derived

from the cobalt-imbedded structure, the high diffusion effi-

ciency, the proper reduction behavior, and the secondary re-

actions (hydrocracking, isomerization, etc) performed on the

acidic sites of the H-type ZSM-5 zeolite. This tailor-made co-

balt-imbedded zeolite catalyst provides a new route to the

rational design of FTS catalyst with good catalytic activity,

excellent reaction stability and high gasoline selectivity, and

also has a great potential to be extended to other catalytic

processes.
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