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Abstract

The Zn and Fe modified S,0; /ZrO,-ALO; catalyst (Zn-Fe-SZA) was pre-
pared and mechanisms of deactivation and methods for regeneration of
as-prepared catalyst were explored with n-pentane isomerization as a probe
reaction. The results indicated that the isopentane yield of the fresh
Zn-Fe-SZA-F catalyst was about 57% at the beginning of the run, and de-
clined gradually to 50% within 1500 min, then fell rapidly from 50% to 40%
between 1500 and 2500 minutes. The deactivation of Zn-Fe-SZA catalyst may
be caused by carbon formation on surface of the catalyst, sulfate group atten-
uation owing to reduction by hydrogen, removal of sulfur species and the loss
of strong acid sites. It was found that the initial catalytic activity over
Zn-Fe-SZA-T catalyst was 48%, which recovered by 84.3% as compared to
that of fresh catalyst (57%). However, it showed a sharp decrease in isopen-
tane yield from 48% to 29% within 1500 minutes, showing poor stability. This
is associated to the loss of acidity caused by removal of sulfur species cannot
be basically restored by thermal treatment. Resulfating the calcined catalyst
could improve the acidity of catalyst significantly, especially strong acid sites,
as compared with the calcined sample. The improved stability of the resul-
fated catalyst can be explained by: 1) eliminaton of carbon deposition to some
extent by calcination process, 2) formation of improved acidic nature by
re-sulfation, favoring isomerization on acidic sites, 3) restructuring of the ac-
id and metal sites via the calcination-re-sulfation procedure.
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1. Introduction

The trend existing and forthcoming regulations on gasoline have highlighted the
need for clean and high-octane molecules in the gasoline pool. This requires a
gradual replacement of aromatics in petroleum by less hazardous high-octane
components. In view of the branched paraffin has higher octane numbers than li-
near alkanes, the use of gasoline that contains higher proportions of these com-
pounds is an alternative to obtaining fuel with the required characteristics. There-
fore, isomerization of light z7-alkane (such as z-pentane) to corresponding branched
paraffin is important for oil industry [1]. Both liquid and solid acid catalysts can be
used for isomerization, but the commercial process changes to solid acid catalysts
due to their strong acid sites, nontoxicity, non-corrosiveness, easy handling, low
cost, easy to recover and recycle, and environmental considerations. Sulfated zir-
conia (SZ) and other sulfated metal oxides exhibit a strong acidity, appearing to be
very active in catalyzing the isomerization of light n-alkane [2]. Unfortunately, the
high initial activity of these catalysts decreases rapidly with increasing time on
stream. The rapid deactivation is moderated when addition of transition metals to
SZ or other sulfated metal oxides, such as Fe, Mn, Ni, Pd and Pt as promoters [3]
[4]. Hsu et al [5] researched the solid superacid catalyst for n-butane isomeriza-
tion, which showed mental promoted catalysts had higher activity at lower tem-
peratures but activation energies for butane isomerization are similar, and promo-
tion increases the number of active sites rather than change their quality.

The superacid catalyst sulfated zirconia (SZ) has been the subject of many in-
vestigations due to its ability to activate light alkanes at lower temperatures. How-
ever, it suffers rapid deactivation when in contact with hydrocarbons. In order to
improve the stability of solid sulfated zirconia, many researchers attempt to ex-
plore the reasons of its deactivation. Several factors may cause deactivation of
solid SZ catalyst [6]: 1) coke formation on the surface of SZ [7], 2) reducing Zr*
to Zr** by hydrocarbon reaction [8], 3) sulfate group attenuation owing to re-
duction by hydrogen and possible removal of sulfur as H,S [9], 4) reduction of
the oxidation state of sulfur in the surface sulfate from S* to lower oxidation
states resulting in a decrease in acid strength and changes in the surface acidity
[10], 5) a change in the surface phase of zirconia from tetragonal (active) to
monoclinic (inactive) as a result of reaction [11], and 6) poisoning by water [12].

In our previous work [13], the Fe-Zn doped SZOQ' /ZrO,-AL,O, (SZA) cata-
lysts were synthesized and effects of Fe and Zn on the structure and isomeriza-
tion performance of SZA were studied using n-pentane as a probe reaction, Fe

can effectively increase n-alkane diffusion and reduce the activation energy of

DOI: 10.4236/0jic.2023.133003

a4 Open Journal of Inorganic Chemistry


https://doi.org/10.4236/ojic.2023.133003

H. P. Cui, S. N. Li

diffusion of n-alkane [14]. An improved n-pentane isomerization performance
was observed by incorporation of Fe and Zn into SZA. The isopentane yield over
Zn-Fe-SZA catalyst maintains stable around 58% - 65% within 1500 min, after
which the deactivation rate gets slightly faster, and the isopentane yield is de-
creased to 42% within 2800 min. The Fe-Zn-SZA showed a higher initial isome-
rization activity but its stability is still not satisfied. Therefore, in order to en-
hance the stability of the catalyst, it is obliged to explore the reasons for deacti-
vation. The goal of our study is to investigate the deactivation reasons of
Zn-Fe-SZA catalyst for n-pentane isomerization, and study the regeneration
methods for renewing the activity and stability of the spent Zn-Fe-S,0} /
Zr0O,-AlL 0O, catalyst.

2. Experimental

2.1. Catalyst Preparation

A co-precipitated catalyst precursor was prepared from a mixed solution of
ZrOCl,-8H,0 and Al(NO;);-9H,0O with a fixed ratio using NH,OH solution as a
precipitating agent [15] until a final pH value of 9 - 10. The mixture thus ob-
tained was stirred in a vessel for 1 h at room temperature. The resulted precipi-
tates were aged for 18 h at the room temperature. The hydroxide was filtered
and washed with distilled water until free of chloride and then dried at 110°C for
12 h. Subsequently, the precursor power was impregnated with 0.75 mol-L™
(NH,),S,0; solution for 6 h and then filtered. The resulting solid sample was
dried overnight at 110°C (denoted at PSZA), then calcined at 650°C for 3 h. The
obtained sample with Al content of 2.5 wt% was designed as SZA.

Zn-Fe-SZA catalyst precursors were obtained by incipient wetness impregna-
tion of the PSZA with aqueous solution of Zn(NO;),-6H,0 and Fe(NO,);-6H,0,
simultaneously. And obtained precipitate was dried at 110°C, then calcined at
650°C for 3 h after extrusion into narrow strips. The obtained catalyst was de-
signed as Zn-Fe-SZA-F.

2.2, Catalyst Characterization

The N, adsorption-desorption isotherms and pore diameter distribution were
measured by an automatic NOVA 2000e system from Quantachrome microme-
ritics. X-ray diffraction (XRD) was carried out on a D/max-2200PC-X-ray dif-
fractometer. FT-IR measurements were carried out with a Spectrum GX Fourier
transform infrared spectrometer. The surface sulfur and other elements contents
were analyzed by X-ray photoelectron spectroscopy (XPS) using ESCALAB
MKII spectrometer. The thermal programmed desorption of NH; (NH,-TPD)
was used to estimate the amount and strength of acid sites formed on the surface
of catalyst. The NH,-TPD analysis was carried out in a CHEMBET-3000 instru-
ment with a thermal conductivity detector. Prior to TPD measurements, samples
were pretreated at —196°C for 1 h in a flow of ultrapure N, (20 mL-min") and
then cooled at 100°C. Pure NH, was introduced for about 30 min, followed by
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purging with N, for 60 min at 100°C. Subsequently, the samples were heated at a
ramp of 10°C-min™ up to 700°C. H,-TPR was carried out on a Builder
PCA-1200 instrument with a thermal conductivity detector made by Beijing
Builder Electronic Technology Co. Ltd. In addition, the sample was heated un-
der a 20 mL-min™" flowing gas and the heating rate was 10°C-min". The bulk
element contents of samples were determined by X-ray fluorescence (XRF) using
Rigaku ZSX Primus II spectrometer. The bulk sulfur contents were analyzed by

firing-correcting determination.

2.3. Catalytic Test

The isomerization of n-pentane was performed in a fixed-bed flow reactor. Prior
to the reaction, the catalyst was activated. A dose of n-pentane was passed over
the 3 g of activated catalyst under the following reaction conditions: at the tem-
perature of 180°C, reaction pressure of 2.0 MPa, a molar H,/n-pentane ratio of
4:1, and a weight hourly space velocity of 1.0 h™'. The products were analyzed by
an online FL9790 gas chromatograph equipped with FID detector.

2.4. Catalysts Regeneration

The spent catalyst after stability test was designed Zn-Fe-SZA-D. The Zn-Fe-SZA-D
catalyst was regenerated by two methods: 1) The Zn-Fe-SZA-D catalyst was cal-
cined in static air at a temperature of 600°C for 3 h to eliminate carbon residues
on the surface and then cooled down to room temperature. The obtained sample
was designed as Zn-Fe-SZA-T and the regeneration method code as calcination
method. 2) The above calcined Zn-Fe-SZA-T sample was impregnated with 0.75
mol-L™" (NH,),S,0; solution for 6 h and then filtered and dried at 110°C, cal-
cined in static air at 650°C for 3 h. The obtained sample was designed as
Zn-Fe-SZA-P and the regeneration method code as sulfation method. Prior to
any subsequent reaction, the catalysts were pretreated in hydrogen as mentioned

in catalyst preparation

3. Results and Discussion
3.1. XRD Analysis

The XRD patterns of fresh, spent and regenerated samples were illustrated in
Figure 1. All the samples showed the sharp diffraction peaks of tetragonal ZrO,
at around 26 = 30.2°, 35.6°, 50.5°, 60.2° and 74.8°, demonstrating that the tetra-
gonal ZrO, is predominant phase on all the samples. All the XRD patterns
showed only peaks of ZrO, phases. No diffraction peak for Zn and Fe or related
compounds can be observed, implying that no or very little crystalline Zn, Fe
and related compounds are formed, which also indicates that Zn or Fe possibly
exists in an amorphous or a better dispersion of metal oxide with small particle
size [16]. For Zn-Fe-SZA-F and Zn-Fe-SZA-D, a weak peak at 63.1° was observed,
which was assigned to ZrO, monoclinic phase, indicating that a small amount of

monoclinic peak existed on the fresh and spent samples. In addition, the peak
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Figure 1. The XRD patterns of the fresh, spent and re-
generated catalysts.

intensity was not changed after reaction, showing that the tetragonal ZrO, phase
is stable under the isomerization conditions, which confirms the transformation
of ZrO, from the metastable tetragonal phase to the monoclinic phase is not the
reason for deactivation of the Zn-Fe-SZA-F. For Zn-Fe-SZA-T, low intensity
peaks of the monoclinic ZrO, phase at 26 = 26.5° and 63.1° can be observed,
which indicates that the transformation of ZrO, phase from tetragonal phase to
monoclinic phase has happened during the regeneration of spent catalyst by cal-
cination. While for the Zn-Fe-SZA-P, the low intensity peaks of the monoclinic
ZrO, phase at 260 = 24.3°, 28.2°, 31.5° and 63.1°, which are slightly stronger in
intensity as compared with Zn-Fe-SZA-T. This may be due to the twice calcina-
tions caused more tetragonal ZrO, transformed to monoclinic ZrO,. The tetra-
gonal phase has been reported to be the necessary phase for isomerization activ-
ity in SZ catalysts [17]. The similarity of the XRD pattern of fresh catalyst with
spent catalyst, indicating that the tetragonal structure was stable under the reac-
tion conditions. Clearly, deactivation of the Zn-Fe-SZA catalyst was not caused

by a ZrO, phase change during n-pentane isomerization.

3.2. BET Analysis

The specific surface areas of fresh, spent and regenerated samples were deter-
mined from the analysis of nitrogen adsorption data performed at —196°C ac-
cording to the Bruner-Emmett-Teller method (BET method). The calculated
BET values are presented in Table 1. It can be seen that the Zn-Fe-SZA-F cata-
lyst showed a surface area of 89.4 m>g™'. Compared with the Zn-Fe-SZA-F cata-
lyst, the surface area of the Zn-Fe-SZA-D catalyst decreased significantly to 45.5
m*g~', accompanied by a decrease in the pore volume from 0.101 to 0.06 cm®-g™"
Apparently, the pores of catalyst blocked dramatically by deposition of carbon
on surface of the catalyst during isomerization. The increased pore diameter for
the spent sample confirms that deposited carbon blocked the smaller pores on

surface of catalyst [18] [19]. In addition, the deposition of carbon would cover
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Table 1. Texture properties of the fresh, spent and regenerated catalysts.

Catalyst Sf ETfl \ o dy D
(m*g™) (mL-g™) (nm) (nm)

Zn-Fe-SZA-F 89.3 0.101 4.5 8.0
Zn-Fe-SZA-D 63.7 0.060 5.3 6.7
Zn-Fe-SZA-T 80.6 0.099 5.1 7.8
Zn-Fe-SZA-P 69.8 0.100 6.7 6.3

the acid sites and mental active sites on catalysts, which is another important
reason for the deactivation of catalyst.

The surface area of the Zn-Fe-SZA-T catalyst was 80.6 m>g™'. As compared
with the Zn-Fe-SZA-D, the surface area of the catalyst increased dramatically
from 63.7 m*g™' to 90.2 m*g™', accompanied by increases in pore volume from
0.060 mL-g™' to 0.099 m*g™', as a result of elimination of the carbon deposition.
This shows that after calcining the spent catalyst, BET surface area and pore vo-
lume were basically recovered. However, the Zn-Fe-SZA-T catalyst surface was
slightly lower than the fresh one, which would cause a decrease in activity as
compared with that of Zn-Fe-SZA-F. The surface area of Zn-Fe-SZA-P catalyst
decreased from 80.6 m*g™' to 69.8 m>g™' after resulfating Zn-Fe-SZA-T with
ammonium peroxydisulfate. This is possible because the pores are blocked by

sulfate species.

3.3. FT-IR Analysis

The infrared spectra of fresh, spent and regeneration samples are given in Figure

! can be attributed to

2. The broad absorption bands in the region of 3419 cm™
O-H stretching vibrations of the physically adsorbed water molecules [20]. The
infrared absorption bands at 1620 cm™ are assigned to the deformation vibra-
tion mode of the adsorbed water [21]. The band at about 615 cm™ can be related
to the vibration of O-Zr.

The band at 1275 cm™ corresponds to the antisymmetric O=S=0 stretching
frequency of persulfate ions bonded to ZrO,. The intensity of this peak indicates
the amount of S,0;  and active acid centers formed on the catalyst surface [22]
[23]. All samples exhibit the bands at 1143 and 1076 cm™" assigning to the sym-
metric O-S-O stretching mode of bidentate persulfate ions coordinated to the
metal ion. The band intensity and extent of splitting reflect the proportion of ac-
tive sites linked to the catalyst. The characteristic vibration peaks of S=O and
S-O bonds confirm the presence of a solid superacid structure in all samples.

The fresh Zn-Fe-SZA-F catalyst had a high intensity S=O vibration band at
1275 cm™ and bands at 1143 and 1076 cm™, corresponding to S-O vibration, were
sharp. The intensities and splitting of these three bands reflected the proportion
of active sites in the catalyst. As compared with fresh Zn-Fe-SZA-F catalyst, the
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Figure 2. IR spectra of fresh, spent and regeneration catalysts.

S=0 vibration band of Zn-Fe-SZA-D and Zn-Fe-SZA-T catalysts shifted from
1275 cm™ to 1239 cm™. In addition, the band intensity decreased significantly as
compared with fresh Zn-Fe-SZA catalyst. As mentioned above, the bands ob-
served at 1239 cm™ are assigned to the symmetric O=S=0 stretching frequency of
persulfate ions bonded to ZrO, [24], and its intensity indicates the proportion of
strong acid sites linked to the catalyst. Therefore, the shift of the S=O vibration
band and decrease in its intensity indicates the decrease in the acid strength and
acid amount since the strong acid sites were associated with the acid sites gener-
ated by the symmetric O=S=0 stretching frequency of persulfate ions bonded to
ZrQ,. This result is consistent with the observation made by NH,-TPD analysis,
which will be discussed in NH;-TPD analysis. The similarity of these three S=O
and S-O vibration bands for the Zn-Fe-SZA-D and Zn-Fe-SZA-T demonstrates
that the acid strength and acid amount could not be recovered to the level of
fresh one only by calcining the spent catalyst. This result shows that the decrease
in acidity was mainly due to the loss of sulfur species (See Table 2), indicating
that subsequent resulfating of the calcined Zn-Fe-SZA-T catalyst is needed to
recover the acidity of catalyst. Therefore, deactivation of catalyst mainly asso-
ciated with the loss of sulfur species. As compared with Zn-Fe-SZA-T, the S=O
vibration band of the Zn-Fe-SZA-P catalyst shifted from 1239 cm™ back to 1275
cm™ accompanied with significant increase in its intensity. This shows that the
acid strength and acid amount could be recovered by resulfating of the calcined
Zn-Fe-SZA-T catalyst.

3.4. XPS Analysis

In order to further clarify the deactivation reason of the Zn-Fe-SZA-F catalyst
during isomerization under hydrogen atmosphere, XPS characterization was
carried out to examine the changes of chemical state of sulfur species for fresh,
spent and regenerated samples (Figure 3). The spectrum of fresh sample
shows a peak at 169.8 eV, which could be assigned to S** species [25]. For the
Zn-Fe-SZA-D, Zn-Fe-SZA-T and Zn-Fe-SZA-P samples, the peaks for S species
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Table 2. XPS atomic ratios of the fresh, spent and regeneration catalysts.

Atomic concentration (wt%)

Sample

Al2p Cls Fe 2p Zn 2p S2p Zr 3d
Surface® 6.37 5.27 5.37 2.71 3.76 55.13

Zn-Fe-SZA-F
Bulk® 1.21 - 3.36 1.46 2.93° 60.60
Surface® 6.11 7.24 5.26 2.01 2.92 52.65

Zn-Fe-SZA-D
Bulk® 1.18 1.8¢ 3.18 1.41 2.75¢ 60.15
Surface® 6.27 5.67 4.53 1.82 2.49 55.84

Zn-Fe-SZA-T
Bulk® 1.19 - 3.22 1.44 2.78¢ 60.84
Surface® 5.07 5.46 2.10 1.91 5.07 54.42

Zn-Fe-SZA-P
Bulk® 1.16 - 3.05 1.51 3.15°¢ 60.92

*The data obtained by XPS analysis; "The data obtained by XRF analysis; “The data ob-
tained by firing-correcting measurement; “The data obtained by TG analysis.

0
Zn-Fe-SZA-F 2
—_ |
3 i
s e
2 Zn-Fe-SZA-D '3
g .
g =
= o)
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[}
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Band energy (eV)

Figure 3. Comparison of S2p XPS profiles of fresh, spent,
calcined and resulfated catalysts.

were at 169.5 eV, 169.7 eV and 169.9 eV, respectively. The difference in binding
energy for S* species indicates the different strength and nature of acidity [4].
The higher the binding energy for S** species is, the stronger interaction between
sulfates with ZA substrate and metal. Therefore, the Zn-Fe-SZA-P sample pos-
sesses the stronger acidity, which is in accordance with the FT-IR and NH,-TPD
analysis. No appreciable peak of S-containing species with valence different from
S was observed. Samples are based on XPS measurements. For clarity, the effect
of the surface elements on deactivation of catalyst will discuss together with oth-

er elemental analysis results in elemental analysis.
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3.5. Elemental Analysis

The detailed results of bulk elemental analysis of different samples are shown in
Table 2. It can be seen from Table 2 that as compared with fresh catalyst, no
significant change in Fe, Al and Zr contents was observed after reaction, show-
ing these metals were not lost during reaction and catalyst deactivation is unre-
lated to these elements. After reaction the surface content of Zn decreased sig-
nificant from 2.71% to 2.01%. However, the bulk content of Zn almost remained
unchanged. After calcining the Zn-Fe-SZA-D catalyst, the content of Zn element
of catalyst was restored to the original level of the fresh catalyst. This indicates
that the deposition of carbon on the surface is responsible for the decrease in
surface Zn content.

A significant change in S content was observed after isomerization. The sur-
face sulfur content of the Zn-Fe-SZA-D catalyst decreased from 3.76 to 2.92
wt%, which agrees with the trend of bulk sulfur content, which also showed a
decrease from 2.93 to 2.75 wt% after isomerization. The loss of sulfur species
would cause a significant decrease in the acidity of catalyst, which is in accor-
dance with the FT-IR result. Therefore, the deactivation of catalyst is associated
with the loss of sulfur species. Similar results were also found by Wolf et al [17].
They had found that the sulfur content decreased from 1.65% to 1.56 wt% after
reaction, and explained this phenomenon as the loss of loose-bound S species on
the surface of catalysts during reaction [26]. The bulk sulfur content of the
Zn-Fe-SZA-T catalyst remained unchanged as compared to the Zn-Fe-SZA-D cat-
alyst, however, the surface sulfur content of Zn-Fe-SZA-T catalyst was decreased
after calcining, which shows that re-arrangement of surface elements occurred
during calcining. The Zn-Fe-SZA-P catalyst showed the highest sulfur content.
It is proposed that regenerative oxidation/reduction cycles lead to a restructur-
ing of the acid and metal sites which facilitates hydrogen migration and helps to
arrest deactivation [26]. The Zn-Fe-SZA-P catalyst was obtained by sulfating the
Zn-Fe-SZA-T catalyst, which had gone through calcination spent catalyst in air,
impregnation with (NH,),S,0; solution, calcination in air, and reduction in H,
flow. Therefore, it is reasonable to speculate that a surface re-arrangement of ei-
ther the metal sites or the acid (SZ) sites on the zirconia matrix, or both, occur-
ring during the various treatments of re-oxidatin and re-reduction processes. As
a result, more persulfate ions were bonded with ZrO, in “resulfated” catalyst
causing increase in sulfur content. For the Zn-Fe-SZA-P catalyst, the content of
the surface elements changed much as compared with the Zn-Fe-SZA-F catalyst,
which confirms a surface re-arrangement mentioned above accured after rege-
nerative oxidation/reduction cycles.

A sharp increase in surface carbon content (about 1.97 wt% obtained by XPS
analysis and 1.8 wt% obtained by TG analysis) was observed for the Zn-Fe-SZA-D
catalyst due to deposition of carbon. Clearly, the deposition of carbon would
cause blockage of some pores of catalyst and decrease the surface area (Table 1),

cause coverage of active acid and metal sites. As a result, activity of the catalyst
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for isomerization would be declined. Therefore, carbon deposition is another
important reason for the deactivation of catalyst. After calcining the Zn-Fe-SZA-D
catalyst, the surface carbon content of catalyst decreased to that of original fresh
catalyst showing the carbon deposition could be eliminated nearly completely by

calcination.

3.6. TG Analysis

For measuring the content of the coke deposited on the catalyst during the reac-
tion, TG analysis of fresh and spent catalysts were performed. As can be seen
from Figure 4, for the Zn-Fe-SZA-F catalyst, two distinct weight losses were ob-
served at temperature below 250°C and above 650°C. The weight loss occurred
below 250°C can be attributed to the loss of weakly adsorbed water from the hy-
droxide into zirconium oxide. From 250°C to 650°C, the weight loss continued
but at a very low rate. However, the second distinct weight loss region, which
began at 650°C, is associated to the decomposition of sulfate species [27] [28].
Sameer Vijay [17] also reported that this loss is due to evolution of SO, owing to
decomposition of the sulfate species.

In comparison with the Zn-Fe-SZA-F catalyst, TG curve for the Zn-Fe-SZA-D
catalyst exhibits an additional distinct weight loss region in the temperature
range of 250°C - 500°C, which can be attributed to the oxidation of the carbon
deposits arising from the reaction (C + O, - CO,, AH,,, = —393.5 kJ/mol) [29].
The weight loss of this region is about 1.8 wt%, demonstrating that the carbon
deposition on the Zn-Fe-SZA-D catalyst is about 1.8 wt%. This value agrees with
the result (about 1.97 wt%) obtained by XPS analysis. Based on the TG analysis,
it can be concluded that the regeneration temperature should lower than the
decomposition temperature of sulfate species (650°C) and higher than the com-
bustion temperature which could totally eliminate carbon deposition on surface
of the catalyst (500°C). Therefore, for eliminating the coke deposited on the
Zn-Fe-SZA-D, the appropriate calcination temperature is between 500°C and
650°C.

100

9

98

Zn-Fe-SZA-F

Weight (%)

Zn-Fe-SZA-D

0 100 200 300 400 500 600 700 800
Temperature ("C)

Figure 4. TG curves of fresh and spent catalysts calcinated in air.
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3.7. NH3-TPD Analysis

The NH;-TPD curves of fresh, spent and regeneration samples are shown in
Figure 5. It can be seen from Figure 5 that the NH,-TPD curves of samples were
deconvoluted into individual desorption peaks of Gaussian shape. The resulting
peaks were classified and grouped into two types of acid sites with different acidic
strength, weak and strong, according to the temperature of the peak maximum.
The temperature range for the peak maxima of the weak acid sites was set be-
tween 150°C and 400°C, and for the strong acid sites above 400°C. Probably, the
weak acid sites derived from weak Lewis acid sites and terminal the symmetric
0O-§-0 stretching mode of bidentate persulfate ions coordinated to the metal ion,
and the strong acid sites were associated with the acid sites generated by the
symmetric O=S=0 stretching frequency of persulfate ions bonded to ZrO,. The
strong acid sites provide the active centers of the isomerization reaction [30].
The Zn-Fe-SZA-F catalyst showed an obvious strong acid peak at 480°C. How-
ever, the position of strong acid site peak shifted to lower temperature (460°C)
and the area below the curves of the Zn-Fe-SZA-D and Zn-Fe-SZA-T catalysts
decreased as compared to the Zn-Fe-SZA-F catalyst, indicating the acid strength
and amount decreased after reaction and could not be recovered by elimination
of deposits. This is in accordance with result obtained by the FT-IR analysis. The
possible reason for this is due to the loss of sulfur species during the reaction
(Table 2), which would lead to a poor isomerization performance. For the
Zn-Fe-SZA-P catalyst, the position of strong acid site peak shifted to higher
temperature of 520°C as compared to the Zn-Fe-SZA-F catalyst. In addition, the
area below the curve of the Zn-Fe-SZA-P catalyst is recovered to the level of the
fresh Zn-Fe-SZA-F catalyst. The above discussion indicating the strength of
strong acid and amount of acid could be recovered by resulfating of the calcined
Zn-Fe-SZA-T catalyst.

Z/n-Fe-SZA-F

Zn-Fe-SZA-T

Intensity (a.u.)

Zn-Fe-SZA-D

/n-Fe-SZA-P

100 200 300 400 500 600 700
Temperature ("C)

Figure 5. NH,-TPD curves of the fresh, spent and regeneration
catalysts.
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3.8. Catalyst Activity

Figure 6 shows the activity of the fresh, spent and regenerated samples at a reac-
tion temperature of 180°C, a pressure of 2.0 MPa, a hydrogen/hydrocarbon mo-
lar ratio of 4:1, and a MHSV of 1.0 h™". For the Zn-Fe-SZA-F catalyst, the iso-
pentane yield was about 57% at the beginning of the run, and declined gradually
to about 50% within 1500 min, which showed a decline of 9.1%. However, be-
tween 1500 and 2500 minutes, isopentane yield fell rapidly from 50% to 40%,
which showed a decline of 20.0%. The fresh catalyst showed a high initial activi-
ty, but poor stability. These observations are similar to those reported previously
[31].

The Zn-Fe-SZA-T catalyst showed a sustained decline in activity during
n-pentane isomerization. Within 1500 minutes, the isopentane yield over the
Zn-Fe-SZA-T catalyst decreased sharply from 48% to 29%, which showed a de-
cline of 39.6%. As compared to fresh catalyst (57%), the recovery rate of initial
catalytic activity reached 84.3% demonstrating the elimination of carbon by cal-
cining spent catalyst is necessary for catalytic activity regeneration. As compared
to the spent catalyst (40%), the catalytic activity increased by 22.5% upon elimi-
nation of deposit carbon. This confirms that carbon deposition is one important
reason for deactivation of catalyst. In general, large polynuclear aromatics in
feed mixtures tend to be coke formers. Olefinic compounds promote coke for-
mation, possibly either by direct interaction or by acting as hydrogen acceptors.
Although, light hydrocarbons are of low molecular weight, they can polymerize
and dehydrocyclize to form higher-boiling aromatics and coke [6]. In addition,
carbon deposition is confirmed by XPS and TG analysis, which would cover part
of the active acid and metal sites on the surface of the catalyst. This would lead

to deactivation of some metal and acid sites (Table 2) and cause decrease in
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Figure 6. Stability test of fresh, calcined” and “resulfated”
Zn-Fe-SZA catalysts for n-pentane isomerization. (Reaction
conditions: 7'= 180°C, p = 2.0 MPa, H,/n-pentane = 4, WHSV
=1.0h™")
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surface area (Table 1). Therefore, carbon deposition is one important reason for
deactivation. However, the Zn-Fe-SZA-T catalyst showed a lower activity with a
poor stability. This demonstrates that the catalytic activity could not be basically
recovered by elimination carbon deposition of the Zn-Fe-SZA-D. The surface
sulfur content of the Zn-Fe-SZA-D catalyst decreased from 3.76 wt% to 2.92
wt%, This agrees with the trend of bulk sulfur content, which is also showed a
decrease from 2.93 wt% to 2.75 wt% after isomerization. The loss of sulfur spe-
cies caused a significant decrease in acid amount (FT-IR), especially strong acid
sites (XPS and NH,;-TPD analysis), therefore, deactivation of catalyst might as-
sociate with the loss of sulfur species and strong acid. As is well known, calcina-
tion can eliminate carbon deposition, but the removed sulfate species cannot be
restored by thermal treatment [32]. This was confirmed by FT-IR, XPS and
NH,-TPD analysis, which showed that the strength and acid amount of the
Zn-Fe-SZA-F catalyst decreased after reaction, which is possibly associated with
the poor stability and declined initial activity for the Zn-Fe-SZA-T. As is well
known, the strong acid sites provide the active centers of the isomerization reac-
tion [30]. Therefore, the loss of acid strength and acid amount due to removal of
sulfur species during the reaction is another main reason for deactivation. And
the deactivation is irreversible. The above discussion indicating that in order to
restore the activity of catalyst, the acid strength and acid amount should be re-
covered.

For the resulfated Zn-Fe-SZA-P catalyst, the isopentane yield was 52% at the
beginning of the run, which is lower than that of fresh catalyst. As compared to
fresh catalyst (57%), the recovery rate of initial catalytic activity reached 91.2%
demonstrating the catalytic activity was basically recovered. As compared to the
calcined catalyst (48%), the initial catalytic activity increased by 8.3% upon
re-sulfation the calcined catalyst. However, the isopentane yield is declined gradu-
ally to 38% from 52% within 2500 min; the decline is much slower than that of fresh
one. As compared to fresh Zn-Fe-SZA-F catalyst, the resulfated Zn-Fe-SZA-P cata-
lyst showed a better stability, but the initial activity was a little lower. This can be
interpreted by the traditional bifunctional reaction mechanism for isomerization
of pentane, which involves hydrogenation-dehydrogenation on metal sites, iso-
merization and/or cracking on acidic sites, and diffusion of the olefinic interme-
diates between acidic and metal sites. The metal sites dehydrogenate the alkanes
into alkenes, which are protonated on the Bronsted acid sites yielding carbenium
ions. After rearrangement, these carbenium ions desorb from the acid sites as
alkenes and are hydrogenated on the metal sites yielding saturated reaction
products. With catalysts lacking acid or metal sites, the corresponding process
becomes the rate-determining step [31]. Therefore, the synergistic interaction
between metal sites and acidic sites plays an important role in isomerization. The
low catalytic activity for the Zn-Fe-SZA-P catalyst, may be explained by its higher
surface sulfur content (Table 2), which would cover some of the metal sites and

therefore weaken the hydrogenation-dehydrogenation performance of catalyst.
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The improved stability for the Zn-Fe-SZA-P catalyst is due to an enhanced acid
strength, which favors isomerization. Vijay and Wolf [17] have studied pentane
isomerization over Pt-promoted SZ catalysts and reported that upon repeated re-
generations, an increase in stability was observed. They explained that regenera-
tive oxidation/reduction cycles lead to a restructuring of the acidic and metal
sites, which facilitates hydrogen migration and helps to arrest deactivation. The
surface metals and sulfur contents obtained by the XPS analysis changed signifi-
cantly as compared to the Zn-Fe-SZA-F catalyst, which confirmed the restruc-
turing of the acidic and metal sites. In summary, the catalyst obtained by sulfa-
tion method showed better stability, although the initial activity was slightly
lower as compared with fresh one, which demonstrated the important role of
acid amount and acid strength. The improved stability of the resulfated catalyst
can be explained by: 1) eliminaton of carbon deposition to some extent by calci-
nation process; 2) formation of improved acidic nature by re-sulfation, favoring
isomerization on acidic sites; 3) restructuring of the acid and metal sites via the

calcination-re-sulfation procedure.

4. Conclusion

The mechanisms of deactivation and methods for regeneration of the as-prepared
Zn-Fe-SZA-F catalyst were explored with n-pentane isomerization as a probe
reaction. For the Zn-Fe-SZA-F catalyst, the isopentane yield was about 57% at
the beginning of the run, and declined gradually to about 50% and 40% within
1500 and 2500 min, respectively. All the XRD patterns showed only peaks of
ZrO, phases and small amount of monoclinic peak existed on the fresh and
spent samples. The crystalline tetragonal structure of ZrO, remained unchanged,
which is not the reason for deactivation. The Zn-Fe-SZA-T catalyst calcined in
air at 600°C for 3 h and then reduced in H, at 300°C for 3 h under 1 h™* (GHSV)
showed initial catalytic activity of 48%. As compared to fresh catalyst (57%), the
recovery rate of initial catalytic activity reached 84.3% demonstrating that car-
bon elimination by calcining spent catalyst is necessary for catalytic activity re-
generation. The carbon deposition is confirmed by XPS and TG analysis, which
would also cover part of the active acid and metal sites on the surface of the cat-
alyst. The loss of sulfur species caused poor stability and declined initial activity
for the Zn-Fe-SZA-T catalyst as compared to the fresh one. Resulfating the cal-
cined catalyst could improve the acidity of catalyst significantly, especially strong
acid sites (XPS and NH,-TPD analysis). However, the resulfated catalyst showed
better stability, although the initial activity was slightly lower as compared with
the fresh one, which demonstrated the important role of acid amount and acid
strength. The improved stability of the resulfated catalyst can be explained by: 1)
eliminaton of carbon deposition to some extent by calcination process; 2) forma-
tion of improved acidic nature by re-sulfation, favoring isomerization on acidic
sites; 3) restructuring of the acid and metal sites via the calcination-re-sulfation

procedure.
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