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Pd/HY zeolite catalyst modified by ammonium fluoride and urea
(Pd/NH,F-Urea-HY) was efficient applied in acetylene
hydrochlorination reaction and had an enhanced catalytic
performance compared to untreated Pd/HY catalyst, which was
attributed to the presence of ammonium fluoride and urea partly
inhibited carbon de position and Pd** reduction.

Vinyl chloride monomer (VCM) is primarily manufactured from
acetylene hydrochlorination by the mercuric chloride (Hgd,)
catalysts, which are highly toxic and cause serious environmental
problemsl, In addition, mercury resources are in short supply and
the application of mercuric chloride will be forbidden ower the
world in the future?. Hence, itis imperative to explore effidentnon-
mercuric catalysts for the acetylene hydrochlorination reaction.

At present, More than 30 non-mercuric metal chlorides
(induding Au”', Pt”, Pd”, Rh”', Ru'”, Bi"', Cu", etc.) supported carbon
have been carried out for acetylene hydrochlorination and Aud;
may be the bestfor this process 3, Up to now, most researches have
demonstrated that metal chloride catalysts were often encountered
with rapid deactivation problems because that some metallic
cations were readily reduced to zero-valent metal by acetylene
during the reaction*®. But for Pd-based catalysts, which also could
obtain the good catalytic activity in acetylene hydrochlorination,
the valence states of Pd spedes and their changes during the
reaction were still not dear™®’. In addition, the weak interaction
between active species and supports was also resulted in loss of
activities of catalysts ****** To address the problem, many other
(SiO,, TiO,, Al,05, CNTs, etc.) supports have been investigated for
acetylene hydrochlorination in recent years
ca r‘oonSb'sa’sd,which is the most common support in reaction and
easily crushed and pulwerized under reaction conditions™. For
example, the Au-Bi/y-Al,0; catalyst was reported and it had the
stronger mechanical strength and regeneration capacity than those
of the traditional Au-based/active carbon catalystsd. These previous
work mentioned above inspired us to consider that the support
might playa notable rolein the overall reaction. Nowadays, zeolites

besides activated
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have been applied as catalyst supports for various catalytic
reactions because of their unique properties, such as high surface
area, well-defined microporosity, high thermal stability and
controlled density of acdd sites®. Compared with SiO,, TiO,
suppor1s4a in the acetylene hydrochlorination reaction, the initial
activity and selectivity of zeolites catalysts were higher but they
were still easily deactivated for the carbon deposition and the Pd
spedes loss. In our work, we have reported the Pd/HY catalyst
could be applied in acetylene hydrochlorination reaction and the
appropriate modification could affect the activities of catalysts, but
the changes of Pd states during the reaction were still not
discussed’. These results have promoted us to study the states of
Pd species in depths in the Pd/HY catalyst for acetylene
hydrochlorination.

Meanwhile, many nitrogen or phosphorus-doped Au/AC
catalysts have been reported recently and N,P-doped carbon
supports could activate acetylene and HA molecules, which was
believed to stabilize metal components®™. Recently, non-metallic
catalysts induding carbon nitride havwe been deweloped as new
catalytic systems for acetylene hydrochlorinationSb'Gc. Despite the
signifiant improvements for this transformation, it remained a
great challenge to dewelop a new, active and stable catalyticsystem
foracetylene hydrochlorination. So in this work, an improved Pd/HY
zeolite catalyst modified by ammonium fluoride and urea had been
synthesized by ultrasonic wave-assisted techniques, and its catalytic
activity foracetylene hydrochlorination had been studied compared
to untreated the Pd/HY catalyst. Finally, the effects of ammonium
fluoride and urea modification on the catalyst performance were
alsoinvestigated.

The catalytic perfformances of the Pd/HY and Pd/NHJ-Urea-HY
catalysts were shown in Fig. 1. The acetylene conversion of the
Pd/HY catalyst decreased from 98% to 19% after running for 2.5 h,
indicating that Pd/HY was rapidly deactivated under this reaction
condition. As a comparison, the Pd/NH F-Urea-HY catalyst showed a
better stability (the acetylene conversion was over 99% in running
for 8 h and decreased 33% after 12 h), which was also much better
than single NH,F or urea modified Pd/HY catalysts (from Fig.S1).
These facts revealed that the Pd/NHF-Urea-HY catalyst had much
slower deactivation rate than that of the Pd/HY catalyst, and both
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the catalyticactivity and stability of the Pd/ NH,F-Urea-HY catalyst
were enhanced in the acetylene hydrochlorination reaction.

From XRD pattems (Fig. 2), the characteristic peaks at 6.3°,
15.9° and 24.0° were known to the reflection of the (111), (133)and
(266) planes of Y-zeolite lattices® and the NH4F-Urea-HY support
keptfew changes about the diffraction peaks. Moreover, the Pd/HY
catalysts were better crystallized than the Pd/NH,F-Urea-HY
catalysts. Apart from the diffraction peaks of the zeolite matrix, no
visible characteristic peaks of Pd spedes were identified in Pd-based
catalysts, regardless of great efforts (adding greater Pd
concentration) were done, indicating that high partide
dispersionab >4 or Pd spedes were supposed to be of a small partide
size®. According to TEM results (from Fig.S2), It was found that the
Pd dispersion was changed by NH,F and urea modification and the
estimated size of detected Pd partides was about 5-20 nm in
Pd/NH,F-Urea-HY catalyst.

Pd/NH,F-Urea-HY catalyst. It was likely that Pd** was,reduced-into
Pd®under the reaction conditions, resultin® M’ #he (FEACtNG tior Bf
Pd-based catalysts. Comparing with the Pd/HY catalyst, the binding
energy of Pd 3ds), of the fresh Pd/NH,F-Urea-HY catalyst showed
the obvious negative shift (about 0.8 eV) and the interaction
between Pd and NH,F-Urea-HY support was a considerable reason.
In combination with the catalytic performance of catalysts (Fig.1), it
was reasonable to condude that the enhanced catalytic
performance in the Pd/NH,F-Urea-HY catalyst was attributed to the
presence of nitrogen and fluorine (from Fig. S3), which affected the
interaction between Pd and NH,F-Urea-HY support, increased the
electron density of Pd** and inhibited the Pd*" reduction. Besides
the surface characterization of XPSanalysis, the actual Pd content in
the fresh and used Pd-based catalysts were also measured byICPin
Table 1. It was obviously indicated that the loss ratio of Pd in the
Pd/HY catalyst was 47.4% and thatin the Pd/NH,F-Urea-HY catalyst
was 44.7% in the reaction process. It was suggested that Pd loss
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remained one reason for catalyst deactivation and the Pd catalyst
with the NHF-Urea-modified HY support could inhibit Pd loss.
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Fig.1 The C,H, conversion (a) and VCM selectivity (b) over Pd
based catalysts; Reaction condition: Temperature = 160 °C, feed
volume ratio Vug:Vey= 1.25, GH, GHSV =110 h ™
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Fig.2 The XRDimages of Pd-based catalysts.

The XPS region spectra of Pd 3d in the fresh and used Pd-based
catalysts were measured to further investigate the valence state
and relative amount of the active Pd spedes in Fig. 3. It should be
noted that all of the Pd (3d) signals had been divided into two
components responding to metallic Pd® and Pd** spedeslo. Curve
fitting were employed to analyze the ratio of Pd° and Pd* spedes
and the results were calculated in Table 1. According to the data,
the relative content of Pd** was 42.5% presentedin the fresh Pd/HY
catalyst,and the relative contentof Pd** was 49.4% observed in the
fresh Pd/NH,F-Urea-HY catalyst. However, the relative content of
Pd** was 26.9% for the used Pd/HY and 37.6% for the used
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Fig.3 XPS Pd 3d profiles of the Pd-based catalysts
Table 1 The relative content of Pd spedes in the fresh and used
catalysts determined by XPS, and the actual Pd content dete mined
byCP.

Catalysts Pd’(area%) Pd*"(area%)
Fresh Pd/HY 57.5 42.5
Used Pd/HY 73.1 26.9
Fresh Pd/NH4F-Urea-HY 50.6 49.4
Used Pd/NH4F-Urea-HY 62.4 37.6

Total Pd (wt%)
Loss ratio of Pd

Catalysts %)

Fresh Used >
Pd/HY 0.95 0.50 47.4
Pd/NH4F-Urea-HY 1.23 0.68 44.7
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SEM results (from Fig. S4) indicated that the presence of NH,F
and urea did not changed the surface morphology of the HY
supportand the agglomeration was occurred in used Pd NH4F-Urea-
HY catalyst. BET results (Table 2) showed that BET surface areas of
the fresh Pd/HY and Pd/NH -Urea-HY catalysts were decreased
and the average pore diameter of them were increased due to the
blocking of pores of Pd addition. After reaction, a significant loss of
surface areas of Pd/HY (from 333 to 21 m%/g) and Pd/NHF-Urea-HY
(from 255 to 39 m%/g) might be ascribed to carbon deposition4e’4f,
which were certified by TGA results. It can be seen from Fig.4,
neither the fresh nor used Pd-based catalysts had a visible loss of
mass before 150 °C, indicating minor water adsorption on the
surface of catalysts. In the range of 150-450 °C, the fresh Pd/HY
showed a slow weight loss, reaching 3.85%. While the fresh
Pd/NH,F-Urea-HY had a significant weight loss (21.10%), which was
assodated with the loss of frame water and the breakdown of
active components linked the Si-O-Si bond. When the temperature
above 450 °C, the weight of used Pd/HY (11.70%) and Pd/NHF-
Urea-HY (23.21%) catalysts decreased rapidly due to oxidation of
carbon deposition. The amount of carbon deposition on the
Pd/NH4F-Urea-HY catalyst could be calculated as 2.11%, which was
less than thatin the used Pd/HY catalyst (7.85%)43’4b’4f’5d. Combined
with BET and TGA results, it could be inferred the better catalytic
performance of the Pd/NH,F-Urea-HY catalysts was attributed to
inhibiting the carbon deposition.

New Journal of Chemistry

profiles of Pd-based catalysts. From Fig. 5a, it can be ghserved-that
there was no significant band position shif2OWH) A9 IAdi eAltEd St
the zeolite framework remained intact after NH4F and Urea
modification. This result supported the eadier dissection on XRD.
Compared with the fresh Pd/HY catalyst, the intensities of the
hydroxyl groups (induding Si-OH, Al-OH and H-bonded hydroxyl
groups) at 4000 to 3000 cm™ were reduced in the fresh Pd/NH -
Urea-HY catalyst, due to Pd cations interacting with hydroxyl groups
of NH,F-Urea-HY support'™®*!. After reaction, the band at 3450 cm”
! was disappeared due to the formation of carbon deposition
coating the effective adidicsites on the catalystsurface, resultingin
decreasing the performance of catalyst. NH;-TPD images in Fig. 5b
could further provide evidence to analyze changes of acddic
properties on Pd-based catalysts. Two desomption peaks of
ammonia atlow (~100 °C) and moderate temperatures (350~500 °C)
were ascribed to weak add sites and media strong acid sites,
belonged to the original HY zeolites 14 After modification by NH,4F
and Urea, the range of peak corresponds to weak add sites at
around 100 °C from the surface hydroxyl groups shifted to the
lower temperature, which were consistent with the FT-IR results
discussed previously. Compared with fresh Pd/HY, the media strong
add sites slightlyincreased, shifting to the higher temperature, and
induced a new acid site in the fresh Pd/NH,F-Urea-HY, which was a
considerable reason for improving the catalytic perfformance of
catalysts.

Table 2 Spedificstructure parameters of samples.
Samples *Seer ®V(cm® /g) ‘D(nm)
(m’/g)

3
T

HY 505 0.11 1.03 2
2
E

NHg4F-Urea/HY 296 0.28 2.57 g
=

Fresh Pd/HY 333 0.23 1.24

Used Pd/HY 21 0.07 2.92

Fresh Pd/NH4F-Urea-HY 255 0.20 2.28

Used Pd/ NH4F-Urea-HY 39 0.06 2.30

Surface area;’ Total pore volume;® Average pore diameter.
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Fig.4 TG profiles of Pd-based catalysts.
Genenally, the surface functional groups and addic properties
on zeolites can affect the catalytic performance of zeolite-based
catalysts™™°. We compared the FT-IR (Fig.5a) and NHxTPD (Fig.5b)
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Fig.5 FT-IR (a) and NH;-TPD (b) profiles of Pd-based catalysts.

In summary, we demonstrated the Pd/NH/F-Urea-HY catalyst
can be effective to apply for acetylene hydrochlorination. The
modification of NH,F and Urea in Pd/HY catalyst could significantly
enhance the atalytic performance, maintaining a good catalytic
performance with acetylene conversion (99 %) and a selectivity to
vinyl chloride (99%) for over 8 h. It was illustrated that the
enhanced catalytic performance was attributed to the NH,F and
Urea modification, which decreased the Pd loss, changed the
surface addity of catalysts, prevented the Pd reduction and
inhibited the carbon deposition.

Experimental section

The HY modified by ammonium fluoride and urea (denoted as
NH4F-Urea-HY) support was synthesized by the HY zeolites
( purchased by Nankai university, Si/Al =9) to a mixture of NH,F and
urea under stirring in 100 mL distilled water, so as to modulate a
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mass ratio of NH,F/Urea keeping 2/1. Afterstiring 4h at 298 K, the
mixture was filtered and washed thoroughly with distilled water
until the filtrate was neutral. Then itwas dried at353 K for 10 h. Pd -
based catalysts using the prepared NH,F-Urea-HY support or
original HY support were prepared by ultrasonic-assisted and
indpient wetness impregnation technique’. The Pd loading was 0.9
wt% and the obtained catalysts were denoted as Pd/HY and
Pd/NH4F-Urea-HY catalysts, respectively. The single NH,4F or urea
modified Pd/HY catalysts was prepared by the same method as
shown above.

Activity tests of catalysts were evaluated in a fixed-bed quartz
tube reactor (i.d. 10 mm) at atmospheric pressure. A premixed
hydrogen chloride (99.99%) and acetylene (98%) stream with a
volume ratio of 1.25 were fed into a heated reaction containing 4 g
catalysts, keeping a C;H, gas houryspace velodty (GHSV) of 110 ht
and a reaction temperature of 160 °C. The exit gas mixture from the
reactor was passed through an aqueous NaOH solution to remove
untreated HA before beingsetinto a gas chromatography (GC 2010,
Shimadzu) to analyzed the conwersion of acetylene (X,) and the
selectivity of the selectivity of VCM (SyJ immediately.

Scanning electron microscopy (SEM) was performed using a
LEO1450VP detector and transmission electron microscopy (TEM)
was tested with H-600-II electron microscope from Hitachi Co. LTD
at an accelerating wltage of 200 KV. Palladium contents were

detected using an inductively coupled plasma (ICP-6300) instrument.

X-ray diffraction (XRD) data were acquired using a M18XHF22-SRA
diffractometer operatingat 50kV, 100 mA with Cu-Ka irradiation in
the scan range of 20 between 5°-80°. X-ray photoelectron
spectroscopy (XPS) data were executed by AXS ULTRA
spectrometer (Kratos Analytical Ltd) and binding energies are
referred to the Cy line at 284.8 eV. Fourier Transform Infrared
Spectrometer (FTIR) was analyzed on a EQUINOX-55 (Bruker
Company, Gemany) experiment and temperature programmed
decomposition (TPD) was determined using a TP-5080 adsormption
instrument overa temperature ramp of 0-900 °C, amp rate of 10 °C
min™, flow of 100 mL min™. Brunauer-Emmett-Teller (BET) surface
area data were collected using a Barrett-Joyner-Halenda (BJH)
desorption branch analysis. A thermogravimetric (TG) analysis was
performed by the TG-DSC simultaneous thermal analyzer (NETZSCH
SAT 449F3 Jupiter, Germany), air atmosphere, flow rate of 100 mL
min'l, heating rate of 10 °Cmin™.

Acknowledgments

This work has been supported by National Natural Science
Foundation of China (Grant No. 21263025 and U1403293),
Graduate Research and Innovation Program of Xinjiang (Grant No.
XJGRI2014023).

Notes and references

1 (a)K. Zhou, J.C. Jia, X.G. Li, X.D. Pang, C.H. Li, J. Zhou, G.H.
Luo and F. Wei, Fuel. Process. Technol., 2013, 108, 12; (b)K.
Zhou, W. Wang, Z. Zhao, G.H. Luo, J.T. Miller, M.S. Wong and
F. Wei, ACS. Catal., 2014, 4, 3112.

4 |J. Name., 2012, 00, 1-3

2

3

10

11

Minamata Convention Agreed by, o Nations
www. unep.org/newscentre/default. asg@?l)@ql@mgglmgz
&ArticlelD=9373, EP NEWS CENTRE (2013).

(@) G.J. Hutchings, J. Catal., 1985, 96, 292; (b) M. Conte, A.
Carley, G. Attard, A. Herzing, C. Kiely and G.J. Hutchings, J.
Catal., 2008, 257, 190.

(@) H.Y. Zhang, B. Dai, X.G. Wang, L.L. Xuand M.Y. Zhu, J. Ind.
Eng. Chem., 2012, 18, 49; (b)H.Y. Zhang, B. Dai, X.G. Wang, W.
Li, Y. Han, J.J. GuandJ.L. Zhang, Green. Chem., 2013, 15, 829;
(c) ). Zhao, T.T. Zhang, X.X. D, J.T. Xu, J.H. Xu, F. Feng, J. Ni
and X.N. Li, RSC. Adv., 2015, 5, 6925; (d) Y.F. Pu, J.L. Zhang, X.
Wang, H.Y. Zhang, L. Yu, Y.Z Dong and W. Li, Catal. Sci.
Technol., 2014, 4, 4426; (e)H.Y. Zhang, B. Dai, W. Li, X.G.
Wang, J.L. Zhang, M.Y. Zhu and J.J. Gu, J. Catal., 2014, 316,
141; (f) H.Y. Zhang, W. Li, X.Q. Li, W. Zhao, J.J. Gu, X.Y. Qi, Y.Z
Dong, B. Dai and J.L. Zhang, Catal. Sci. Technol., 2015, 5,
1870.

(@) C.F. Huang, M.Y. Zhu, L.H. Kang and B. Dai, Catal.
Commun., 2014, 54, 61; (b) X.Y. Li, M.Y. Zhu and B. Dai, Appl.
Catal. B: Environ., 2013, 142-143, 234; (c) W. wittanadecha,
N. Laosiripojana, A. Ketcong, N. Ningnuek, P. Praserthdam,
J.R. Monnier and S. Assabumrungrat, Appl. Catal. A: Gen.,
2014, 475, 292; (d) S.J. Wang, B.X. Shenand Q.L. Song, Catal.
Lett., 2009, 134, 102.

(@) J.G. zZhao, J.J. Zeng, X.G. Cheng, L. Wang, H.H. Yang and
B.X. Shen, RSC. Adv., 2015, 5, 16727; (b) X.H. Tian, G.T. Hong,
Y. Liu, B.B. Jiangand Y.R. Yang, RSC. Adv., 2014, 4, 36316; (c)
X.Y. Li, X.L. Pan, L. Yu, P.G. Ren, X.Wu, LT. Sun, F. Jiao and
X.H. Bao, Nat. Commun., 2014, 5, 3688; (d) C.F. Huang, M.Y.
Zhu, L.H. Kang, X.Y. Li and B. Dai, Chem. Eng. J., 2014, 242, 69;
(e) S.Y. Huang, Y. Wang, Z.Z Wang, B. Yan, S.P. Wang, J.L.
Gongand X.B. Ma, Appl. Catal. A: Gen., 2012, 417-418, 236.
(@) L. Wang, F. Wang, J.D. Wang, X.L. Tang, Y.L. Zhao, D. Yang
and T. Hao, Reac. Kinet. Mech. Cat., 2013, 110, 187; L. Wang,
F. Wang and J.D. Wang, Reac. Kinet. Mech. Cat., 2015, 114,
725; (c) L. Wang, F. Wang and J.D. Wang, Catal. Commun.,
2015, 65, 41.

X.B. Ke, X.G. Zhang, H.W. Liu, S. Xue and H.Y. Zhu, Chem.
Commun., 2013, 49, 9866.

N. Aldea, P. Marginean, V. Rednic, S. Pintea, B. Barz, A.
Gluhoi, B.E. Nieuwenhuys, Y.N. Xie, F. Aldea, M. Neumann
and J. Optoelectron Adv. Mater., 2007, 9, 1555.

(@) P. Weerachawanasak, G.J. Hutchings, J.K. Edwards, S.A.
Kondrat, P.J. Miedziak, P. Prasertham and J. Panpranot,
Catal. Today., 2014, Doi: 10.1016/j. cattod. 2014. 06.005; (b)
H.M. Chen, D.G. Huang, X.Y. Su, J.L. Huang, X.L. Jing, M.M. Du,
D.H. Sun, L.S. Jia andQ.B. Li, Chem. Eng. J., 2015, 262, 356; (c)
M. Jabtonska’, A. Krdl, E. Kukulska-Zajac, K. Tarach, V. Girman,
L. Chmielarz and K. Géra-MareK, Appl. Catal. B: Environ.,
2015, 166-167, 353.

(@) K.P. Thanh, M.C. Maria, F. Elisabetta and B.Guido, Appl.
Catal. A: Gen., 2014, 470; (b) Y. Matsunaga, H. Yamazaki, T.
Yokoi, T. Tatsumi and N. Junko, J Phys. Chem. C., 2013, 117,
14043; (c) N. Ya’aini, N.A.S. Amin and S. Endud, Micropor.
Mesopor. Mat., 2013, 171; (d) Z.Y. Zakaria, J. Linnekoski and
N.A.S Amin, Chem. Eng. J., 2012, 207-208, 803; (e) N.A.S.
Ramli and N.A.S. Amin, Appl. Catal. B: Environ., 2015, 163,
487.

This joumnal is © The Royal Society of Chemistry 20xx

Page 4 of 5


http://www.unep.org/newscentre/default.aspx?DocumentID=2702&ArticleID=9373
http://www.unep.org/newscentre/default.aspx?DocumentID=2702&ArticleID=9373
http://www.sciencedirect.com/science/article/pii/S0926860X13006364
http://www.sciencedirect.com/science/article/pii/S0926860X13006364
http://www.sciencedirect.com/science/article/pii/S0926860X13006364
http://www.sciencedirect.com/science/article/pii/S0926860X13006364
http://dx.doi.org/10.1039/c5nj03338a

Page 5 of 5

Published on 05 February 2016. Downloaded by University of Leeds on 09/02/2016 06:14:20.

New Journal of Chemistry
View Article Online
DOI: 10.1039/C5NJ03338A

Graphical abstract:

Non-mercury catalytic acetylene hydrochlorination over the
NH,F-Urea-modified Pd/HY catalyst for vinyl chloride monomer
production

Lu Wang®, Feng Wang™* , Jide Wang"

*Key Laboratory of Oil and Gas Fine Chemicals, Ministry of Education and Xinjiang Uyghur
Autonomous Region, College of Chemistry and Chemical Engineering, Xinjiang University,
Urumgqi, Xinjiang 830046, People’s Republic of China

*Corresponding author.
Tel: +86-0991-8586079; Fax: +86-0991-8582809.
E-mail: wangfeng62@126.com.

veM AT
C2H2+HCIJ $.f Y

- NHF-Urea Y.

—m— PA/HY
—&— PA/NH F-Urea-HY

SO PR S WU |
° 200 400 600 200
Time/ min

8cm x4 cm

The modification of NH4F and urea significantly enhances the stability of Pd/HY catalyst for
acetylene hydrochlorination.
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