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Abstract The effect of Na,CO; additive on the steam
gasification characteristics of Sunjiahao (SJH) coal char
was studied in the present paper. Na,COj-catalyzed steam
gasification of SJH char was carried out in a thermo-
gravimetric analyzer to study the effect of Na,COj5 loading
on the gasification reactivity and in a fixed-bed reactor to
investigate the evolution of char structure and the trans-
formation of Na,COj3. The comparison result of the reac-
tivity of char impregnated with various Na,COj catalyst
loading indicates that the saturation level of Na,COs;
loading is 35 mass%. The catalytic gasification residues
were characterized by a N, adsorption (77 K) technique,
laser Raman spectra, and X-ray diffraction patterns. The
analyses results of the BET surface of the catalytic gasifi-
cation residues at different carbon conversion suggest that
the block of Na,COj5 catalyst may lead to the smaller BET
surface area of the catalytic gasification residue than that of
uncatalyzed gasification residual sample. Raman spectra
analyses show that the amount of amorphous carbon
structure decreased with the process of catalytic char
gasification. The results of XRD reveal that Na,COs;
changes into the mixture of sodium aluminosilicates during
steam gasification and turns into NaAlSiO, after complete
gasification.
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Introduction

The oil shocks have brought about the change of the con-
ventional energy consumption structure in the past century,
which leads to the increase in the production and utilization
of coal and natural gas [1]. Natural gas has been given
preference because it has high conversion efficiency and
efficient end-use technologies besides the convenience of
transportation [2]. With the rising demand of natural gas,
the catalytic gasification of coal and/or biomass has been
paid much attention, which can convert solid fuels to
synthetic or substitute natural gas (SNG) [2-5]. However, it
is difficult to put into industrial application in a large scale
for the catalytic gasification of biomass, owing to the
limitation of season and region. Therefore, catalytic coal
gasification will play a significant role in SNG supply. In
contrast to the traditional coal gasification technologies
[6-8], catalytic coal gasification has outstanding advan-
tages, such as low gasification temperature [9, 10], high
gasification efficiency [11-13], and high methane produc-
tion [2, 14]. Thus, catalytic coal gasification is a promising
gasification technology.

The preferred catalysts for coal gasification reactions are
the alkali and alkaline earth metals (AAEM), among which
K,COj; is the most efficient gasification catalyst [15-17].
Literatures reported that K,CO5 could efficiently improve
the gasification reactivity of coal or char [18, 19]. To fur-
ther enhance the catalytic activity of alkali carbonate,
Sheth et al. [20, 21] investigated the catalytic performance
of binary and ternary eutectic alkali carbonates for coal
gasification, and found that the gasification rates of coal in
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steam in the temperature range 923-1055 K could be
substantially enhanced by adding binary or ternary eutectic
alkali salt catalysts. They assumed that the reduced melting
points of the eutectics could probably bring about the
improvement of the catalytic activity at the lower gasifi-
cation temperatures by achieving a better dispersion of the
salt phases on the carbonaceous substrates. However,
K,COs5 is easily react with the mineral matter in coal,
giving rise to its deactivation [22, 23] and low recovery
efficiency which may elevate the cost of gasification cat-
alyst. It is well known that Na,COs is not only cheaper in
price but also more abundant in reserves than K,COj.
Hence, Na,CO3; may be superior to K,CO; for the catalytic
coal gasification.

It is generally believed that the most appropriate reactor
for catalytic coal gasification is a fluidized bed reactor
[3, 24]. The addition of alkali catalyst during gasification
will increase slagging risk. Therefore, the coals with high
ash fusion point, such as high-aluminum coal, may be the
candidate for the fluidized bed catalytic coal gasification.
However, high-aluminum coals contain rich alumina which
may react to the alkali catalyst to form water-insoluble
aluminosilicate in the catalytic coal gasification, leading to
the deactivation of catalyst [22, 23]. If some alumina can
be extracted from the catalytic gasification residue of the
high-aluminum coal during the recovery of the gasification
catalyst, the cost of the catalyst recovery may be lowered.
Thus, much attention should be paid to investigating the
catalytic gasification process of high-aluminum coals.

Although few publications [25, 26] reported the effect of
Na,COj; additive on the gasification reactivity of coal or
char, the transformation of sodium catalyst during gasifi-
cation, especially for high-aluminum coals, was seldom
investigated. Therefore, in order to deeply understand the
catalytic action of Na,COj3 during gasification, the catalytic
steam gasification of SJH high-aluminum coal char was

Table 1 Proximate and ultimate analyses of SJTH coal and SJH char

studied using a thermogravimetric analyzer (TG) and a
fixed-bed reactor. It is expected that this study can provide
some guidance for Na,COj3-catalyzed gasification of high-
aluminum coals.

Experimental
Samples and reagents

SJH bituminous coal was sampled from Inner Mongolia.
The coal sample was first pulverized and sieved to a par-
ticle size of less than 120 um. Then the sample was dried
in an oven at 378 K for 12 h and finally stored in a des-
iccator for further use. The anhydrous salt of sodium car-
bonate (99.8% purity) was purchased from Tianjin
Hengxing Chem. Co., Inc. and used as received. The
proximate and ultimate properties of SJH raw coal and SJTH
char are listed in Table 1. The ash compositions of SJTH raw
coal and SJH char are presented in Table 2.

Preparation of SJH char and catalyst loading

Both the detailed experimental methods of preparation of
SJH char and the experimental procedure for catalyst
loading are conducted according to our previous work [27].

Steam gasification

The procedures of steam gasification are stated in detail in
our reported publication [27]. Briefly, a magnetic suspension
thermogravimetric analyzer (Rubotherm, 2011-01,181-
CHN), which could introduce steam to the reaction system,
was applied to measure the gasification reactivity of the coal
chars. In each test, a 10 mg char sample was loaded in a
platinum pan (13 mm diameter, 2 mm height), heated at a

Sample Proximate analysis/mass,q% Ultimate analysis/massq,%

v FC A M C H N S o*
SJH coal 29.63 51.22 16.92 2.23 78.85 491 1.46 0.80 13.98
SJH char 2.38 77.07 20.10 0.45 94.42 0.92 1.30 0.76 2.60
ad air-dried basis, daf dry ash-free basis
4 By difference
Table 2 Ash compositions of SJH coal and SJH char/mass%
Sample SlOz A1203 Fe203 CaO MgO T102 SO'; KzO NagO PzOs
SJH coal 36.29 46.34 6.38 2.61 2.18 3.57 0.45 0.42 0.76 0.03
SJH char 36.09 46.64 6.58 2.51 2.08 3.50 0.43 0.27 0.42 0.04
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ramp of 20 °C min ™' to the desired temperature in a flow of
N, (200 mL minfl), and held for 30 min to stabilize the
system. Then the gas was switched to steam to initiate the
isotherm gasification at atmospheric pressure, and 60 vol.%
steam (96 pL min~!, diluted by N,, total flow was
200 mL min~") was used. The experiments were repeated
3—4 times, and the error of the experiments was within +1%.

The carbon conversion (X) was calculated using the
following equation:

ngy — my
X =

pra—— (1)
where my represents the initial mass of the char sample
before gasification, m, indicates the instantaneous mass of
the char sample at time ¢, and m,, is the final mass or the
total mass of ash and catalyst.

A reactivity index (Rys) [28] is applied to compare the
gasification reactivity of raw SJH char with SJH char-
added Na,COs catalyst, which is defined as

Rys = — (2)

where 7( 5 is the gasification time (min) taken to reach a
carbon conversion of 50%.

Preparation of the catalytic steam gasification
residue samples

The preparation of the catalytic steam gasification residue
samples is carried out in accordance with our previous
work [27]. The catalytic gasification residues of SJH char
were prepared in a horizontal quartz tube reactor at 800 °C
under steam atmosphere (60 vol%, diluted by N,). The
conditions for the residual char preparation were similar to
that of TG (details illustrated in “Steam gasification”
section). The detailed procedure is as follows. A 3 g char
sample was loaded in a ceramic boat and pushed into the
middle of the quartz tube. Then all the connected parts
were sealed, and the quartz tube was heated at a ramp of
10 K min~' to the preset temperature under N, (purity
99.99%) atmosphere. When the desired temperature
reached, steam was introduced into the tube reactor by the
steam generator to start gasification. The experiment was
ended at the desired carbon conversion. Then pure N, was
purged into the tube until the temperature dropped to room
level. The gasification residues were collected and stored in
a desiccator for further analyses.

Characterization methods

Proximate and ultimate analyses were carried out in terms
of the Chinese National Standard GB/T 212-2008 and
GB476-91, respectively. The ash composition of the raw

coal and char samples was tested by an inductively coupled
plasma unit (Thermo ICAP 6300, Thermo Fisher Scientific,
USA). The X-ray diffraction (XRD) patterns of the cat-
alytic steam gasification residues were achieved by an
X-ray diffractometer (D8 Advance, Bruker, Germany) with
Cu/Ka radiation (k = 1.54056 A), a 30 kV tube voltage, a
15 mA tube current, and a step size of 4° min~' speed was
used from 20 = 5°-90°. Micromeritics TriStar 3000 was
applied to conduct N, adsorption to assess the pore struc-
ture of samples. The total surface areas of the catalytic
gasification residues were calculated through the Bru-
nauer—-Emmett-Teller (BET) equation for N, at 77 K.
Raman spectral analyses of the residual chars were carried
out using a Renishaw inVia Raman spectrometer (Ren-
ishaw Ltd, UK). A microscope equipped with 50 lenses
was used to focus the excitation laser beam (514.5-nm
exciting line of a spectra physics Ar laser) on the sample
and to collect the Raman signal in the backscattered
direction. The laser power on the sample surface was
controlled at about 1 mW. The diameter of the laser spot
on the sample surface was about 1 um, considerably larger
than the size of carbon microcrystallite in the char.

Results and discussion
Effect of the gasification temperature

In order to understand the effect of gasification temperature
on reactivity of SJH char, the catalytic steam gasification of
SJH char impregnated with 10 mass% Na,CO; was carried
out on TG at 973, 1023, and 1073 K, respectively. Figure 1
shows the gasification temperature dependence of the
reactivity of SJH char with 10 mass% Na,CO;. Gasifica-
tion temperature has a remarkable effect on the reactivity
of SJH char with Na,COj3, which indicates that the gasifi-
cation reactivity is sensitive to gasification temperature.
The references also found that gasification temperature had
a significant effect on the reactivity of coal char in the
temperature range of 873-1073 K [9, 10]. Given that the
reactivity of SJH char-added Na,COj; is poor in the tem-
perature region of 973—-1073 K due to the high content of
aluminum in SJH char, and given that the melting point of
Na,CO;3 is 1124 K, therefore, 1073 K is selected as the
gasification temperature in this study so as to obtain larger
reactivity and minimize the volatilization of sodium
catalyst.

Effect of Na,COs5 loading
For the purpose of investigating the effect of catalyst

loading on SJH char reactivity, all the experiments were
carried out at 1073 K. Figure 2 displays the reactivity
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Fig. 1 Effect of temperature on the reactivity of SJH char with
10 mass% Na,COs3

results of SJH char impregnated with 0-40 mass% Na,
COs;. It is apparent to see that the gasification reactivity
increases with the increment in catalyst loading in the
region of 0-35 mass%. However, the reactivity of SJTH char
with 40 mass% Na,CO; is smaller than that of SJH char
containing 35 mass% Na,COj;, which indicates that the
loading saturation level of Na,CO5; may be reached for the
catalytic steam gasification of SJH char at the catalyst
loading of 35 mass%. The loading saturation level of
Na,COj in this study was higher than the result reported by
Li et al. [29] who pointed out that Na,CO5 showed satu-
ration amount at 25 mass% for a gas coal catalytic gasifi-
cation. Ding et al. [25] also investigated Na,CO; catalyst
loading on the Shenfu bituminous char reactivity and found
that the saturation amount of Na,COj catalyst was between
10 and 15 mass%. However, Popa et al. [30] found that the
saturation level of Na,COj; loading is 3 mass% for the
gasification of a Powder River Basin coal. The difference
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Fig. 2 Gasification reactivity comparison of SJH char with different
catalyst loading
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of the catalyst loading saturation level may be resulted
from the difference of coal type and the gasification
condition.

In order to investigate the degree of the effect of Na,
COj; loading on the gasification reactivity in detail, the
reactivity index (Rgs) is used to compare the gasification
reactivity of raw SJH char with SJH char-added Na,COj.
The plot of reactivity index against catalyst loading
increases monotonously from 0 to 35 mass% Na,CO;
loading, as can be seen from Fig. 3. Although the addition
of 5 mass% Na,COj; leads to an increase in 28% for R, 5 of
SJH char, the loading of 10 and 15 mass% Na,COj; results
in the substantial increase in Ry s of SJH char by 2.4 times
and 33 times, respectively. When Na,CO; loading reaches
35 mass%, Rys increases 163 times unexpectedly. There-
fore, Na,COj3 can remarkably improve the steam gasifica-
tion reactivity of SJH char at 1073 K, especially beyond
the loading of 15 mass%.

It is worthwhile to note that the gasification reactivity of
SJH char loaded with 15 mass% Na,COj is by far larger
than that of SJH char with 10 mass% Na,COj3. This sharp
increase in the gasification reactivity may be related to the
deactivation of catalyst. For SJH char with 10 mass%
loading catalyst, most catalyst may be deactivated during
the catalytic steam gasification, which leads to that the
relative proportion of the active catalyst is remarkably
lower than that of 15 mass% loading catalyst.

The BET results of the catalytic gasification char
and residue samples

The measured results of BET surface areas by N, adsorp-
tion method are given in Table 3. As can be seen from the
table, the BET surface area of SJH char with 10 mass%
Na,CO5 is 9.6 m? g~'. Unexpectedly, the BET surface

0.8 1

0.6 1

0.0 1

Nagcog loading/mass%

Fig. 3 Reactivity indexes of the catalytic steam gasification of SJTH
char obtained with different catalyst loading at 1073 K
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Table 3 BET surface area of the gasification residues of SJH char
impregnated with 10 mass% Na,COj3 and SJH char without catalyst at
different carbon conversion

Table 4 BET surface areas of the gasification residue of SJH char
impregnated with 10 mass% Na,COj at the carbon conversion of
50.1% before and after water leaching

Gasification residues without
catalyst

Catalytic gasification residues

1

X/% BET surface area/m” g71 X/%  BET surface area/m> g

0 9.6 0 2.1
23.1 453.0 239 4526
50.1 406.8 499  626.1

area of Na,COj-catalyzed steam gasification residue of
SJH char at 23.1% carbon conversion increases to
453 m? g~'. This reveals that the BET surface area of STH
char increases with the proceeding gasification, which may
be resulted from the predominance of the expansion of the
micropore. Meanwhile, the BET surface area of uncat-
alyzed gasification residue of SJH char at 23.9% carbon
conversion reaches 452.6 m* g~', which is similar to the
BET surface area of catalyzed gasification residue at the
corresponding carbon conversion. The nearly same BET
surface area of catalyzed and uncatalyzed gasification
residues indicates that the increment in the BET surface
area may be resulted from the activation of steam rather
than the effect of Na,CO5. However, the BET surface area
of the gasification residue at 50.1% carbon conversion is
smaller than that of the gasification residue at 23.1% car-
bon conversion, suggesting the dominance of the collapse
of the micropore during gasification. In the case of uncat-
alyzed gasification, the BET surface area increases with
carbon conversion. Therefore, the expansion of the
micropore competes with the collapse of the micropore
during the Na,COj-catalyzed steam gasification. The
variation trend of the micropore is also supported by the
comparison result of the reactivity of SJH char with the
conversion of fixed carbon during the course of the cat-
alytic steam gasification.

In order to understand the reason of the BET surface area
difference between the Na,CO;-catalyzed and uncatalyzed
gasification residue, the BET results of the catalyzed gasi-
fication residue at 50.1% carbon conversion are compared
with that of the same residue sample leached by water (listed
in Table 4). Obviously, the BET surface area remarkably
increases after water leaching, in contrast to the raw gasi-
fication residue. This shows that the smaller BET surface
area of the catalyzed gasification residue may be caused by
the block of Na,COs, similar to the reported work [25].

Evolution of char structure during gasification

Raman spectroscopy is widely applied to characterize the
structural features of carbonaceous materials [31-34]. In

1

Sample BET surface area/m> g
Before water leaching 406.8
After water leaching 459.4

order to explore the evolution of SJH char structure during
Na,COj-catalyzed steam gasification, the residual char
samples at different carbon conversion were characterized
with laser Raman spectra. The recorded Raman spectra in
the range between 800 and 1800 cm™' were curve-fitted
using the Origin 7.5 Peak Fitting Module, to resolve curve
into ten Gaussian bands. The parameters including peak
position, full width at half maximum, intensity, and inte-
grated area of each band were accordingly derived. The
spectral deconvolutions of the catalytic steam gasification
residue samples are given in Fig. 4. Among the ten bands,
the assignments of the five main bands (G, Gg, Vi, Vg, and
D) are presented hereinafter according to the references
[33, 35]. The G band at 1590 cm ™! originates from aro-
matic ring quadrant breathing. And the D (1300 cm™")
band belongs to larger aromatic features with six or more
fused rings, which represents medium-to-large-sized aro-
matic ring systems. The overlap between the D and G
bands has been deconvoluted into three bands: Gy
(1540 cm™Y), Vi (1465 cm™ "), and Vi (1380 cm™'). These
bands stand for typical structures in amorphous carbons
(especially smaller aromatic ring systems) as well as the
semicircle breathing of aromatic rings. And other five
bands are deconvoluted to get a better curve fit. Therefore,
only the five bands between 1300 and 1590 cm ™' (namely
G, Gg, VL, VR, and D) will be used in this study.
Previous work by the authors has shown that the
intrinsic gasification reactivity of coal char can be influ-
enced by char chemical structure as characterized by
Raman spectroscopy [31, 32]. In order to observe the
change of the char structure, the ratio of peak area is used
to reflect the relative proportion of different band. Ig, Ip,
and /(g +v, +vy) represent the peak area of the G band, the
D band, and the total (Gg + Vi + Vgr) band, respectively.
The band area ratio I(g,+v, +v,)/Ip is a useful indicator of
impacts of process variables on char chemical structure
from a reactivity perspective, as it gives a broad indication
of the ratio of small to large (no less than six rings) aro-
matic ring systems. As shown in Fig. 5, the band area ratio
of I(Ge+v,+vg)/Ip drops following the development of
gasification. The decline of /(g v, +v,)/Ip accounts for the
reduction of the proportion of amorphous structures in coal
char with the proceeding of gasification, which is consis-
tent with the reported study [32]. The amorphous structures
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Fig. 5 Change in the ratio of I(g,jv,4v,)/Ip during the catalytic
steam gasification of SJH char at 1073 K

@ Springer

are related to the active sites during gasification. The
decline of the amount of the amorphous structures may
give rise to the decrease of the number of the active site,
leading to that char reactivity becomes small with the
consumption of the fixed carbon during the course of cat-
alytic steam gasification. Therefore, the dropping tendency
of gasification reactivity with carbon conversion shown in
Figs. 1 and 2 is powerfully supported by the Raman spectra
result.

XRD analyses of sodium forms during gasification

Figure 6 shows the XRD patterns of SJTH char impregnated
with 10 mass% Na,COj; and the catalytic steam gasifica-
tion residue samples at the carbon conversion of 23.1, 47.9,
and 100%, respectively. As can be seen from Fig. 6a, only
weak peaks assigned to Na,COj; were found in the Na,
COj;-impregnated SJH char. It is usually considered that
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Fig. 6 XRD patterns of SJH char samples impregnated with
10 mass% Na,CO; gasified at 1073 K a before gasification;
b 23.1%; ¢ 47.9%; d after complete gasification

coal char is composed of many basic structural units which
contain condensed polynuclear aromatic and alkyl side
chain/functional groups such as carboxyl and phenolic
hydroxyl group. Part of Na,CO5; may be combined with the
carboxyl and phenolic hydroxyl group in coal char, which
is similar to the result reported by Zhang et al. [26]. As
shown in Fig. 6, the sodium catalyst during steam gasifi-
cation is mainly in the form of sodium aluminosilicate, and
the composition of such sodium aluminosilicate changes
with carbon conversion. The Na,COs-catalyzed steam
gasification residues of SJH char at 23.1 and 47.9% carbon
conversion, according to Fig. 6b, ¢, mainly consist of
Nay 55Al; 555104504, Naj15Al;1558i98504, and NaAlSiOy,
which is similar to the reported work by Mei et al. [36].
The sodium in the catalytic steam gasification ash, how-
ever, is only in the form of NaAlSiO, (shown in Fig. 6d).
This is different from the conclusion drawn by Zhang et al.
[26] who found that Na,COj3 transformed into NagAlsSiy
0,7 instead of NaAlSiO, after complete gasification. This

difference may be resulted from the different coal ash
composition and different catalyst loading.

Conclusions

Through investigating the effect of Na,COj; on the gasifi-
cation behavior of SJH char during the catalytic steam
gasification, the following conclusions have been drawn:

1. Na,COj can remarkably improve the steam gasifica-
tion reactivity of SJH char at 1073 K, especially
beyond the loading of 15 mass%.

2. The BET surface area of Na,COs-catalyzed gasifica-
tion residue becomes smaller than that of the uncat-
alyzed gasification residual sample, which results from
the block of Na,COs.

3. During Na,COj3-catalyzed gasification, the amount of

the amorphous structure decreases with carbon con-
version. The gasification reactivity of coal char has a
close relationship with the char structure.

4. The sodium catalyst exists in the form of sodium

aluminosilicate during the Na,COjs-catalyzed steam
gasification of SJH high-aluminum char.
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