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Abstract. The CO, reforming of coke oven gas (COG) to product syngas at 750°C over 10 wt%
Ni loaded on spinel MgAl,O, (10Ni/MA) catalyst supported different nickel precursors was
researched, including nickel nitrate, nickel acetate, nickel chloride and nickel acetylacetonate.
Moreover, the calcination temperature of catalysts was also studied to investigate the activity
and stability. The catalysts were analyzed by XRD, BET, CO,-TPD, H,-TPH and TEM. It was
observed that MA (calcined at 800°C) supported nickel nitrate has the largest surface area, the
most uniform pore diameter and the ratio nickel species owned higher bounding strength with
support was the best. In addition, the results showed that catalysts supported nickel nitrate
demonstrated the highest catalytic activity in which the conversion of CH, and CO, were up to
81.4% and 94.5%, respectively, and the selectivity of H, and CO were 71.3% and 88.8%,
respectively.

1. Introduction

COG (mainly H,, CH,;, CO and CO,) is a by-product in steel company and normally burst or just
discharged into our environment, where CO, and CH, are two major kind of greenhouse gases which
could lead to global warming. In recent years, the CO, reforming of COG or dry reforming to syngas
(H2 and CO) has caused a hot research. Syngas could be further converted into liquid fuels and COG
dry reforming reaction can not only achieve environmental protection, but also convert the two
greenhouse gases into two energy gases to make the energy utilization [1-3].

The catalysts used for COG dry reforming consist of support, promoter and active metal. The
non-noble metals in Group VI1II of Ni based catalysts have been researched widely because of low cost
and relatively high activity in COG dry reforming. Whereas, the easier carbon deposition is a serious
drawback in Ni based catalysts because it will decrease the activity of catalysts. Accordingly, it is
necessary to modify the catalyst for the resistance to carbon formation. Nowadays, on the one hand,
researchers found that different nickel precursors, even based on the same support, present a big
difference in carbon deposition and catalytic activity. On the other hand, the activity of catalysts is
significantly influenced by support which provides high surface area, suitable alkalinity,
thermostability and mechanical stability [4,5]. Therefore, it is very important to seek suitable active
metal precursor and support for COG dry reforming. Spinel structure oxide with face-centered cubic is
a kind of compound metal oxide and the common structure is AB,X,. It is suitable for high
temperature reaction catalyst carrier and becomes a hot research topic gradually in recent years [6,7].
Furthermore, the calcination temperature of the catalysts directly plays an important role in the size
and dispersion of active metal and the interaction with supports. Sanjay K. and Hasan O. et al.
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investigated the effect of calcination temperature on structure, stability, activity and catalytic
properties of Ni/MgAl,O, catalyst. Eventually, there exists a big influence on the activity and stability
of the catalysts [8].

In this work, we study the influence of different nickel precursor and the calcination temperature of
MA on 10Ni/MA in the COG dry reforming, devoting to get an appropriate nickel precursor and
calcination temperature for 10Ni/MA catalyst in COG dry reforming. Moreover, several
characterization were performed to investigate the surface and textural properties of the supports, fresh
and used 10Ni/MA.

2. Results and discussion

2.1. Sample characterization

XRD patterns of the calcined 10Ni/MA catalysts with different nickel precursors are shown in figure
1.a. It is observed that the typical MgAl,O, phase of (111), (200), (220), (311) and (222) exists in all
samples, but the diffraction peaks of NiO ((111), (200), (220)) could not be obviously detected on
10Ni/MA-800 (a), indicating NiO is well dispersed on MgAl,O, in 10Ni/MA-800 (a). Figure 1.b
depicts the XRD pattern of the calcined 10Ni/MA catalysts with different calcination temperature of
MA. When the calcination temperatures of MA are 600°C and 700°C, the diffraction peaks of
MgAl,O4 become small and weak. The crystallinity of MgAl,O, is higher as the calcination
temperature increases, and the characteristic peaks of NiO could not be detected almost.
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Figure 1. XRD of the support and calcined catalysts with different (a) Ni precursor and (b) calcination
temperature of support

The physic-chemical properties of 10Ni/MA catalysts with different nickel precursor and
calcination temperature of MA are shown in table 1. The BET surface area and pore volume of
10Ni/MA supported nickel nitrate are 84.89m”g and 0.34cm®/g respectively, which are higher than
those of 10Ni/MA supported nickel acetylacetonate. Moreover, the BET surface area was decreased as
the calcination temperature of MA raised.

Figure 2.a is the CO,-TPD profiles of the calcined 10Ni/MA catalysts with different nickel
precursors. It is well known that low temperature corresponds to weak basic sites and high temperature
corresponds to strong basic sites, as well as the area of the CO, desorption peaks means the relevant
number of basic sites in the CO,-TPD profiles, so that the more easily the catalyst adsorbs CO,, the
higher conversion rate of CH, and CO,. There are three separated CO, desorption peaks in
10Ni/MA-800 (a) and 10Ni/MA-800 (b). The area of the desorption peaks of 10Ni/MA-800 (c) and
10Ni/MA-800 (d) is significantly lower than that of the previous two catalysts, and they only have two
separated CO, desorption peaks. Furthermore, 10Ni/MA-800 (d) has a CO, desorption peak around
900°C which is higher than the temperature of catalytic reaction, showing that CO, could not be
largely adsorbed during the CO, reforming [9,10]. The CO,-TPD profiles of the calcined 10Ni/MA
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catalyst with different calcination temperature of MA are shown in figure 2.b. There are two distinct
CO, desorption peaks, meaning that there were two different basic positions and corresponding
strength on the surface of catalyst. As the calcination temperature of MA becomes higher, the number
of weak and strong basic sites was all decreased. In addition, there is a weak desorption peak at 533 °C
corresponding to a strong basic site with low content.
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Figure 2. CO,-TPD spectra of 10Ni/MA catalysts with different (a) Ni precursors and (b) calcination
tempe-rature of support

2.2. Effect of different nickel precursors on the performance of 10Ni/MA catalysts

The activity and stability of the 10Ni/MA with different nickel precursors reacting for 24 h in the CO,
reforming are shown in figure 3. Although the carbon deposition content of 10Ni/MA-800 (d) is nearly
0 and it is highly selective to H,and CH,, CO, conversion rates and the CO selectivity are all low. On
the whole, the comprehensive catalytic performance of 10Ni/MA-800 (d) is weak. This is consistent
with CO,-TPD that MA supported nickel acetylacetonate owns weak bounding strength and its basic
sites are also weak and less in gquantity. The other three kinds of catalyst supported different nickel
precursors have better catalytic performance than nickel acetylacetone. Additionally, 10Ni/MA-800 (a)
has the highest activity and stability. Its conversions of CH, and CO, are up to 81.5% and 94.5%
respectively, the CO selectivity is the highest (88.77%) and the selectivity of hydrogen is 71.3% with a
low carbon deposition rate of 3.2%.

Table 1. Physico-chemical properties of the 10Ni/MA catalysts with different Ni precursor and
calcination temperature of MA

Catalvsts Precursor BET surface area Pore volume  Average pore
Y (m?/g) (cm*/g) diameter (nm)
10Ni/MA-800 (a) Ni(NO3z), 6H,0 84.89 0.34 16.20
10Ni/MA-800 (b) C4HgNiO, 4H,0 62.38 0.34 21.10
10Ni/MA-800 (c) NiCl, 6H,0 51.94 0.30 22.73
10Ni/MA-800 (d) C1oHuNIO, 37.53 0.16 17.21
10Ni/MA-600 Ni(NO3z), 6H,0 131.14 0.30 9.03
10Ni/MA-700 Ni(NOs3), 6H,0 94.05 0.31 13.03
10Ni/MA-900 Ni(NO3), 6H,0 58.58 0.25 16.74

2.3. Effect of calcination temperature of MA on the performance of 10Ni/MA catalysts

The influence of calcination temperature of MA on the activity is also studied as shown in figure 4. It
can be seen that the CH, and CO, conversion rates of catalyst calcinated at 800°C are the best, H, and
CO are the most selective, which is compared with 600°C, 700°C, 900°C. The conversion of CH, and
CO, increased from 74.6% and 92.0% to 81.4% and 94.5%, as the calcination temperature rose from
600°C to 800°C, but decreased when the calcination temperature further rose to 900°C. Low
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calcination temperature leads to low crystallinity as XRD detected and weak interaction with Ni
species which results in large amount of carbon deposition. High calcination temperature of MA above
800°C may lead to strong interaction with Ni species which is hard to reduce, indicating less active
metallic Ni involved in the CO, reforming. Therefore, the support MA calcinated at 800°C is
beneficial to the activity of catalyst.
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Figure 3. Influence of different Ni precursor on the catalytic performance over 10Ni/MA-800 catalysts.
CH,/ CO, molar ratio=1, T=750°C, V=24000 mL/(g )



IWMSE2018 IOP Publishing
IOP Conlf. Series: Materials Science and Engineering 381 (2018) 012163 doi:10.1088/1757-899X/381/1/012163

(a) | (®)os]

T R ———— T ] Mm

90 -

Z 60 —e— 1ONIMA-600 T 85

—e— 10NVMA-T00 T

—o— 1ONIMA-600 T
—o— [ONVMA-TOD T

Conversion of CO, (%)

v
=
s
s 65 |
4
&
&
]

55| —4— 10NIMA-800 T —a— [ONUMA-800 T
*— 1ONIMA-900 T ¥ 1ONU/MA-900 T
a0 L i A A L i A . A " 50 L A A A ' ' A L ' ' 1
0 2 4 6 8 10 12 14 16 18 20 22 M 0 2 4 6 8 10 12 14 16 I8 20 22 24
Time (h) Time (h)
75 90
(c) (d)

TR

R ——
YTy s 85 '

'

60 -

55+
75t

Selectivity of H (%)
Selectivity of CO (%)

50 | —®— 1ONUMA-600 T —a— 1ONVMA-600 T

—a— 1ONIMA-T00 T a0 b —*— 10NUMA-700 T
70 |
45 —*— 10NVMA-800 T —— 1ONVMA-800 T
v TONVMA-900 T r— 1ONVMA-900 'T
40 ' L L A ' L L | L 1 L 65 ' 1 i L L A i ' L ' i
0 2 4 6 8 10 12 14 16 18 20 22 M O 2 4 6 8 10 12 14 16 18 20 22 24
Time (h) Time (h)

Figure 4. Influence of different calcination tem-perature of support on the catalytic performance over
10Ni/MA-t catalysts. CH,/ CO, mol-ar ratio=1, T=750°C, V=24000 mL/(g H)

2.4. Carbon deposition characterization

The activity and stability of the 10Ni/MA catalysts are significantly affected by the amount of carbon
deposition. The XRD patterns of the reduced and used 10Ni/MA catalysts are shown in figure 5. The
structures of the catalysts are stable after reacting for 24 h during the CO, reforming. The diffraction
peaks of Ni around 20=45.35° 51.88° and 76.39° correspond to the (111), (200) and (220). There
exists the diffraction peaks of carbon only in the 10Ni/MA-800 (c) as shown in figure 5.a, indicating
resistance of carbon deposition on 10Ni/MA catalyst with nickel chloride is quite weak. Furthermore,
the large amount of carbon deposition may result in the decreased catalytic activity. Figure 5.b
displays the diffraction peaks of Ni and the carbon peaks are not observed, meaning the nickel had
been reduced.

The H,-TPH profiles are shown in figure 6 reflecting the type of the carbon deposition. The
temperature of reduction peak below 400°C reflects active carbon species namely CH,, mainly
including C, species of completely dehydrogenation and Cj species with part of the dehydrogenation.
The high temperature of reduction peak around 520°C indicates stable carbon corresponding to Cy,
which normally clogs the activity center of catalysts. The carbon deposition type of 10Ni/MA-800 (a)
and 10Ni/MA-800 (c) are mainly C, and C,, and 10Ni/MA-800 (c) is mainly C,. Also the type of
carbon deposition of 10Ni/MA-800 (d) is C, and its peak area is very low showing less carbon
deposition, which is supported by the amount of carbon measured by TG.
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Figure 5. XRD of 10Ni/MA catalysts after reduced and used: different (a) Ni precursor, (b) different
calci-nation tempera-ture of supports
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The TG profiles of 10Ni/MA catalysts are shown in figure 7. The loss in mass below 100 °C is due
to the evaporation of the adsorbed water. The mass gain in the range of 200-450°C is ascribed to the
metallic Ni oxidation and the mass loss above 450°C is attributed to the carbon oxidation [11]. The
mass of 10Ni/MA-800 (d) is not losed reflecting almost no carbon deposition which corresponds to the
H,-TPH results, besides the amount of carbon deposition of 10Ni/MA-800 (b) is only about 3.2 wt.%,
but for 10Ni/MA-800 (c) is about 6.9 wt.%. Aditionally, the amount of carbon deposition decreases
from 12.8 wt.% to 3.2 wt.% as the calcination temperature raised from 600°C to 800°C and increases
to 7.2 wt.% as calcination temperature further raised to 900°C.
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Figure 6. H,-TPH profiles of the 10Ni/MA catalysts with different Ni precursor
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Figure 7. TG profiles of the 10Ni/MA catalysts after 24 h reaction: (a) different Ni precursor, (b)
different calcination tem- perature of support

In order to further study the amount of the carbon deposition after reaction, the TEM images of
10Ni/MA are shown in figure 8. There exists lots of carbon nanotubes on the 10Ni/MA catalyst with
nickel chloride, but less carbon deposition on the catalyst supported nickel nitrate. When the calcined
temperature of support reaches to 600 °C and 900 °C, the 10Ni/MA catalysts have many carbon
nanotubes.

Figure 8. TEM images of the 10Ni/MA catalysts after used: (a) nickel nitrate precursor, (b) nickel
chloride precursor, (c) the support calcined at 600°C, (d) the support calcined at 900°C

3. Experimental

3.1. Catalyst preparation

The MgAIl,O4 was prepared by co-precipitation. The catalyst was synthesized by impregnation which
supported 10 wt.% Ni with four kinds of nickel precursor, including nickel nitrate, nickel acetate,
nickel chloride and nickel acetylacetonate and the MgAl,O, support was calcined at 800°C named
10Ni/MA-800 (a), 10Ni/MA-800 (b), 10Ni/MA-800 (c) and 10Ni/MA-800 (d) respectively. The
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10Ni/MA catalysts which MgAl,O, calcination temperature was 600°C, 700°C, 800°C, 900°C named
10Ni/MA-600, 10Ni/MA-700, 10Ni/MA-800 and 10Ni/MA-900 respectively.

3.2. CO, reforming experiment
The CO, reforming was carried out in a fixed-bed quartz reactor under atmospheric pressure. The
reaction gas were 77.88 mol% COG (58% H,, 31.5% CHy,, 3.1% CO,, 7.4% CO) and 22.12 mol% CO,
to ensure the mole ratio CH4/CO,=1. The catalysts were reacted in the CO, reforming for 24 h at 750
°C after reduced at 800 °C for 2 h in 30 %H,/N,. The conversion of CH,, CO, and selectivity of syngas
were calculated as belows [12]:

FcHuin — FcHa. . Fcowin — Fcon
X% = FCHwin = BCHwout 100 7 Xco% = FCOin = HCOmout 100 (1)
FcHuin Fcorin
FHa.out . Fco.out
St:% = x100 » Sco% = x 100  (2)
FH2.in + 2(FcHa.in - FCHa.0ut) Fco.in + (FcHuin - FcHiout) + (FCOuin - Fconout)

Fi, and Fo represented the gas flow rates of the inlet and outlet gas.

3.3. Catalysts characterization

The phase composition of catalysts after calcined, reduced and used were detected on a Rigaku
D/MAX-2200 diffractometer apparatus and the BET surface area, pore volume and average pore
diameter were measured by Micromeritics ASAP 2020 physisorption analyzer using N,
adsorption/desorption technique. The strength and amount of basic sites were measured by
temperature-programmed desorption (CO2-TPD). The species and amount of carbon deposition of
used catalysts were measured through temperature-programmed hydrogenation (H2-TPH) also on
AutoChem Il 2920 apparatus. The amount of carbon deposition on the catalysts after used was
measured by thermogravimetry-differential scanning calorimetry (TG-DSC) and the morphology of
catalysts after reduced and used were detected through TEM on the JEOL JEM-200CX microscope
(100 kV).

4. Conclusions

The CO, reforming was reacted for 24 h at 750 °C on the 10Ni/MA catalysts which were prepared by
co-precipitation. The results demonstrated that nickel precursor and calcination temperature of MA
have deep influence on the activity and stability of 10Ni/MA catalysts by affecting the metallic Ni
dispersion and carbon deposition. Furthermore, the MA (calcined at 800°C) supported nickel nitrate
performs best and owns high metallic Ni dispersion and small amount of carbon deposition. Its
conversion of CH, and CO; is up to 81.4% and 94.5%, respectively, while the selectivity of H, and CO
reaches to 71.3% and 88.8%, respectively, which shows a promising application in CO, reforming of
COG to product syngas.
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