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a  b  s  t  r  a  c  t

Three  catalysts  were  prepared  by impregnating  the  same  volume  of  pentachloroantimony  (PCA),
trimethylsilyl  trifluoromethanesulfonate  (TMSTFMS),  or isometric  PCA  and  TMSTFMA  into  an  activated
carbon  (AC).  Di(1-naphthyl)methane  (DNM)  was  used  as  a coal-related  model  compound  to  evalu-
ate  their  catalytic  activity.  The  results  show  that Car Calk bond  in DNM  can  be  specifically  cleaved
over each  catalyst  to  afford  naphthalene  and  1-methylnaphthalene  under  pressurized  hydrogen  at
temperatures  up to 300 ◦C, but  as  a new  solid  acid  (NSA),  PCA–TMSTFMS/AC  is significantly  more
active  for  DNM  hydrocracking  than  the other  two  catalysts.  FTIR  and  SEM  analyses  reveal  the  strong
i(1-naphthyl)methane
ydrocracking
pecific cleavage

interactions  among  PCA,  TMSTFMS,  and  the AC  in the NSA.  NH3-TPD  analysis  suggests  that  the  NSA
should  exhibit  appreciably  stronger  acidity  than  the  other  two catalysts.  The  strong  interactions  may
result  in  the  appreciably  stronger  acidity  of  the NSA  than  that  of the  other  two  catalysts  and  thereby
facilitate  DNM  hydrocracking.  It  is presumed  that  H2 was  heterolytically  cleaved  to  immobile  H−

and  mobile  H+. The  addition  of mobile  H+ to ipso-position  of  DNM  should  be crucial  step  for  DNM

hydrocracking.

. Introduction

The cleavage of bridged bonds (BBs), especially C C bridged
onds, in coals is one of the most important reactions for direct coal

iquefaction (DCL) [1–3]. Conventional DCL is usually conducted
t temperatures higher than 450 ◦C, leading to severe increase
n the yields of both gases and heavy products [4] with huge
nergy consumption in addition to significant increase in invest-
ent cost [3,5] caused by the requirement for the equipments

apable of withstanding high temperature and pressure. Prepar-
ng active catalysts for effectively cleaving BBs in coals is needed
or developing low-temperature DCL process to solve the above
roblems.

Rapid improvements in the area of carbocation chemistry have
een achieved since the pioneering work of Olah, who used
entafluoroantimony as a strong Lewis acid [6].  However, such a
trongly corrosive liquid acid erodes equipments and cannot be
ffectively recycled. Solid acids have the advantages of low cor-

osion, larger specific surface area (SSA) and good retrievability
7].

∗ Corresponding author. Tel.: +86 0516 83885951; fax: +86 0516 83885951.
E-mail address: wei xianyong@163.com (X.-Y. Wei).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.apcata.2012.03.002
© 2012 Elsevier B.V. All rights reserved.

Since coal structures are still not clear, studies on the reac-
tions of coal-related model compounds have become powerful
tools to reveal the mechanisms of coal liquefaction on the molec-
ular level [8–13]. In general, thermal cleavage of Car Calk bond
is much more difficult than that of Calk Calk bond. Consequently,
selective cleavage of Car Calk bond at a lower temperature in the
presence of a proper catalyst is the key of hydrocracking in DCL and
model reactions. Wei  et al. found that the metal catalysts such as
Fe, Ni, and Pd/C mainly catalyzed di(1-naphthyl)methane (DNM)
hydrogenation via biatomic hydrogen transfer, whereas their sul-
fides predominantly promoted DNM hydrocracking via monatomic
hydrogen transfer, i.e., radical hydrogen transfer (RHT) [14,15].
RHT to DNM also occurred over an activated carbon (AC) and pro-
moted by adding sulfur [16]. The hydrogenation of aromatic rings
is inevitable in addition to the release of hydrogen sulfide either
over metal sulfides or over AC/sulfur, although the total selectivity
of hydrogenated products was  very low from the reaction of DNM.
Specifically cleaving Car Calk BBs in coals under mild conditions is
of great importance both for understanding coal structures (espe-
cially the types of aromatic units and BBs connecting the units) and
for facilitating the separation of reaction products.
Taking the above importance into account, we  tried to prepare a
highly active catalyst for specifically cleaving Car Calk BBs in coals.
Here, we report our preliminary results using DNM as a coal-related
model compounds.

dx.doi.org/10.1016/j.apcata.2012.03.002
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
mailto:wei_xianyong@163.com
dx.doi.org/10.1016/j.apcata.2012.03.002
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. Experimental

.1. Materials

DNM was synthesized by heating naphthalene with 1-
hloromethylnaphthalene over zinc powder. Solvent cyclohexane
as commercially purchased and distillated before use. An AC,

rimethylsilyl trifluoromethanesulfonate (TMSTFMS) and pen-
achloroantimony (PCA) were also commercially purchased. The
C was ground to <75 �m and dried in a vacuum at 80 ◦C for 24 h,

hen stored under a nitrogen atmosphere before use.

.2. Catalyst preparation and characterization

The AC (8 g) and the same amount (30 mL  in total) of one or
wo acidic species (ASs), i.e., PCA, TMSTFMS or isometric PCA and
MSTFMS, were placed into an 80 mL  CEM Discover microwave
eactor with a condenser and magnetic stirrer. After replacing air
n the reactor with nitrogen three times, the reactor was heated to
0 ◦C and kept at the temperature for 20 min. Then it was  cooled to
oom temperature and continuously stirred for 12 h. The catalysts,
.e., PCA/AC, TMSTFMS/AC and PCA–TMSTFMS/AC, were obtained
y filtering the reaction mixtures through a membrane filter of
olytetrafluoroethylene with 0.8 �m of pore size followed by des-

ccation at 120 ◦C for 24 h under the protection of nitrogen. Among
he catalysts, PCA–TMSTFMS/AC was investigated with emphasis
s a new solid acid (NSA).

Infrared spectra of the AC and catalysts were recorded on a Nico-
et Magna IR-560 Fourier Transform infrared (FTIR) spectrometer
sing KBr pellets. Specific surface area (SSA), total pore volume
TPV) and average pore diameter (APD) of the samples were deter-

ined by nitrogen adsorption at −196 ◦C on an Autosorb-1-MP
nstrument. Scanning electron microscopic (SEM) observations of
he samples and corresponding elemental analysis were performed
ith a Hitachi S-3700N scanning electron microscope operating at

00 kV combined with an energy dispersive spectrometer (EDS).
he catalyst acidities were measured by temperature-programmed
esorption of ammonia (NH3-TPD) with a TP-5000 II adsorption

nstrument.

.3. DNM hydrocracking and reaction mixture analysis

DNM (1 mmol), a catalyst (0–0.4 g) and cyclohexane (30 mL)
ere put into a 60 mL  stainless, magnetically stirred autoclave.
fter replacing air in the autoclave with hydrogen, the autoclave
as pressurized with hydrogen to a desired pressure, i.e., initial
ydrogen pressure (IHP between 1 and 5 MPa), at room tempera-
ure (20 ◦C) and heated to an indicated temperature (150–300 ◦C)
n 15 min. After reaction at the temperature for a prescribed period
f time (1–10 h), the autoclave was immediately cooled to room
emperature in an ice-water bath. The products and unreacted
NM in the reaction mixture taken out from the autoclave were
uantified with a Hewlett-Packard 6890 gas chromatography and

dentified with a Hewlett-Packard 6890/5973 gas chromatogra-
hy/mass spectrometry.

. Results and discussion

As Fig. 1 shows, the absorbances of OH at 3416 cm−1 and >C=C<
oiety at 1620 cm−1 in the AC, PCA/AC and TMSTFMS/AC can be

learly observed but almost disappeared in the NSA, while the
bsorbances of CH3 and >C C< moiety at 2925 and 2857 cm−1
bserved in the AC almost disappeared in PCA/AC and completely
anished in TMSTFMS/AC and the NSA, although both TMSTFMS/AC
nd the NSA were prepared by impregnating TMSTFMS, which con-
ains CH3 groups. The appearance of C Cl bonds at 769 cm−1 in
Fig. 1. FTIR spectra of the AC and catalysts.

PCA/AC suggests the reaction of PCA with the AC during the catalyst
preparation. The formation of C Cl bonds also occurred from the
reaction of polyacetylene with PCA when PCA was  used as a dopant
[17]. Blue shift of the absorbance for some of C Cl bonds from 769
[17] to 799 cm−1 [18] can be found by comparing FTIR spectrum
of PCA/AC with that of the NSA. Many characteristic absorbances
of CF2 SO2 O (asymmetric) [19] and Si O [20] at 1254 cm−1,
(CH3)3Si O [21] at 1173 cm−1, O SO2 O− [22] and F3C SO2 O
[23] at 1042 cm−1, C F [24] and SO3 (symmetric) [25] at 644 cm−1,

CF3 (asymmetric) [25] at 580 cm−1 and SO3 (asymmetric) [25]
at 519 cm−1 from TMSTFMS were confirmed in the NSA in addition
to the absorbance of C Cl bonds at 769 and 799 cm−1, as shown
in Fig. 1 and Table 1. However, based on the absorbance inten-
sity (AI) at 1254 cm−1, the AI at 1173 cm−1 in the NSA is much
weaker than that in TMSTFMS/AC, whereas the AIs at 1042, 644,
580 and 519 cm−1 in the NSA are significantly stronger than those in
TMSTFMS/AC. Neither of the characteristic absorbances except for
the absorbance at 799 cm−1 appeared in PCA/AC. The above results
evidently indicate that there exist strong interactions among PCA,
TMSTFMS and the AC in the NSA, although the detailed interaction
mechanisms need to be further investigated.

As Fig. 2 displays, the surface of AC itself is smooth compared
to the rough surface of three other samples. A number of spher-
ical particles (SPs) with diameter less than 1 �m adhered to the
AC surface can be clearly observed only in PCA/AC, while there are
irregular grains (IRGs) with diameter less than 5 �m adhered to the
AC surface in TMSTFMS/AC and the NSA. According to EDS analysis
demonstrated in Fig. 3, the following elements were confirmed: (1)
C and O from the AC, C, O, Sb and Cl in the SPs from PCA/AC; (2) C, O,
F, Si and S in the IRGs from TMSTFMS/AC; (3) all the above elements
in IRGs from the NSA. However, O/C ratio in the SPs from PCA/AC
is far higher than that in the AC, although no O contains in PCA.
The higher O/C ratio in the SPs from PCA/AC could be related to the
reaction of PCA with oxygen-containing species in the AC and/or
O2 in air during the catalyst preparation. These observations fur-
ther confirmed the strong interactions among PCA, TMSTFMS and
the AC in the NSA.

Data listed in Table 2 exhibit that the impregnation of either
PCA or TMSTFMS or both the ASs significantly decreased SSA and

TPV of the resulting catalysts and remarkably decreased APD of the
resulting PCA/AC but appreciably increased APD of the resulting
TMSTFMS and NSA. Especially, the decrease in SSA for the NSA is
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Table  1
Comparison of intensity relative to the absorbance at 1254 cm−1.

WN (cm−1) Intensity relative to WN1254 Assignment

NSA TMSTFMS/AC

1254 1.0000 1.0000 CF2 SO2 O (asymmetric) [19], Si O [20]
1173  0.1684 0.2408 (CH3)3Si O [21]
1042 0.3364 0.2272 O SO2 O− [22], F3C SO2 O [23]

799 0.0598 0 C Cl [18]
644 0.2624 0.2243 C F [24], SO3 (symmetric) [25]
580  0.0193 0.0147 CF3 (asymmetric) [25]
519  0.0602 0.0436 SO3 (asymmetric) [25]

WN – wavenumber; intensity relative to WN1254 – peak area at an indicated wavenumber/peak area at 1254 cm−1.
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Fig. 2. SEM micrograp

he most significant. The results imply that significant amount of
n AS or two ASs was impregnated into micropores in the AC and
MSTFMS expanded the micropores to some extent, especially by
ynergic interaction with PCA.

NH3-TPD is well used for measuring the surface acidity of porous
amples and more NH3 desorption at higher temperatures indi-
ate stronger acidity of the samples [26]. As Fig. 4 illustrates, there
re sharp desorption peak (SDP) in lower temperature region (LTR,
300 ◦C) and broad desorption peak in higher temperature region

HTR, 550–685 ◦C) for PCA/AC and the NSA, but only SDP can be
bserved for TMSTFMS/AC. The temperatures corresponding to
aximum intensity in LTR for PCA/AC, TMSTFMS/AC and the NSA

able 2
urface properties of the AC and catalysts.

Sample SSA (m2 g−1) TPV (cm3 g−1) APD (nm)

AC 743.0 0.53 2.85
TMSTFMS/AC 637.7 0.46 2.91
PCA/AC 526.3 0.26 2.66
NSA 487.6 0.38 3.12
 the AC and catalysts.

are 87.3, 185.2 and 216.1 ◦C, respectively, and those in HTR for
PCA/AC and the NSA are 601.1 and 606.3 ◦C, respectively. In addi-
tion, the intensities of desorption peaks both in LTR and in HTR from
the NSA are significantly stronger than those from PCA/AC. These
results indicate that the acidity of NSA is substantially stronger than
that of either PCA/AC or TMSTFMS/AC. The enhanced acidity should
be closely related to the strong interactions among PCA, TMSTFMS
and the AC in the NSA, which were characterized by FTIR, SEM
and EDS analyses along with the surface property measurements
mentioned above.

The results illustrated in Fig. 5 show that the activity of NSA
for DNM hydrocracking is appreciably higher than that of PCA/AC
and much higher than that of TMSTFMS/AC under the same
reaction conditions. Dramatic increases in DNM conversion and
the product yield can be observed over any catalyst. Noteworthily,
all the catalysts specifically cleaved the BB in DNM, only affording
naphthalene and 1-metyhylnaphthalene (1-MN). The yield of

naphthalene is appreciably higher than that of 1-MN over any
catalysts and the difference in yield between the two products
increased with raising the reaction temperature, indicating that
the 1-MN demethylation proceeded and became significant at
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Fig. 3. EDS spectra of the AC and catalysts.

igher temperatures. Dramatic increase both in DNM conversion
nd in the product yields above 250 ◦C also deserves attention.

DNM conversion, the product yields and the difference in
ield between naphthalene and 1-MN basically increased with the

ncreases in the NSA feed (Fig. 6), reaction time (Fig. 7) and IHP
Fig. 8), but the increases with reaction time at 250 ◦C are insignif-
cant (Fig. 7). There was almost no increase in 1-MN yield with the
ncrease in IHP at 300 ◦C (Fig. 8). These facts suggest that the NSA
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Fig. 5. DNM conversions and product yields over different catalysts at different
temperatures (catalyst 0.4 g, IHP 5 MPa, 3 h).

activation at temperatures higher than 250 ◦C is needed and the
increase in IHP facilitates 1-MN demethylation to naphthalene.

Thermally cleaving the Car Calk bonds is very difficult because
of the extreme lability of the resulting aryl radical. Hydrogen trans-
fer either from H• or from H+ is crucial for the Car Calk bond
cleavage [27–31],  because the addition of H• or H+ to the ipso-
position (IP) of an aryl group with a methylene linkage affords a
stable aromatic molecule rather than a labile aryl radical. As men-
tioned above, synergic interaction of the electrophilic reagents PCA
and TMSTFMS, which were impregnated into the AC in the NSA,
substantially increased the NSA acidity. Strong acidity of the NSA
facilitates heterolytical splitting of H2 to an immobile H− adhered
to the NSA surface and a mobile H+, as displayed in Scheme 1. The

addition of mobile H+ to the IP of a naphthalene ring in DNM leads
to specific cleavage of the BB in DNM, resulting in naphthalene and
naphthalen-1-ylmethylium (NM). The resulting NM can abstract an
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Scheme 1. Possible mechanism for the NSA-catalyzed hydrogen transfer to DNM.
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ig. 6. Effect of the NSA feed on DNM conversion and product yield (IHP 5 MPa,
00 ◦C, 3 h).

mmobile H− from the NSA surface to afford 1-MN. The demethy-
ation of 1-MN also proceeds via the addition of mobile H+ to the
P of the naphthalene ring in 1-MN and subsequent abstraction of
n immobile H− by the resulting +CH3 from the NSA surface, but

he 1-MN demethylation is not easy compared to the BB cleavage
n DNM due to less stability of +CH3 than NM.

0

10

20

30

40

50

60

70

80

1086420
0

10

20

30

40

50

60

70

80

250 oC

300 oC

12

Time (h)

D
N

M
 c

o
n

v
e
rs

io
n

 (
%

)

Y
ie

ld
 (

m
o

l%
)

ig. 7. Time profiles of DNM conversion and product yield at 250 and 300 ◦C (catalyst
.4  g, IHP 5 MPa, 3 h).
IHP (MPa)
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4. Conclusions

The strong interactions among PCA, TMSTFMS and the AC in the
NSA were confirmed by FTIR, SEM and EDS analyses along with the
surface property measurements. With stronger acidity than PCA/AC
and TMSTFMS/AC, the NSA exhibited substantially higher activity
than PCA/AC and even much higher activity than TMSTFMS/AC for
specifically cleaving BB in DNM by the strong interactions. The high
activity of NSA for the specific cleavage of BB in DNM could be
ascribed to the catalysis of NSA in effective producing mobile H+

and immobile H−.

Acknowledgments

This work was  subsidized by the Special Fund for Major
State Basic Research Project (Grant 2011CB201302), the Fund
from National Natural Science Foundation of China for Innovative
Research Group (Grant 50921002), the Key Project of Natural Sci-
ence Foundation of China (Grant 20936007), the Key Project of Coal
Joint Fund from National Natural Science Foundation of China and
Shenhua Group Corporation Limited (Grant 51134021), National
Natural Science Foundation of China (Grant 51074153), the Pro-
gram of the Universities in Jiangsu Province for Development of
High-Tech Industries (Grant JHB05-33), and the Priority Academic
Program Development of Jiangsu Higher Education Institutions.

References
[1] T. Yoshida, K. Tokukashi, Y. Maekawa, Fuel 64 (1985) 890–896.
[2] L. Artok, O. Erbatur, H.H. Schobert, Fuel Process. Technol. 47 (1996) 153–176.
[3] K. Kidena, N. Bandoh, S. Murata, M. Nomura, Fuel Process. Technol. 74 (2001)

93–105.
[4] X.Y. Wei, E. Ogata, Z.M. Zong, E. Niki, Fuel 72 (1993) 1547–1552.



8 sis A: 

[
[

[
[
[
[

[

[
[

[

[

[

[

[
[

[
[

[
[

4 X.-M. Yue et al. / Applied Cataly

[5]  V.M. Akhmedov, S.H. Al-Khowaiter, E. Akhmedov, Appl. Catal. A: Gen. 181
(1999) 51–61.

[6] G.A. Olah, G.K.S. Praqkash, in: R.A. Meyers (Ed.), Encyclopedia of Physical Sci-
ence and Technology, Ramtech Limited, CA, 2004, pp. 175–188.

[7] Z.W. Yang, L.Y. Niu, X.J. Jia, Q.X. Kang, Z.H. Ma,  Z.Q. Lei, Catal. Commun. 12 (2004)
798–802.

[8] Y. Kamiya, E. Ogata, K. Goto, T. Nomi, Fuel 65 (1986) 586–590.
[9] S. Futamura, S. Koyanagi, Y. Kamiya, Fuel 67 (1988) 1436–1440.
10] V.Y. Korobkov, E.K. Aboimova, V.I. Bykov, L.V. Kalechita, Fuel 69 (1990) 480–484.
11] E.N. Grigorieva, S.S. Panchenko, V.Y. Kovrobkov, I.V. Kalechitz, Fuel Process.

Technol. 41 (1994) 39–53.
12] Z.M. Zong, X.Y. Wei, Fuel Process. Technol. 41 (1994) 79–85.
13] S. Murata, M.  Nakamura, M.  Miura, M.  Nomura, Energy Fuels 9 (1995) 849–854.
14] X.Y. Wei, E. Ogata, Z.M. Zong, Z.H. Ni, E. Niki, Fuel 72 (1993) 1547–1552.
15] X.Y. Wei, Z.H. Ni, Z.M. Zong, Z.S. Lu, X.Y. Chun, X.H. Wang, Energy Fuels 17 (2003)

652–657.

16] Z.H. Ni, Z.M. Zong, L.F. Zhang, L.B. Sun, Y. Liu, X.H. Yuan, X.Y. Wei, Energy Fuels

17 (2003) 60–61.
17] L. Soderholm, C. Mathis, B. Francois, J.M. Friedt, Synth. Met. 10 (1985) 261–272.
18] S. Xu, B.S. McDowell, S.W. Sharpe, B.J. Krohn, J. Mol. Spectrosc. 173 (1995)

431–441.

[

[

[

General 425– 426 (2012) 79– 84

19] S.A. Ullrich, G.L. Garday, R.L. Nafshun, M.M.  Lerner, J. Fluorine Chem. 79 (1996)
33–38.

20] M.  Zhu, J. Yuan, G. Zhou, J. Wuhan, Univ. Technol. Mater. Sci. Ed. 26 (2011)
837–842.

21] S.P. Zhdanov, L.S. Kosheleva, T.L. Titova, M.A. Shubaeva, Russ. Chem. Bull. 42
(1993) 619–623.

22] M.L. Strader, H.B. De Aguiar, A.G.F. De Beer, S. Roke, Soft Matter 7 (2011)
4959–4963.

23] L.N. Sim, S.R. Majid, A.K. Arof, Vib. Spectrosc. 58 (2012) 57–66.
24] R. Henda, G. Wilson, J. Gray-Munro, O. Alshekhli, A.M. McDonald, Thin Solid

Films 520 (2012) 1885–1889.
25] S. Ramesh, L.J. Yi, Ionics 15 (2009) 413–420.
26] L. Rodríguez-González, F. Hermes, M.  Bertmer, E. Rodríguez-Castellón, A.

Jiménez-López, U. Simon, Appl. Catal. A 328 (2007) 174–182.
27] G.A. Olah, M.R. Bruce, E.H. Edelson, A. Husain, Fuel 63 (1984) 1432–1435.
28] M. Farcasiu, C. Smith, Energy Fuels 5 (1991) 83–87.

29] K. Shimizu, H. Karamatsu, A. Inaba, A. Suganuma, I. Saito, Fuel 74 (1995)

853–859.
30] E. Ogata, X.Y. Wei, K. Horie, A. Nishijima, I. Saito, K. Ukegawa, Catal. Today 43

(1998) 161–169.
31] Z.G. Zhang, K. Okada, M.  Yanamoto, M.  Yoshida, Catal. Today 45 (1998) 361–366.


	A new solid acid for specifically cleaving the CarCalk bond in di(1-naphthyl)methane
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Catalyst preparation and characterization
	2.3 DNM hydrocracking and reaction mixture analysis

	3 Results and discussion
	4 Conclusions
	Acknowledgments
	References


