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Abstract: A serious of Magnesia-carbon nanotubes ( abbreviated as MgO-CNTs) nanocomposites with different

weight ratio were prepared by impregnation of CNTs and used for Fischer-Tropsch synthesis. The results indicated

that most of the MgO-CNTs supported catalysts showed high CO conversion and the olefin selectivity was higher than
the others when the MgO/CNTs ratio was 2 : 1 under 2 MPa at 350 °C. The catalysts were characterized by scan-

ning electron microscope (SEM) , temperature programmed reduction (TPR) of H,, X-ray diffraction (XRD) and

N, desorption.
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To solve the shortage of the cruel oil and meet the
ever growing demand for chemical feedstocks, consi-
derable attention was being paid to the design of
Fischer- Tropsch catalysts with high selectivity for the

[1-3

lower alkenes "' The Fe-base catalysts were partic-

ularly attractive due to good activity and their high se-

I The effect of sup-

lectivity of alkenes from syngas
port on iron catalysts for light alkenes, such as Al,O,,
Si0,, MgO, and Zeolite etc., has been investiga-
ted ™,

influenced the selectivity of the light alkenes. MgO was

It has been stated that basicity of the support

usually adopted as the support due to its basicity and
stability, however, a strong metal-support interaction
was usually generated and even led to the formation of
mixed compounds of FeO-MgO "’ that were reducible
only at very high temperatures. To avoid these prob-

lems, the use of carbon as a support has been ex-
plored " !
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Carbon supported iron catalysts were considered to
be able to maintain high activities and high selectivities
to olefins in the F-T reaction. Thus carbon nanotubes
(CNTs) have been used as a novel catalyst support
media for heterogeneous catalysts. Earlier studies have
indicated that using CNTs as a support to provide an
inert, poorly interaction surface could promote the
catalytic behavior of metals such as iron, cobalt and

1375 Previous work also has shown that

ruthenium
CNTs allowed a better metal dispersion control and
minimized the metal phase interaction ( formation of
mixed compounds ) with the support '®+'* %0 Al
though the discovery extended the application of CNTs
material in heterogeneous catalysis, there were disad-
vantages in the use of CNTs in the CO hydrogenation
reaction, e. g. high cost and methanation.

In view of the advantage of MgO and CNTs, we
prepared MgO-CNTs nanocomposite and used the mate-
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rial as a support for CO hydrogenation. In this letter, a
serious of catalysts were prepared and applied for CO
hydrogenation to light alkenes. The -catalysts were
characterized by N, physisorption, power X-ray diffrac-
tion ( XRD), H, temperature-programmed reduction
(H,-TPR ), H,,
grammed desorption (H,-, CO- and CO,-TPD) .

CO and CO, temperature-pro-

1 Experimental

1.1 MgO-CNTs preparation

The MgO-CNTs samples were prepared according
to the follow steps. An appropriate amount of CNTs
was added to a solution of Mg(NO;),. A NaOH solu-
tion was continuously doped into the suspension under
stirring. Then the Mg ( OH),-CNTs precipitated mass
was filtered and washed thoroughly with deionized wa-
ter until excess of Na", NO; and OH™ was completely
removed. The precipitate was dried at 100 °C for 12 h,
and then calcined at 500 °C in a N, flow for 6 h. A se-
rious of chemical compositions of MgO-CNTs ( weight
ration =1 :1,2:1,3:1,5:1,10:1,15:1)
were prepared by using the synthesis technique above.
1.2 Catalysts preparation

The Fe-K-Mn/S (S =MgO, CNTs, MgO-CNTs)
catalysts were prepared by incipient wetness impregna-
tion of S with KNO,( Xilong Chemical Reagent Co. Lid,
A R, China) in an aqueous solution first. The slurry
was spray dried at 100 °C and then calcined in N, at
450 °C for 6 h. The manganese promoted catalysts were
prepared by further addition of the requisite amount of a
Mn(NO, ), ( Spinopharm Group Chemical Reagent Co.
Lid, A R, China) aqueous solution and calcined at the
same condition to obtain the 5% K- 5% Mn/S. Fe
(CO) s (synthesized in our lab) dissolved in acetone was
mixed with equal mole pyridine with Fe ( CO ) under
constant stirring and then impregnated onto the K-Mn/
S. In the absence of light for 12 h, the sample was de-
composed under H, atmosphere at 450 °C and then we
obtained the 10% Fe- 5% K- 5% Mn/S.
1.3 Catalystic measurements

The catalysts were sieved into particle diameter
0.450 ~ 0. 280 mm particles. Sample of 3 ml was

loaded in a 9-mm-i. d. tube. Prior to the testing, cata-

lysts were reduced with H, at 450 °C for 6 h and then
fed with the synthesis gas. The reaction conditions were
adjusted to 350 °C, 2 MPa, 1 000 h" and H,/CO=2.
Gaseous products ( H,, CO, CH, and CO,) were
measured on a shimadzu GC-9A with a TDX-01 column
(3 m x3mm i.d. ) and a TCD detector. C,-C, hydro-
carbons were analyzed with an Al,O, capillary column
(30 m x 0.53 mm, N, carrier) and a flame ionization
detector (FID). Oil phase component was determined
by an OV-101 capillary column (2.5 mm i. d., He
carrier) .

1.4 Characterization of supports and iron catalysts

H, temperature-programmed reduction ( H,-TPR)
(TPR, TP-5080, China) was carried out in a quartz
tube reactor using 5% H,/95% Ar as the reactant.
The catalysts of 50 mg were kept at 450 C for 30 min
in a flowing Ar. After the temperature has dropped to
the ambient temperature, the catalysts were reduced by
raising the temperature from ambient temperature to
900 °C at the rate of 10 °C/min.

The H,, CO and CO, temperature-programmed
desorption (H,-, CO- and CO,-TPD) (TP-5080, Chi-
na) were performed in the same system as used in
TPR, with Ar (in H,-TPD, CO,-TPD) or He (in CO-
TPD) as the carrier gas. Note that, particularly for the
H,-TPD, CO-TPD experiments, the catalysts of 50 mg
were first reduced with H, at 450 °C for 4 h. And then
the samples were cooled to the ambient temperature. In
the subsequent steps, H,, CO or CO, adsorption on
the catalysts was performed for 30 min until the base-
line leveled off, and then the samples were flushed by
the carrier gas for 30 min to remove the physical ad-
sorbed species at 120°C. After that, H,-, CO- or CO,-
TPD was carried out while the temperature was in-
creased to 900 °C at ramp of 40 C /min.

X-ray powder diffraction (XRD, X’ pert, PANa-
Iytical, Dutch) with Cu Ka radiation was used to ana-
lyze the crystalline structure of the samples. The 20 an-
gles were scanned from 15° ~80°.

Nitrogen adsorption measurements were carried at
-196°C with a Micromeritics ASAP 2010 instrument.
The BET surface area and the pore size distribution

were determined from the isotherms.



%5 M

JE LA . MgO-CNTs 524 2R T BRAEHEAL R HT T CO il 45 AR AR e AL P RERIT T 393

The surface morphology was observed by the scan-
ning electronic microscopy ( SEM, JSM-6701F, JE-
OL).

2 Results and discussion

2.1 SEM
The morphology of the MgO-CNTs compounds is
shown in Fig. 1. We could observe that the CNTs were

composed of fibrous structures and the MgO mainly
After the addition of
CNTs to MgO, the particle size of MgO became smaller

consisted of sheetlike structures.

and the CNTs were well penetrated among the MgO
materials. The SEM implied that the nanocomposite
might be not a simple mixture of CNTs and MgO, but
rather a special material composed of strongly interac-

ting CNTs and MgO.

Fig. 1 SEM images of MgO-CNTs compounds

(a) MgO : CNTs = 2 :1; (b) MgO : CNTs = 3 :

2.2 BET surface area
Table 1 gives the results of N, physisorption for

the catalysts. The BET surface area and pore volume of

1;(c) MgO : CNTs = 5 :

15 (d) MgO : CNTs=15: 1

the catalysts decreased with the decreasing CNTs
content, while the average pore diameter increased

slightly.

Table 1 N, physisorption results

Supports Suer/ (m®> + g™") Pore volume/ (em® - g™') Pore diameter/nm
CNTs 156.6 0.62 15.8
MgO 19.2 0.14 28.7
MgO : CNTs=1 : 1 79.4 0.29 14.8
MgO : CNTs=2: 1 68.9 0.30 17.1
MgO : CNTs=3 : 1 57.6 0.29 20.4
MgO : CNTs=5: 1 30.8 0.19 24.1
MgO : CNTs=10 : 1 19.4 0.12 25.5
MgO : CNTs=15 : 1 24.3 0.16 25.6
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2.3 XRD >
The XRD patterns of various catalysts are shown
in Fig. 2. For all the catalysts, the small peaks loca- .
ted at 25. 7 and 43. 8 could be attributed to carbon r
nanotubes, while the peaks at two-theta values of 6K T'I' N * M
42.8,36.8, 62.1, 74.4 and 78. 3 corresponded to p \F—_NJM
the MgO phase. However, in the XRD pattern of MgO- :; E A‘_Jﬁ\{ zt_,\
CNTs ([10:1] [15:1]) catalysts, very strong Mg- E "D\—\__J;JL A
CO, peaks were observed at 32.6, 35.8, 38.8, 46.8, = C\,\__J_JL; ™
66.3, 69.1 and 70. 2, indicating that the MgO-CNTs \L_Mk A A
supports became unstable with a small quantity of " SN
CNTs. The peaks at two-thaeta values of 35.3, 41.0 M
A R

and 59.3 were assigned to the characteristic peaks of
FeO-MnO "7 1.
tion between the metal and the support led to the for-

We implied that the strong interac-

mation of FeO-MnO during the reduced progress. Mo-
reover, no characteristic diffraction peaks for Fe, K
and Mn species were detected, indicating that the met-
al particles were smaller in diameter than the detection
limit (4 nm) of the diffractometer, or that large metal
particles were amorphous on the support.
2.4 TPR

The reduction behaviors of the catalysts were
measured by H,-TPR. The reduction profiles for the
catalysts are present in Fig. 3. For the unmodified
catalysts, the CNTs supported catalyst exhibited one
broad peak at 300 ~ 500 °C. However, the MgO sup-
ported catalyst exhibited anther peak at high tempera-
ture. In supported catalysts, the reducibility of Fe spe-
cies often depended on the extent of the metal-support
interaction. Boudart et al. "’ have reported that the
formation of the mixed compound of FeO-MgO could
form because of the strong metal-support interaction
and this strong interaction suppressed the reduction of
Fe™ to metal iron. For comparison, CNTs could facili-
tate the Fe’" reduction to some degree. For the modi-
fied iron catalysts, the TPR peaks at 300 ~500 °C be-
came stronger and stronger and the peak at high tem-
perature became weaker and weaker with the increase
of the CNTs. In addition we could observe that the
platform peaks appeard on MgO-CNTs catalysts at
450 ~ 700 °C because of the different interaction
between the Fe and the support.

10 20 30 40 50 60 70 80
20/(°)
Fig.2 XRD patterns of the catalysts
(A) Fe-K-Mn/CNTs; (B) Fe-K-Mn/MgO-CNTs [1:1];
(C) Fe-K-Mn/MgO-CNTs [2:1]; (D) Fe-K-Mn/MgO-
CNTs [3:1]; (E) Fe-K-Mn/MgO-CNTs [5:1];
(F) Fe-K-Mn/MgO-CNTs [10 : 1]; (G) Fe-K-Mn/
MgO-CNTs [15:1]; (%) CNTs; ( ®) MgO;
(@) FeO-MnO; (&) MgCO,

2.5 TPD

Fig. 4 shows the CO,-TPD profiles for the cata-
lysts. It was observed that there were two CO, desorp-
tion peaks on the MgO supported catalyst. These two
peaks could be attributed to desorption of the weakly
and strongly chemisorbed CO,, respectively. For the
CNTs supported catalyst and MgO-CNTs ([2 : 1])
supported catalyst, there was only one peak at the high
temperature. Apparently, the CO, desorption tempera-
ture on the MgO-CNTs supported catalyst was higher
than that on the CNTs supported catalyst. There was no
peak at the low temperature on the CNTs and MgO-
CNTs supported catalyst because of the poorly interac-
tion between Fe and the support. Fisher et al. * have
suggested that the CNTs had excellent electronic
properties which could made the charge disturbed
throughout the catalyst and led to the strong CO, ad-
sorption. After the addition of CNTs to the MgO, the
synergistic effect of the electronic properties of CNTs
and the basicity of MgO promoted the degree of the
CO, adsorption.
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Fig.3 H,-TPR profiles for the catalysts
(A) Fe-K-Mn/MgO; (B) Fe-K-Mn/MgO-CNTs [15 : 1];
(C) Fe-K-Mn/MgO-CNTs [10 : 1]; (D) Fe-K-Mn/MgO-
CNTs [5:1]; (E) Fe-K-Mn/MgO-CNTs [3 : 1]; (F) Fe-
K-Mn/MgO-CNTs [2 : 1]; (G) Fe-K-Mn/ CNTs [1:1];
(H) Fe-K-Mn/ CNTs

Intensity/a.u.

100 200 300 400 500 600 700 800
Temperature/ °C

Fig.4 CO,-TPD profiles for the catalysts
(A) Fe-K-Mn/MgO; (F) Fe-K-Mn/MgO-CNTs [2:1];
(H) Fe-K-Mn/ CNTs

Fig. Sa shows the H, adsorption behavior of the
catalysts. It was observed that MgO supported catalyst

showed two peaks; one at low temperature correspon-

ding to the weak H, adsorption on the metal Fe or Fe
oxide surface, the other one at high temperature was
attributed to the strong H, adsorption on the cleavage of
OH species on the difficultly reduced oxide surface in
catalysts. For the CNTs catalyst, there peaks ap-
peared ; two kinds of H, adsorption were the same with
that on the MgO supported catalyst although the peaks
appeared in advance due to the electronic effect , and
the third peak could be attributed to the H, adsorption
inside the CNTs. For the MgO-CNTs catalyst, there
was only one strong peak at the high temperature,
which might be attributed to the H, adsorption inside
the CNTs. From the H,-TPD, we concluded that the
interaction between Fe and the support was charged in
the CNTs-modified catalyst and further charged the H,
adsorptiion.

Fig. 5b shows the CO-TPD adsorption behavior of
the catalysts. For the MgO supported catalyst, the CO
desorption curves located at 370°C and 700 °C, while
there were two peaks at the high temperature on the
CNTs supported catalyst, both of which located in a
high temperature range. However, for the MgO-CNTs
([2 : 1]) supported catalyst, it was interesting to
note that the MgO-CNTs supported catalyst also had
two strong peaks at the high temperature except for the
two weak peaks below 600 °C.

In generally, the adsorption capability of CO/H,
was important for the catalytic activity and the selectivi-
ty because of the competitive adsorption between CO
and H,. Compared to the MgO and CNTs supported
catalysts , the MgO-CNTs ([2 : 1]) supported catalyst
improved the H,/CO chemisorption, which was benefi-
cial for the activity and the selectivity of the produc-
tion.

2. 6 Fischer-Tropsch synthesis (FTS)

The results of catalytic performance for FTS are
listed in Table 2. The CO conversion was used as a
measure of FTS activity in the current study. As shown
in Table 2, two trends were apparent: (1) with the in-
creasing the CNTs content, the CO conversion and the
methane selectivity of the CNTs-modified catalysts in-
creased, while the Cs, selectivity decreased all the

time. (2) the CO conversion of MgO-CNTs [1 : 1,
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higher than that of unmodified iron catalysts, howev-

: 1] supported catalysts was much

er, the CO conversion was lower when the MgO/CNTs
ratio and CNTs was 10 and 15.

(a) (b)
H
E 8 g
g g
2 2
i F
Ji’\/\—/ T el
100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature/ °C Temperature/ °C
Fig.5 H,-TPD and CO-TPD profiles for the catalysts
(A) Fe-K-Mn/MgO; (F) Fe-K-Mn/MgO-CNTs [2 : 1]; (H) Fe-K-Mn/ CNTs
Table 2 Activity of selectivity of the Fe-K-Mn/MgO-CNTs catalysts
Supports CO conversion Selectivity /%

MgO : CNTs /% CH, C, C, C, Cs.
MgO 59.6 12.4 13.0 14.6 8.2 51.8
CNTs 75.0 18.9 25.0 27.5 15.0 13.6
1:1 93.5 28.3 28.6 28.7 14.5 -
2:1 90.8 21.1 27.5 32.1 19.2 -
3:1 89.1 19.9 26.4 30.2 14.1 9.4
5:1 82.2 18.8 25.9 28.3 11.9 15.1
10 : 1 39.6 18.2 16.5 16.2 11.2 37.9
15:1 16.3 10.9 10. 1 9.1 3.2 67.2

Reaction condition: T=350 °C, P=2.0 MPa, GHSV=1 000 h™', H,/CO=2

It has been suggested that the activity of the cata-
lyst was directly depended on the catalyst reducibility
for FTS'"®'. As indicated by the H,-TPR findings and
the reduction behavior, CNTs-modified catalysts im-
proved the reducibility of the iron oxides. Thus, the
trend in variation of CO conversion with CNTs content
was similar to that of percentage reduction of the cata-
lysts.

Compared to the MgO and CNTs supported cata-
lysts, the MgO-CNTs supported catalyst had higher CO
conversion. As shown in Fig. 5, the addition of CNTs

to MgO improved the H,/CO adsorption, which was
beneficial for CO conversion. As stated above, the
CNTs also had excellent electronic properties, the ap-
propriate addition of CNTs increased the charge transfer
which could further promoted the CO dissociation.
However, the small number of the CNTs led to the in-
stable of the catalysts which affected the activity nega-
tively.

Fig. 6 showed the olefin selectivity of the cata-
lysts. We could see that the C,”- C,” selectivity in-
creased with the addition of CNTs at the beginning and
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then decreased when the MgO/CNTs weight ratio was
up to 1. The appropriate interaction between Fe and
the supports played a dominant role in the selectivity of
the catalysts. It was considered that the MgO-CNTs
composite had new surface properties compared with
the MgO and CNTs, such as the optimized interaction
between the supported Fe and the support. When used
in catalysis, the MgO-CNTs not only had the electronic
properties of the CNTs but also the basicity of MgO.
We concluded that the synergistic effect of the electro-
nic properties of the CNTs and the basicity of MgO
were beneficial for the olefin selectivity when the MgO/
CNTs weight ratio was 2.

60
55
s0f
45
40|
35
30f
25|
20f
15
0]

lectiviy /%

4 Se

-C

the C,

MgO CNTs 1:1 2:1 3:1 5:1 10:1 15:1

Fig. 6 The C,” - C, "~ selectiviy of catalysts
(A) Fe-K-Mn/ MgO; (B) Fe-K-Mn/CNTs; (C) Fe-K-
Mn/MgO-CNTs [1 : 1]; (D) Fe-K-Mn/MgO-CNTs
[2:1] ;(E) Fe-K-Mn/MgO-CNTs [3 : 1]; (F) Fe-K-
Mn/MgO-CNTs [5 : 1];(G) Fe-K-Mn/MgO-CNTs
[10:1]; (H) Fe-K-Mn/MgO-CNTs [15 : 1]

3 Conclusion

CO hydrogenation was investigated over Fe cata-
lysts supported on MgO-CNTs composite. The appro-
priate ratio MgO-CNTs ([2 : 1]) supported catalysts
revealed high CO conversion and olefin selectivity. The
reason might be that the advantageous interactions be-

tween Fe/MgO and Fe/CNTs were well engaged.
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