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The Catalytic Pathways of Hydrohalogenation over Metal-
Free Nitrogen-Doped Carbon Nanotubes

Kai Zhou,” Bo Li,”! Qiang Zhang,” Jia-Qi Huang,” Gui-Li Tian,” Jin-Chao Jia,» Meng-
Qiang Zhao,” Guo-Hua Luo,® Dang Sheng Su,*®™ 9 and Fei Wei*"

Nitrogen-doped carbon nanotubes (N-CNTs) are found to be
active as one novel heterogeneous catalyst for acetylene hy-
drochlorination reaction, possessing good activity (TOF=2.3x
1073s7") and high selectivity (>98%). Compared to toxic and
energy-consuming conventional catalysts, such as HgCl, N-
CNTs are more favorable in terms of sustainability, because of
their thermo-stability, metal-free make up, and the wide availa-
bility of bulk CNT. Coupling X-ray photoelectron spectroscopy
and density functional theory computations (DFT), the main
active source and reaction pathway are shown. Good linearity
between the quaternary nitrogen content and conversion is re-
vealed. DFT study shows that the nitrogen doping enhanced
the formation of the covalent bond between C,H, and NCNT
compared with the undoped CNT, and therefore promoted the
addition reaction of the C,H, and HCl into C,H,CI.

A hydrohalogenation reaction involves the electrophilic addi-
tion of hydrohalic acids such as hydrogen chloride or hydro-
gen bromide to alkenes and alkynes to yield the correspond-
ing halogenated compounds. Hydrohalogenation is a very im-
portant reaction for organic synthesis and the production of
halogen-containing organic compounds. For example, hetero-
geneously catalyzed addition of HCl to acetylene/ethylene is
a synthetic route for the production of monomer vinyl chloride
(VCM), and the as-obtained VCM is polymerized into polyvinyl
chloride (PVC). There are two employed industrially routes to
produce VCM. One is pyrolysis of dichloroethane, which is syn-
thesized by an addition reaction between ethylene and chlor-

[a] K. Zhou, Prof. Q. Zhang, Dr. J.-Q. Huang, G.-L. Tian, J.-C. Jia, Dr. M.-Q. Zhao,
Prof. G.-H. Luo, Prof. F. Wei
Beijing Key Laboratory of Green Chemical Reaction
Engineering and Technology
Department of Chemical Engineering
Tsinghua University, 100084 Beijing (PR China)
Fax: (+86) 10-6277-2051
E-mail: wf-dce@tsinghua.edu.cn

Dr. B. Li, Prof. D. S. Su

Shenyang National Laboratory for Materials Science
Institute of Metal Research

Chinese Academy of Sciences

72 Wenhua Road, 110016 Shenyang (PR China)

Prof. D. S. Su

Department of Inorganic Chemistry

Fritz Haber Institute of the Max Plank Society
Faradayweg 4-6, 14195 Berlin (Germany)
E-mail: dangsheng@fhi-berlin.mpg.de

=

fa)

Supporting Information for this article is available on the WWW under
http://dx.doi.org/10.1002/cssc.201300793.

Wiley Online Library © 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ine, and the other is the calcium carbide method (hydrochlori-
nation of acetylene) catalyzed by HgCl,. The use of mercury in
VCM is not considered sustainable in Europe. However, Hg-
based catalysts are widely employed in China. In 2013 global
PVC production capacity was 50.9 Mta~', with PR China occu-
pying a 41% share. As the world’s largest producer, the
12.3 Mta~' PVC is derived by the calcium carbide method cata-
lyzed by HgClL.™M Owing to the low heat transfer efficiency of
fixed-bed reactors, they easily forms hot spots of over 200°C,
and hence accelerate run-off of highly volatile mercury-in-
volved catalysts. It is estimated that the production of 1.0 t of
PVC consumes 1.02-1.41 kg HgCl, catalyst (HgCl, content: 10—
12 wt%), while over 25% HgCl, is not reused by recycling.
That is, approximately 800 ta~' HgCl, is used for PVC produc-
tion and 200 ta™' of HgCl, waste is discharged into the envi-
ronment, causing chronic poisoning that is severely harmful to
human beings and the environment. Therefore, green mercu-
ry-free catalysts, which are mainly heterogeneous catalysts
(e.g. HgCl, supported on activated carbon (AC),”" Au/C,%™ Cu-
Bi/Si0,,"® Au-Cu/C,"), are widely used. However, the prepara-
tion and post-processing of conventional metal-based catalysts
for hydrohalogenation exhausts vast resources, which are toxic
and involve high energy consumption.” Therefore, searching
promising materials for acetylene hydrochlorination that are
environmentally acceptable and have low emissions is a topic
of increased interest and importance for green chemical pro-
cesses.

Metal-free heterogeneous catalysis using carbon combines
environmental acceptability with inexhaustible resources, and
is therefore an interesting alternative towards sustainable cat-
alysis.® The chemical properties of carbon nanotubes (CNTs)
can be easily tailored by heteroatom functionalization at the
edges, defects, or on strained regions, or by other methods.
The incorporation of heteroatoms into CNTs (e.g., B, N, O, and
P) tunes the electronic properties of the sp? carbons and af-
fords significantly improvements on their catalytic activities
and electrochemical performances. For example, N-containing
CNTs are effective alternatives to conventional metal-contain-
ing catalysts for oxidative dehydrogenation,®'®™ insertion of
oxygen atoms into acrolein,"? sulfur recovery from H,S,"¥ Frie-
del-Crafts reactions,"¥ biomass conversion,"? as well as the
oxygen reduction reaction.!®"”

Suitable metal cations (e.g., Hg®", Au®**, Bi**, Cu®*) have
been intensely investigated to obtain prominent reactivity to-
wards C,H, hydrochlorination.*'® Generally, the electrophilic
addition of HCI to acetylene is highly dependent on the elec-
tron affinity of the active site. If the electron affinity of carbon
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Table 1. CNT catalysts and their hydrochlorination performance.

Nitrogen species [%]
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a metal-free catalyst for hydro- | MWCNT o0 195
chlorination. Based on this con- NEN” 38 174
sideration, we explored the idea Ecsg (2].4 ::Z
of acetylene hydrochlorination | nenT4 10 171
on nitrogen-doped CNTs NCNT5 3.0 175
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- - - - - 17 1.7
113 0.2 143 0.1 0.83 - 37
0.78 0.61 0.4 0.1 0.36 - 2.2
0.63 0.18 1.51 0.34 1.24 - 3.9
0.27 0.01 1.48 0.04 0.8 - 2.6

lected CNTs as model catalysts

are their unique physical/chemi-

cal properties,"®' as well as the availability and low cost of
bulk CNT samples with tunable electron affinity and stability
below 400 °C in anaerobic atmosphere.l'%2%2"

Our concept involved the use of NCNTs instead of traditional
catalysts for C,H, hydrochlorination, and an advanced under-
standing of the reactivity source and possible reaction mecha-
nism. NCNTs were synthesized by chemical vapor deposition
(CVD), and purified with HF and HCl aqueous solutions.?"??
The doping by nitrogen atoms altered the sp? carbon structure
of the multiwalled CNTs (MWCNTs) and led to a cup-stacked
structure (Figure 1a). A nitrogen content of 4.4% was deter-
mined by X-ray photoelectron spectroscopy (XPS) (Figure 1b).
Five N—C bond species were fitted, corresponding to the pyri-
dinic (398.3-399.8 eV), pyrrolic (400.1-400.5 eV), quaternary
(401-402 eV), nitrogen oxide species (403.0-403.4¢eV), and
chemisorbed N (404.0-405.6 eV). The quaternary nitrogen is
the biggest contributing nitrogen-containing form in NCNT1
(Figure 1b and Table 1).

~
O

Intensity / a.u. —~=—

The activity towards hydrochlorination using MWCNT and
NCNT1 was evaluated at 180°C with 180 h™' of gas hourly
space velocity (GHSV, C,H, based) during 120 min. The hydro-
halogenation reaction occurs as following:

C,H, + HCl — CH,CHCl  AH = —124.8 kJ mol™'

(M

The conversion of C,H, was defined as the volume ratio of
CH,CHCI in the outer mixture of CH,CHCI and C,H,. As shown
in Figure 1c, NCNT1 had a remarkable better performance with
an initial conversion of 3.8%, in contrast, no CH,CHCl was de-
tected when using MWCNTs. The selectivity towards CH,CHCI
was over 98% according to flame ionization detector (FID) and
mass spectrometry (MS) detection. VCM was detected as the
main product and only minor byproducts, around 0.5%, were
formed according to the MS results (Figure S1). To compare
the capacity of chlorinating CH, into VCM, the reactivity of
metal-based catalysts (including Au, Hg, Cu, Zn, Ba, and Mn),
as well as the NCNT catalyst is illustrated in Figure 1d.
Compared to the metal catalysts, NCNTs have lower
turnover frequency (TOF) than Au and Hg, but the
value is significantly higher than that of Zn, Ba, and
Mn, indicating the possibility to be a promising alter-
native route to produce vinyl chloride.

To gain new insights into the relationship between
activity and N/O species, five other NCNT catalysts
were used as control samples. NCNT2 was prepared
by self-decomposition of azodiisobutyronitrile on
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Binding Energy / eV —

MWCNTs to obtain only cyano-like groups, while
NCNT3-6 with different nitrogen-containing function-
al groups were synthesized by CVD growth. Detailed

394
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Figure 1. Hydrochlorination performance of the NCNT1 catalyst: (a) TEM image of
NCNT1. The scale bar is 10 nm. (b) N 1s core-level spectrum of NCNT1. (c) The reactivity

of C,H, hydrochlorination on MWCNT and NCNT1 catalyst (T=180°C, GHSV-

(C,H,)=180 h™"). (d) The TOFs of C,H, hydrochlorination of Au, Hg, Cu, NCNT, Zn, Ba and

Mn catalysts.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

conversion. Therefore, the O species and cyano-like
groups are not the origin of reactivity towards C,H,
hydrochlorination.

The NCNT1,3-6 obtained by CVD contained the
above mentioned five N species (no cyano-like spe-
cies). A typical XPS spectrum recorded from NCNT6 is
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Figure 2. N 1 s core-level spectrum of (a) NCNT2, and (b) NCNT®6. (c) The fit-
ting between nitrogen species content and reactivity towards hydrohaloge-
nation.

shown in Figure 2b. NCNT1 and NCNT3-5 had a N content
ranging from 1.7 to 4.4%, and a similar specified surface area.
Figure 2¢ shows the relationship between N species and C,H,
conversion. The negative correlations between the content of
pyridinic or pyrrolic N and the hydrohalogenation reactivity in-
dicate that it is unlikely that these are important active sites.
The surface-functionalized species of chemisorbed N are not
the main reactivity source, similar to the cyano-based groups.
Compared to NCNT1,3-5, NCNT6 has the smallest diameter of
ca. 10 nm, the largest surface area of 293 m*g™", a quaternary
N content of 1.48%, and a highest C,H, conversion of 7.2% for
hydrochlorination. For NCNTs with similar diameter and surface
area (NCNT1,3-5), an increase of quaternary N content from
0.4% (NCNT4) to 1.43% (NCNT3) and further to 2.1% (NCNT1)
corresponds to an increase of conversion of C;H, from 1.0 to
24 to 3.8%, respectively (Figure 2¢c, Table 1). This is clearly
a positive correlation between quaternary N content and activ-
ity. The TOF was calculated based on the quaternary nitrogen
atoms. The TOF values of NCNT1 and NCNT6 are 1.5x 1072 and
2.3x107° s, respectively.

The residual Fe catalysts in N-containing carbons were re-
ported to play a role in some electrocatalytic reactions."”?* De-
spite the negligible amounts of metal detected in the NCNTs
used here (Table S1), the possible presence of trace Fe in the
NCNTs might mislead the interpretation of the observed activi-
ty. Based on this consideration, we intentionally prepared
a sample, NCNT7, with a Fe content of 1.4 wt% and tested it
in C,H, hydrohalogenation. The conversion data in Figure S2
did not show any significant improvement or deterioration, ex-
cluding the effect of Fe in the reaction.

In order to identify the pathway of hydrohalogenation on
quaternary NCNTs, first-principles density functional theory
(DFT) calculations were carried out (see Supporting Informa-
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Figure 3. (a) The reaction pathways calculated from DFT calculations. TS:
transition state. The zero point for energy represents the reactants (HCl and
C,H,) in the gas phase and NCNT. The final step (E) is desorption of the
product (CH,CHCI) from NCNT. The structures A, B, C, D on three reaction
pathways are also included. (b) The charge density of the HOMO orbital of
NCNT, LUMO orbital of C,H,, and the bond formed between NCNT and C,H,.
Carbon is gray, nitrogen is blue, and hydrogen is white. The isosurface value
is 0.02 e A3,

tion Figures S3-5 for details). The activation of alkynes by
gold(lll) has been well investigated in detail, including fully rel-
ativistic treatment, which provides a very significant reference
value.?” Here, three different reaction pathways are shown in
Figure 3a. All pathways start from the adsorption of C,H, be-
cause the adsorption of HCl is very weak, as shown in Fig-
ure S5. The first step (A in Figure 3a) in reaction is most likely
to be the addition of C,H, to NCNT.?*? There are two different
structures of the adsorbed C,H, molecule, which are distin-
guished from each other by the different binding sites. The
C,H, in the first structure binds at nitrogen and its nearest
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carbon with an adsorption energy of 0.12 eV; the second struc-
ture has an adsorption energy of —0.87 eV and the adsorption
sites are nitrogen’s nearest and second-nearest carbons (more
optimized structures in Figure S5). In the following, HCl ap-
proaches the NCNT, which represents step B in Figure 3a, and
interacts with the adsorbed C,H, to form the CH,CHCI via two
different ways: the first one is that the dissociative adsorbed
HCI attacks the C,H,, which is the blue pathway in Figure 3a;
and the second one is that the HCl directly comes from the
gas phase and binds weakly to NCNT, which is shown in the
red and green pathways. The dissociative adsorption of HCl is
endothermic by 0.74 eV in the blue pathway, and the HCl is
weakly bound to the NCNT in the red and green pathways,
with energies of —0.06 and —0.07 eV relative to step A, respec-
tively. All reactants, C,H, and HCl, on NCNT need to surmount
an additional barrier to finally form CH,CHCI. The barriers for
the blue, red, and green pathways are 0.76, 1.08, and 1.41 eV
respectively (the barrier represents the energy difference be-
tween transition state C and structure B). Inspecting the three
transition state (TS) structures (bond distances in the TS struc-
tures are given in Table S2), the TS structures in the red and
green pathways look similar. The H—Cl bond is breaking and
the H atom of the HCl molecule tends to form a bond with
C,H,. For the TS structure in the blue pathway, instead of firstly
forming a C—H bond, the CI atom of HCl is heading to the ad-
sorbed C,H, and forms a C—Cl bond. After overcoming the bar-
rier, a CH,CHCI molecule is formed on NCNT as shown in
step D and the adsorption energies are —0.81 eV for the blue
and red pathways; —1.78 eV for the green pathway. The
formed CH,CHCI readily escapes from the NCNT, and the prod-
uct is thus obtained. Comparing the three different pathways,
the barrier in the blue pathway is the smallest one, however,
the addition of HCl to NCNT is endothermic by 0.74 eV, which
is thermodynamically much less favorable than the others. On
the other hand, the difference between the red and green
pathways lies in the different adsorbed structures of C,H,
which has an adsorption energy of 0.12 and —0.87 eV respec-
tively. Due to this substantial difference in adsorption energies,
the likely fate of adsorbed C,H, on NCNT is the green pathway.
Overall, the green pathway is the most favorable reaction
route on NCNT for hydrochlorination of C,H,, with a barrier of
141 eV. The barrier on AuCl; catalyst is calculated to be
0.92 eV from DFT calculations,”™ which is smaller than the
counterpart on NCNT by 0.49 eV. In view of this difference in
the barrier energies, different performances are expected for
Au and NCNT catalysts.

The reaction pathways from DFT calculations show that the
first step of the reaction is adsorption of C,H,, which to some
extent determines which reaction pathway will proceed. The
adsorption energies of C,H, on undoped and nitrogen-doped
CNTs were calculated, and the optimized adsorbed structures
are shown in Figure S4. The optimized structures are very simi-
lar, but the adsorption energies show a noticeable difference.
These are —0.36 and —0.87 eV for undoped and nitrogen-
doped CNTs, respectively. Nitrogen doping enhances the ad-
sorption of the C;H, molecule compared to the undoped state.
Furthermore, the stability of C,H, on NCNT is attributed to for-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. The stability of hydrochlorination on Au/AC, NCNT, Bi/AC, and Cu/
AC catalysts (GHSV (C,H,) =180 h™").

mation of covalent bonds between CH, and NCNTs as shown
in Figure 3b, which is due to interactions between the highest
occupied molecular orbital (HOMO) of NCNT and the lowest
unoccupied molecular orbital (LUMO) of C,H,. For AuCl; cata-
lyst, the interaction is described between the HOMO of C,H,
and the LUMO of AuCl;, which is opposite to situation with
NCNTs. Because Au’" is a strongly electrophilic, C,H, behaves
as an electron donor when interacting with AuCl,. In fact, one
of the reasons for the deactivation of AuCl; catalyst is the re-
duction of Au**™ to Au®, which is much more inert during the
reaction.”?”’ The doping by nitrogen increases the nucleophi-
licity of CNTs and enhances the interaction between the
HOMO of NCNTs and the low-lying LUMO of C,H,. Actually, it
has been discussed that acetylene can interact with either elec-
trophiles or nucleophiles depending on the corresponding re-
actants.”® From DFT calculations, different interaction mecha-
nisms for C,H, with NCNT and AuCl; catalysts are revealed.

The stability of NCNTs in the hydrohalogenation reaction, to-
gether with 0.1 wt% Au/AC, 5wt% Bi/AC, and 2 wt% Cu/AC
catalyst were evaluated. Figure 4 showed that Bi/AC and Cu/
AC lost activity fast as the reaction proceeded, while the stabil-
ity of NCNT1 was superior to the two non-precious-metal cata-
lysts, and slightly better than that of the precious-metal cata-
lyst Au/AC.

In summary, we demonstrated the hydrohalogenation reac-
tion without use of a metal-containing catalyst: HCl is added
to acetylene catalyzed by carbon nanotubes (CNTs). This find-
ing could lead the way to a green, sustainable process for the
PVC industry by replacing the contaminating HgCl, catalysts
currently used in China. The activity is further improved by
doping CNTs with nitrogen (NCNTs), increasing the nucleophi-
licity of the CNTs and thus enhancing interactions between the
HOMO of NCNT and the low-lying LUMO of acetylene. The sta-
bility of the adsorbed C,H, stems from covalent bonds formed
between the HOMO of NCNTs and the LUMO of C,H,. The
acting mechanism differs from the mechanism when a metal-
containing catalyst is used, and shows the potential of metal-
free catalysis towards other reactions. In comparison to the
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commonly used Hg-based catalysts, the metal-free NCNT cata-
lyst offers promoted reactivity for sustainable hydrochlorina-
tion with a TOF value of 23x1072s7",

Experimental Section

CNT synthesis: The MWCNTs were produced by fluidized-bed CVD
on Fe-based catalyst.?” NCNT1 and NCNT3-5 were synthesized on
a Fe/Mo/vermiculite catalyst and the reaction temperature was
750°C under the protection of Ar and H,.?" C,H, and NH; were in-
troduced as carbon source and nitrogen source, respectively, for
NCNT growth. For NCNT1 synthesis, 10 g Fe/Mo/vermiculite cata-
lyst was applied and the typical flow rates of Ar, H,, C,H,, and NH,
were 250, 200, 100, and 100 sccm, respectively. NCNT3-5 were syn-
thesized with a similar procedure of NCNT1 except for the NH;
flow rate, which was 45 %, 60 %, and 80% of that in NCNT1 fabrica-
tion, respectively. NCNT6 was grown by using a CVD method with
Fe—Mg—Al layered double hydroxide flakes as catalyst precursors
and ethylene/acetonitrile as carbon/nitrogen feedstock,”? leading
to double-helix CNTs. NCNT2 was obtained by treatment of
MWCNTs with azobisisobutyronitrile (abbreviated as AIBN): a mix-
ture of 0.4 g purified MWCNTs, 8.0 g AIBN, and 50 mL tetrahydro-
furan was sonicated for 15 min and then transferred into a thermo-
static water bath (50°C) under stirring for 5 h. The mixture was
then filtered by ethanol 3 times and dried for 24 h to obtain
NCNT2.

MWCNT and NCNT1-5 all followed three purification cycles after
the synthesis. Each cycle involved dispersion of CNTs in 6.0 molL™’
HCI aqua solution for 24 h, filtration by deionized water, dispersion
in 6.0 molL™" HF aqua solution, and filtration by deionized water.
The purified CNTs were dried at 120°C over 12 h before further
use. NCNT7 and NCNT5 came from the same raw N-CNTs, while
NCNT7 was purified by HF aqua solution to remove only the sub-
strates, therefore, 1.4 wt% Fe was still preserved in the as-obtained
sample.

Catalytic performance evaluation: The 0.3 g CNT catalyst samples
were evaluated as follows: loaded into the quartz tube, dried
under 10 sccm N, atmosphere at 120°C for 10 min, activated
under 10 sccm HCI atmosphere at 180°C for 15 min, and reacted
under the flow of CH, and HCl at 180°C for 180 min (Q,cetyiene/
Qua=1:1.1). The GHSV was 180 h™' calculated by the value of
Qucetytene (MLMIN™)/Veyr, (ML), depending on the volume of the
samples.
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