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of a ZnO doped ZrO2–SiO2

catalyst in the conversion of ethanol/acetaldehyde
to 1,3-butadiene†

Minhua Zhang,ab Xuechao Tan,ab Tong Zhang,ab Zheng Hanab and Haoxi Jiang *ab

A deactivation study on the ethanol/acetaldehyde conversion to 1,3-butadiene over a ZnO promoted ZrO2–

SiO2 catalyst prepared by a sol–gel method was performed. The samples were characterized by N2

adsorption–desorption isotherms, scanning electron microscopy (SEM), NH3 temperature programmed

desorption (NH3-TPD), X-ray powder diffraction characterization (XRD), thermogravimetric analyses

(TGA), Fourier transform infrared resonance (FT-IR), 13C magic-angle spinning nuclear magnetic

resonance (13C NMR) and X-ray photoelectron spectroscopy (XPS). The pore structure characteristics

and surface acidity of Zn0.5–Zr–Si catalysts were largely decreased with time-on-stream and no crystal

structure was formed in the used catalyst, indicating that the deactivation was caused by carbon

deposition. Two main types of carbon deposition were formed, namely low-temperature carbon

deposition with the oxidation temperature of around 400 �C and high-temperature carbon deposition

with the oxidation temperature of 526 �C. The carbon species were mainly composed of graphitized

carbon, amorphous carbon, carbon in C–O bonds and carbonyls. The deactivated catalyst could be

regenerated by a simple oxidation process in air. Adding a certain amount of water into the feed had

a positive effect on reducing the carbon deposition.
1 Introduction

1,3-Butadiene is an important chemical with extensive appli-
cation in industry. It has been reported that about 80% of the
production was used in synthetic rubber and elastomers. In the
past century, the majority of 1,3-butadiene produced came from
the petroleum route, by which 1,3-butadiene was treated as a by-
product of ethylene production. In recent years, ethanol
conversion into 1,3-butadiene has attracted attention from all
over the world because of the shi to light feedstocks for steam
crackers and the increase in production of bio-ethanol.

Many literature studies on the mechanism of the reaction,1

active components of catalyst2–5 and the function of additives6–9

were reported previously. Good catalytic performances have
been reported by Huang et al.10 and Jian et al.,11 but challenges
also existed in the reaction, among which, the deactivation
should be the most important problem of these highly active
catalysts. As is known to all, the deactivation of catalyst may be
resulted from three main reasons, i.e. catalyst agglomeration,
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carbon deposition and catalyst poisoning.12 For most organic
reactions, coke, which is formed on the acid sites of the catalyst,
may be the most likely cause of catalyst deactivation. Chae
et al.13 reported a similar phenomenon in ethanol and acetal-
dehyde conversion into 1,3-butadiene process. And they pointed
out that the pore size and the crystal size of the catalyst would
play an important role in alleviating coke formation in the
reaction process. However, no further studies were conducted to
reveal the connection between the structural properties and the
carbon deposition. Baylon et al.14 studied the stability and
regenerability of Na doped ZnxZryOz catalyst. Aer 60 h of TOS,
the selectivity to 1,3-butadiene reduced by 20% and could be
recovered in 30 min at 450 �C in the presence of 12 vol% O2. It
suggested that the reason of deactivation mainly was the coking
of the active sites for secondary acetaldehyde to 1,3-butadiene
reaction. Tripathi et al.15 reported the bimetallic Cu–Ag sup-
ported on MgO–SiO2 catalysts in the conversion of ethanol to
1,3-butadiene. The 5 wt%Ag/MgO–SiO2 showed higher deacti-
vation compared with the 5 wt%Cu/MgO–SiO2. And the bime-
tallic 5 wt%CuAg/MgO–SiO2 catalyst showed less deactivation
than 5 wt%Ag/MgO–SiO2, but higher than 5 wt%Cu/MgO–SiO2,
suggesting that the addition of Cu could inhibit the carbon
deposition.

In this paper, for the rst time, the problems associated with
the deactivation of 1,3-butadiene from ethanol/acetaldehyde
catalyzed by ZnO–ZrO2–SiO2 were investigated. BET, XRD and
SEM were used to ensure that carbon deposition was the reason
RSC Adv., 2018, 8, 34069–34077 | 34069
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of catalyst deactivation. The physicochemical properties of
deactivated catalyst were examined by means of NH3-TPD, FT-
IR, TGA, 13C NMR and XPS. In addition, the regenerability of
the catalyst and the effect of water in feed were also
investigated.
2 Experimental section
2.1 Chemicals

Zirconium oxynitrate (AR) and acetaldehyde (97%) were
purchased from Aladdin Industrial Corporation. Neat ethanol
Total conversion ¼ ðTotal C moles� ðC moleunreacted EtOH þ C moleunreacted AAÞÞ
Total C moles

� 100

BD selectivity ¼ C moleBD in products

Total C moles in products except for EtOH and AA
� 100
(AR) was purchased from Tianjin Jiangtian Chemical Tech-
nology Co., Ltd. Nitric acid (AR) was purchased from Beijing
Chemical Works. Tetraethyl orthosilicate (AR) and zinc nitrate
hexahydrate (AR) were purchased from Tianjin Guangfu
Chemical Reagent Co., Ltd.
2.2 Catalyst preparation

The ZnO–ZrO2–SiO2 catalyst was prepared by hybrid sol–gel
method as already described in ref. 6. Specically, a certain
amount of ZrO(NO3)2 and Zn(NO3)2$9H2O was dissolved in
deionized water and then some amount of pure ethanol was
added into the solution. The mixture was then subjected to the
addition of diluted nitric acid solution under vigorously stir-
ring. Some amount of ethyl orthosilicate was purged into the
solution aerwards. The obtained gel was then allowed to stand
at room temperature for 24 h. The colloidal sample was then
dried at 110 �C for 6 h and subsequently calcined in a muffle
furnace at 650 �C for 6 h with a temperature ramping rate of
5 �C min�1.
2.3 Catalyst evaluation

The catalyst evaluation of ethanol and acetaldehyde con-
verting into 1,3-butadiene was performed on a xed bed
reactor. The samples were ground and sieved into 20–40
mesh before experiment. The reaction conditions were
chosen as follows: reaction temperature of 310 �C, mole ratio
of ethanol to acetaldehyde of 3.5/1, WHSV of 1.8 h�1. In
a typical experiment, the catalyst was loaded into the quartz
tubular reactor, which was purged with N2 at reaction
temperature for 1 h. Ethanol was fed into the vaporizer (120
�C) by using a syringe pump. All pipelines were kept 180 �C to
prevent condensation. The composition of the exhaust gas
was analyzed by Agilent 7890A gas chromatograph using a 30
34070 | RSC Adv., 2018, 8, 34069–34077
m HP-PLOT-Q column. The main products contained 1,3-
butadiene, ethylene, propylene, butylene, diethyl ether, ethyl
acetate and unidentied compounds, which was represented
as BD, EL, PL, BL, DE, EA and C6+, respectively. When the
evaluation nished, the catalyst was purged by nitrogen at
the reaction temperature for 1 h and then to the room
temperature. The mixed conversion of ethanol and acetal-
dehyde as well as the selectivity towards the main products
were calculated as follows:13
2.4 Catalyst characterization

X-ray powder diffraction characterization (XRD) was carried out
using a Rigaku D/Max 2500 X-ray powder Diffractometer oper-
ated with Cu Ka radiation (l¼ 1.5456 Å). The data was obtained
in the 2q range of 10–90� with a rate of 5� s�1.

Scanning electron microscope (SEM) was recorded with
a Hitachi S-4800 operated with the resolution of 1 nm. Before
measurement the samples were ground thoroughly and pre-
treated with conductive coating.

N2 adsorption–desorption isotherms were measured at
�196 �C using a Micromeritics Tristar 3000 surface area and
porosity analyzer. Before the analysis was conducted, all
samples were pretreated at 300 �C for 6 h. The Brunauer–
Emmett–Teller (BET) equation was used in the study.

Fourier transform infrared resonance (FT-IR) were obtained
using a Nicolet 6700 spectrometer operated with the scanning
range from 4000 to 400 cm�1 and at a resolution of 4 cm�1. All
the catalysts were diluted by KBr before measurement.

X-ray photoelectron spectroscopy (XPS) were taken on a Per-
kinElmer PHI-1600 spectrometer using Mg Ka X-ray radiation
source at a vacuum of 1.2 � 10�8 Mbar. All binding-energy
values were referenced to the C 1s line at 284.6 eV.

13C magic-angle spinning nuclear magnetic resonance (13C-
MAS-NMR) was recorded on a Varian Innity plus 300 MHz
spectrometer. The resonance frequency of 13C was 75.4 MHz,
the spinning frequency of the rotor was 5 kHz and the pulse
delay was 5 s. Adamantane was used as the secondary reference
for the 13C spectrum.

The quantity and strength of acidity were obtained by NH3-
temperature-programmed desorption (NH3-TPD) using
a Micromeritic Autochem II 2920 equipment. All samples were
pretreated at 310 �C for 2 h under owing helium (50mLmin�1)
and then cooled to 70 �C. Aer that the samples were saturated
This journal is © The Royal Society of Chemistry 2018
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Table 1 The physicochemical properties of the catalysts with different
TOS determined by N2 adsorption and NH3-TPD

TOS (h) SBET (m2 g�1) d (Å) V (cm3 g�1)
Quantity of acidity
(mmol g�1)

0 563 25.5 0.36 0.08
3 398 23.6 0.23 0.06
10 361 23.4 0.21 0.05
30 307 23.8 0.18 0.03
60 226 23.4 0.13 0.02
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with ammonia (ammonia 1%, argon 99%) at a ow rate of 20
mL min�1 for 50 min, followed by owing helium (30
mLmin�1) for 1 h. Then the samples were heated to 400 �C with
a ramping rate of 15 �C min�1 in helium (50 mL min�1). The
signals of desorbed NH3 were recorded by a thermal conduc-
tivity detector.

The acidic properties were studied by FT-IR spectroscopy of
adsorbed pyridine using a Nicolet 6700 FT-IR spectrometer with
the optical resolution of 4 cm�1. The loading quantity of catalyst
was about 20 mg. Before measurement, the sample was evacu-
ated at 150 �C for 2 h. Breaking the vacuum with nitrogen and
then getting the blank spectra at 450, 350, 250 and 150 �C.
Pyridine was adsorbed at 150 �C and different spectra were
obtained at 150, 250, 350 and 450 �C aer subtracting the blank
spectra of each temperature, respectively.

Thermogravimetric analyses (TGA) were carried out in
a thermobalance unit using a METTLER DSTA851 analyzer.
Weight data was automatically collected every 30 s with an
accuracy of 0.001 mg. Air was taken as the reaction gas with
a ow rate of 50 mL min�1. The temperature was linearly
increased from 25 �C to 800 �C and the ramping rate was
10 �C min�1.

3 Results and discussion
3.1 Structural and acid properties of the deactivated
catalysts

As reported in our previous work in ref. 6, the stability test of
Zn0.5–ZrO2–SiO2 catalyst was performed. As shown in Fig. 1, the
catalytic performances as to both BD selectivity and ethanol/
acetaldehyde conversion decreased to some extent, indicating
deactivation occurred during the test.

As listed in Table 1, the physical properties of used catalysts,
i.e. SBET, average pore size and pore volume were much lower
than those of fresh counterparts. This may be resulted from the
deposition of carbon species on active sites of the catalyst,
which, in return, blocked most pores of the catalyst. Notably,
the specic surface area of catalyst decreased by 165 m2 g�1

aer 3 h of TOS. Meanwhile, the specic surface area decreased
Fig. 1 Stability test of Zn0.5–ZrO–SiO2 catalyst.

This journal is © The Royal Society of Chemistry 2018
by only 172 m2 g�1 from 3 h to 60 h. The pore structure prop-
erties of the catalysts showed that the initial specic surface
area and pore volume reduction were high and then continued
to decrease slowly. In addition, Fig. S1a and b† were drawn
according to the data in Table 1. From the gures, we specu-
lated that rapid decrease of specic surface area and pore
volume, during the beginning 3 h, was due to block of some
smaller pores by carbon species. When carbon species depos-
ited on acid sites, it was not easy to escape from smaller pores,
where there were more and more carbon species until the pores
were blocked completely. The carbon species depositing in
larger pores were more likely to diffuse out of pores due to the
larger pore size.

XRD characterization was used to study the structural
changes of used catalysts with different TOS. As clearly revealed
in Fig. 2, a broad halo was shown at the range of 2q ¼ 20–30�,
which evidenced a relatively good dispersion of ZrO2 and ZnO
on SiO2 support.16,17 In other words, the deactivation may have
little connection with the change of the crystal structure of the
catalyst. When comparing the diffraction peak intensity, it can
be seen that upon TOS increasing, the intensity of the charac-
teristic diffraction peak increased gradually, which evidenced
that the amorphous property of the catalyst decreased. This may
be due to carbon deposition on the catalyst surface or the pro-
longed high temperature (310 �C) treatment.

Further study by using SEM was conducted to observe the
morphology of the used catalysts. The catalyst with 60 h of TOS
was chosen as a representative sample. As we can see in Fig. 3c,
the surface of fresh catalyst was relatively smooth at the scale of
Fig. 2 XRD patterns of catalysts with different TOS. (a) 0 h; (b) 3 h; (c)
10 h; (d) 30 h; (e) 60 h.

RSC Adv., 2018, 8, 34069–34077 | 34071
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Fig. 3 SEM images of catalysts. (a) Catalyst with 60 h of TOS (scale bar:
5 mm); (b) catalyst with 60 h of TOS (scale bar: 1 mm); (c) fresh catalyst.

Fig. 4 NH3-TPD profiles of catalysts with different TOS. (a) 0 h; (b) 3 h;
(c) 10 h; (d) 30 h; (e) 60 h.
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20.0 mm. For the used catalyst, the agglomeration was evident
and some obvious particles were formed on the surface of the
catalyst, which was due to the carbon deposition, as shown in
Fig. 3a and b.

Scholars have done some research about carbon deposition
on various reactions and catalysts. Castro et al.18 observed
higher amount of carbon formed on the catalyst exhibiting the
higher density of acid sites on the support, when studying
steam reforming of toluene over CexZr1�xO2/Al2O3 catalysts. Li
et al.19 studied coke formation on the surface of Ni/HZSM-5 and
Ni–Cu/HZSM-5 catalysts, nding the rst stage of carbon
deposition was oxygenated hydrocarbons adsorbed Lewis acid
sites in HZSM-5 support. Ni20 et al. studied carbon deposition
on borated alumina supported nano-sized Ni catalysts for dry
reforming of CH4 and believed carbon deposition was related to
strong acid sites. In order to explore the inuence of the carbon
deposition on the acid property of the catalysts, NH3-TPD was
conducted to analyse the quantity of acidity of the catalysts aer
different TOS. As shown in Fig. 4, the quantity of acidity of the
catalysts with different TOS was much lower than that of the
34072 | RSC Adv., 2018, 8, 34069–34077
fresh sample. Moreover, as shown in Fig. S1c,† it is evident that
the decreasing rate of the quantity of acidity tended to diminish
with TOS increasing, which was in good accordance with the
trend of the structural changes in XRD patterns.

The acidic property of the catalysts was also studied by Py-IR
spectra. As shown in Fig. S2,† the adsorption at about 1446 and
1604 cm�1 were typical bands of pyridine adsorbed on Lewis
acid sites21,22 and no Bronsted acid was found at 1540 cm�1.
Thus, in ETB (ethanol to butadiene) reaction, we also suspect
the carbon species deposited on Lewis acid sites. In addition,
the carbon deposition of the catalyst tended to be a process, in
which carbon species began to deposit on acid sites of the inner
surface and gradually grew and spread around until lling the
pore completely. The smaller pores were blocked quickly, while
the larger ones slowly.

What's more, there was an interesting phenomenon, during
the beginning 10–20 h on stream, the drop in acidity was
pronounced, while no obvious effect on catalysis was observed.
BTD is a very complicated reaction, which requires different
active sites, including acid sites, basic sites23,24 and even redox
sites.25 In this work, we believe the acid sites were excess relative
to the other active sites and the key active sites of the catalyst
were not acid sites. Of course, they were necessary. Key active
sites mean the active sites are required for the rate control step,
and their quantity and nature determine the rate of reaction.
Aer 20 h of TOS, the performances began to decrease slowly,
because the excess acid sites had been consumed by carbon
deposition.
3.2 Quantity and composition of carbon deposition on the
deactivated catalysts

TG analysis was used in order to specify the carbon type and
quantify the carbon deposition of the used catalysts with
different TOS. In Fig. 5, four maps were shown and each rep-
resented the used catalyst with 3 h, 10 h, 30 h and 60 h of TOS,
respectively. As we can see from the gures, the major weight
losses appeared with the temperature higher than 200 �C. It was
reported in ref. 26 that the weight loss with the temperature
lower than 200 �C may result from the desorption of molecular
ethanol and water on the surface of the catalyst. In the present
study, two major weight loss peaks were shown at the temper-
ature of around 400 �C and 526 �C, which evidenced that two
types of carbon species were formed during the ethanol and
acetaldehyde conversion into BD process. But apparently, the
integrated area of the two peaks varied, implying the change of
the quantities of two carbon types upon TOS increasing. The
quantities of two carbon types on the catalysts were calculated
and the results were listed in Table 2. It is easy to draw that the
quantities of the low temperature carbon and high temperature
carbon were accumulating with TOS increasing. As shown in the
Fig. S3† (drawn according to the data in Table 2), the quantity of
the high temperature carbon was much higher than that of low
temperature carbon and both type of carbons accumulated
almost under the same increasing rate. Notably, the quantity of
total carbon with 3 h of TOS was 3.78 wt% and with 60 h, the
number reached 9.69 wt%. In other words, only 5.91 wt% of
This journal is © The Royal Society of Chemistry 2018
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Fig. 5 TG curves of catalysts with different TOS. (a) 3 h, (b) 10 h, (c) 30 h, (d) 60 h.

Table 2 The carbon deposition quantities of catalysts with different
TOS

TOS (h)
Low temperature
carbon (wt%)

High temperature
carbon (wt%) Total (wt%)

3 1.55 2.23 3.78
10 1.55 3.14 4.69
30 2.27 3.75 6.02
60 3.58 6.11 9.69

Fig. 6 FT-IR spectra of catalysts with different TOS. (a) 0 h; (b) 3 h; (c)
10 h; (d) 30 h; (e) 60 h.
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total carbon was formed during the 57 h reaction period. It is
clear that the quantity of carbon deposition was relatively high
during the rst couple of hours which in return blocked most of
the smaller pores of the catalyst. The TG results were in good
accordance with the results of BET and NH3-TPD analysed
above. Thus we can draw a conclusion that the deactivation of
the catalyst was caused by the continuous increase of carbon
deposition, which led to blockage of pores in catalysts and
coverage of the acid sites on the surface.

Studies on the chemical structure of the carbon deposition
during the reaction process were performed via FT-IR, 13C NMR
and XPS. According to ref. 27, the bands at 3100–2800 cm�1

could be assigned to stretching vibration of C–H bonds.
Specically, the vibration of –CH in aromatic compounds was
shown at 3050 cm�1, methyl hydrogen atoms was shown at
2970 cm�1 and symmetric stretching vibration of methylene
This journal is © The Royal Society of Chemistry 2018
could be detected at 2930 and 2860 cm�1. As revealed in Fig. 6,
some typical bands were shown at 2981, 2937 and 2877 cm�1.
The rst band could be assigned to the vibration of the methyl
hydrogen atoms, and the last two bands could be ascribed to the
symmetric stretching vibration of methylene. Moreover, two
additional bands were shown at 3452 and 1631 cm�1, which was
assigned to the antisymmetric stretching vibration of hydroxyl
RSC Adv., 2018, 8, 34069–34077 | 34073
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Fig. 7 13C NMR spectra of the catalyst after 60 h of TOS. Fig. 8 C 1s XPS spectrum of the catalyst with 60 h of TOS.

Table 3 XPS data of the catalyst with 60 h of TOS

Binding
energy (eV) Chemical state of carbon Quantity (wt%)

284.2 Graphitized carbon 52.2
285.2 Amorphous carbon 28.0
286.4 C–O bond 19.2
288.1 Carbonyl 0.6
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groups of molecular water and physically adsorbed water,
respectively. With TOS increasing, the absorbance of the methyl
and methylene groups was enhanced, indicating the increasing
quantity of those groups in carbon species. On the other hand,
no aromatic or olens C–H stretch (�3050 cm�1) and aromatic
C]C stretch (�1600 cm�1) were observed in the IR spectra,28

probably because there were no aromatic compounds in carbon
species or aromatic compounds were too few to be detected.

However, it has been reported in many literatures that
aromatic compounds exist in the carbon deposition of organic
reactions.29,30 To conrm whether there were aromatic
compounds, 13C NMR was used to further study the carbon
species. The catalyst with 60 h of TOS was chosen as a repre-
sentative sample. The chemical shied at the range of 0–
50 ppm, 50–90 ppm and 90–150 ppm were correspond to satu-
rated carbon species, C–O moieties and sp2 carbon (aromatic
carbon, olen carbon or graphitized carbon), respectively.31,32 As
we can see from Fig. 7, two sharp peaks were shown at the
chemical shi of 16.1 ppm and 59.6 ppm, which was assigned to
the carbon species formed by saturated carbon and carbon
species with C–O moieties, respectively. A broad peak found at
the range of 115–150 ppm evidenced the formation of sp2

carbon during the reaction process. Together with the results of
FT-IR spectra, it can be inferred that some amount of aromatic
compounds was formed on the catalyst and most of them
converted to graphitized carbon by dehydrocyclization.

Further characterization by XPS was conducted to conrm
the results as analysed above. The catalyst with 60 h of TOS was
chosen as a representative sample. In Fig. 8, four banding
energy values were shown at 284.2 eV, 285.2 eV, 286.4 eV and
288.1 eV, which was correspond to graphitized carbon, amor-
phous carbon formed by aliphatic hydrocarbon, C–O bond,
carbonyl, respectively.33,34 To make a better insight of the
comparison of the carbon species on the catalyst surface, the
quantities of those four carbon species were listed in Table 3. As
can be seen, the majority of carbon was graphitized carbon,
which accounted for 52.2 wt% of total carbon. Amorphous
carbon and carbon bonded to oxygen (most long-chain
34074 | RSC Adv., 2018, 8, 34069–34077
compounds containing C–O bonds, Fig. S4†) accounted for
28.0 wt% and 19.2 wt%, respectively. The rest was the C]O
bonded carbon. The result of XPS was in good agreement with
the results of 13C-NMR and FT-IR characterization. Generally,
the graphitized carbon formed in organic reactions was of high
stability and difficult to remove, higher temperature was needed
in thermal treatment.35 Thus, it can be concluded that the
accumulation of graphitized carbon on the surface was the
major cause of deactivation.
3.3 Regeneration of the deactivated catalysts

As analysed above, the blockage of pore structure and coverage
of acid sites of the catalysts by carbon was the main reason of
the deactivation. Generally, the deactivated catalysts caused by
the carbon deposition can be regenerated by thermal-treatment.
In this study, the used catalyst with 60 h of TOS was regenerated
by calcining in air at 650 �C for 6 h with a temperature ramping
rate of 5 �C min�1. The catalytic performances of the fresh and
regenerated catalysts were listed in Table S1.† In addition, to
better understand the process of regeneration, the catalysts
were also regenerated in-suit in the reactor. Due to the change
of conversion and BD selectivity was not obvious, such as in
Fig. 1, we processed the data. As shown in Fig. S5,† both
conversion and BD selectivity declined to some extent like
regeneration in air. During 20 h of TOS, the conversion fell
within 14%, while the selectivity ranged within 5%. Moreover,
aer 1st regeneration and 2nd regeneration in-suit, the catalytic
performances of the deactivated catalyst were close to
This journal is © The Royal Society of Chemistry 2018
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Fig. 10 NH3-TPD profiles of fresh and regenerated catalysts. (a) Fresh
catalyst; (b) 1st regeneration; (c) 2nd regeneration.

Table 4 Pore parameters of regenerated catalysts

Catalyst SBET (m2 g�1) d (Å) V (cm3 g�1)

Fresh 563 25.5 0.36
60 h of TOS 226 23.4 0.13
1st Regeneration 514 24.6 0.32
2nd Regeneration 530 25.1 0.33
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performances of the fresh one. Therefore, we believe that the
heat treatment can basically restore the performances of the
catalyst and there was not much difference between regenera-
tion in air or regeneration in situ in the reactor.

The pore parameters of fresh catalyst, catalyst with 60 h of
TOS, catalysts aer 1st regeneration and 2nd regeneration were
listed in Table 4. As can be seen, the parameters of regenerated
catalysts were largely improved compared with those of the used
catalysts but still lower than those of the fresh catalyst,
evidencing that the carbon species did block the pore structures
and some structures had undergone permanent changes due to
prolonged heat treatment.

In order to investigate whether the crystal structure of the
regenerated catalyst changed during the coke oxidation process,
the used catalysts were subjected to XRD characterization and
the results were shown in Fig. 9. A broad halo at 20–30� existed
in regenerated catalysts just as the fresh sample. No typical
peaks for ZrO2 and ZnO crystals were found at the scan range of
2q ¼ 10–90�, evidencing a well-dispersion state of the ZrO2 and
ZnO. Nevertheless, for the regenerated catalysts, a sharp peak
was shown at 2q ¼ 27� and this peak could be assigned to the
(011) crystal face of SiO2 (JCPDS 47-1144), which implied that
some amount of silica crystal was formed through regeneration
process. The conversion of amorphous silica to crystalline silica
is not an easy task, which requires a high temperature.36,37 There
may be two possible reasons. On the one hand, the introduction
of Zr and Zn reduced the temperature, at which amorphous
silica transformed into crystalline silica. Milonjic et al.38

concluded the transformation temperature decreased with
Fig. 9 XRD patterns for catalysts. (a) With 60 h of TOS; (b) 1st
regeneration; (c) 2nd regeneration; (d) fresh catalyst.

This journal is © The Royal Society of Chemistry 2018
increasing metal ion impurities in silica samples and Muroya
et al.39 believed the growth of a-quartz was inuenced strongly
by cations such as Ca2+, Cd2+ and Zn2+. On the other hand, fresh
catalyst did not show obvious crystalline state, so we speculate
the second factor was heat treatment time. When the sharp XRD
peak appeared, the catalyst had been heated at 650 �C for 12 h
(catalyst calcination time + 1st regeneration time). With heat
treatment time increasing (2nd regeneration time), the intensity
of the peak at 2q ¼ 27� tended to be enhanced. Moreover, the
amorphous phase of the silica was largely increased upon
regeneration, but could not recover completely. This result
conrmed the view that the decreased amorphous property of
the deactivated catalyst may be the result of the coverage of the
catalyst surface by carbon deposition and the prolonged high
temperature treatment.

NH3-TPD was performed to analyze the acid property of the
regenerated catalysts. As shown in Fig. 10, there was no signif-
icant difference between the fresh and regenerated catalysts on
aspect of acidity. The acidity's quantities of the fresh, 1st
regenerated and 2nd regenerated catalyst was 0.08 mmol g�1,
0.07 mmol g�1 and 0.06 mmol g�1, respectively. This result may
be due to the heat treatment in air at 650 �C. From the pore
Fig. 11 TG curves of catalysts with 10 h of TOS. (a) 10 vol% H2O in
feed; (b) H2O free in feed.

RSC Adv., 2018, 8, 34069–34077 | 34075
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Table 5 The carbon deposition quantities of catalysts with 10 h of TOS with/without water in the feed

Feed condition
Lower temperature
carbon (wt%)

Low temperature
carbon (wt%)

High temperature
carbon (wt%) Total (wt%)

H2O free 0 1.55 3.14 4.69
10 vol% H2O 1.03 1.46 1.90 4.39
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parameters results in Table 4, the XRD results in Fig. 9 and the
TPD results above, we can concluded that aer prolonged heat
treatment in regenerations, some structures undergone the
permanent changes, while these small changes almost had
none signicant effect on performances of the regenerated
catalysts.
3.4 The function of H2O in feed on the alleviation of carbon
deposition

As we all know, the deactivation of the catalyst due to carbon
deposition has brought many adverse effects to the industrial
production and how to alleviate the catalyst carbon deposition
has been amatter of great concern. As reported in ref. 40 and 41,
some amount of H2O vapor in feed could alleviate carbon
deposition on the catalyst to some extent. In addition, some
literatures have illustrated the effect of water in feed in ethanol
conversion. For example, Rahman et al.42 studied the effect of
water on ethanol conversion on ZnO, concluding that molecular
water could not only hinder ethanol dehydration by blocking
strong Lewis acid sites but also inhibit acetaldehyde coupling to
crotonaldehyde. Ochoa et al.43 also investigated the co-fed water
on one-step ethanol to butadiene conversion over MgO/SiO2

catalysts, and unfortunately decrease of butadiene selectivity
and rise of ethylene selectivity were observed, owing to the in
situ formation of Bronsted acid sites by the adsorption of
molecular water on Lewis acid sites. In this section, the effect of
water in feed on the catalytic performance and carbon deposi-
tion in the conversion of ethanol/acetaldehyde to butadiene was
studied and the amount of ethanol/acetaldehyde feed, regard-
less of the water content, was the same (WHSV (ethanol +
acetaldehyde) ¼ const).

As shown in Table S2,† the result of water in feed in this
study was benecial as the addition of water increased the BD
selectivity as well as ethanol/acetaldehyde conversion. With
increasing the amount of H2O in feed, the production of EL and
DE was prohibited to some extent, but excessive amount of
water would lower the ethanol/acetaldehyde conversion. Zhu
et al.44 studied the effect of water in the ethanol–acetaldehyde
feed over MgO/SiO2 catalysts. They found that an appropriate
amount of water (10 wt%) inhibited the formation of 1-butanol
and heavier C6 compounds and to a certain extent decreased the
selectivity to ethanol dehydration products (ethylene and ethyl
ether), which was opposite to the results of Ochoa et al.,43 but
similar to the results in this study. The authors concluded that
aer adding water in feed, different inhibition levels of ethanol
conversion to acetaldehyde led to the increase of ethylene
selectivity in the one-step process and acetaldehyde adding into
the feed in two-step process led to avoid the hindrance of
34076 | RSC Adv., 2018, 8, 34069–34077
ethanol dehydrogenation. Therefore, aer addition of some
water (5–15 vol%) in feed, BD selectivity increased.

In order to investigate the function of water in feed to
eliminate carbon deposition, TG analysis was applied by
comparing the catalysts of the reaction with or without
10 vol% water in feed. There was a big difference on the
distribution of carbon deposition between the two feeding
methods. As shown in Fig. 11, except the peak occurred at
75 �C attributed to desorption of physically adsorbed water,
three weight loss peaks were recorded when 10 vol% of water
was added in feed and the temperature of each peak was
314 �C, 408 �C and 479 �C, respectively. While only two obvious
peaks with 400 �C and 526 �C were found in the DTG curves of
water free feeding. The high temperature carbon deposition
peak shied from the highest of 526 �C to 479 �C, which
implied that the addition of water in feed could shi the high
temperature carbon species to the high temperature carbon
species with lower temperature. The quantity of carbon
deposition of each catalyst was calculated and listed in Table
5. As shown in the table, the total quantity of carbon deposi-
tion dropped by 6.4%. The quantity of low temperature and
high temperature carbon decreased by 5.8% and 39.5%,
respectively. Quantity of lower temperature carbon increased
from 0 wt% to 1.03 wt%. These results indicated that addition
of water could decrease high temperature carbon species and
increase carbon species with the lower temperature, including
both lower temperature and low temperature carbon species.
The conversion from high temperature carbon deposition to
lower temperature and low temperature deposition was
benecial to alleviate the carbon deposition process.
4 Conclusions

In this work, different characterizations were performed to
investigate the deactivation and the regeneration of the ZnO–
ZrO2–SiO2 catalysts. Carbon deposition reduced the activity of
the catalyst by blocking some pores and covering some acid
sites and most of the carbon existed in the form of graphite.
Aer regeneration, the performance of catalyst can almost
completely restore. The addition of water into the feed could
not only reduce the total amount of carbon deposition, but
also shied the high temperature carbon to low temperature
or lower temperature carbon, which alleviated carbon depo-
sition on the catalyst.
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