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Coal gasification fly ash (CGFA) is an industrial solid waste from the coal circulating fluidized bed (CFB)
gasification process, and it needs to be effectively disposed to achieve sustainable development of the
environment. To realize the application of CGFA as a precursor of porous carbon materials, the physico-
chemical properties of three kinds of CGFA from industrial CFB gasifiers are analyzed. Then, the activation
potential of CGFA is acquired via steam activation experiments in a tube furnace reactor. Finally, the flu-
idization activation technology of CGFA is practiced in a bench-scale CFB test rig, and its advantages are
highlighted. The results show that CGFA is characterized by a high carbon content in the range of 54.06%-
74.09%, an ultrafine particle size (dso: 16.3-26.1 um), and a relatively developed pore structure (specific
surface area Ssa: 139.29-551.97 m2.g~!). The proportion of micropores in CGFA increases gradually with
the coal rank. Steam activation experiments show that the pore development of CGFA mainly includes
three stages: initial pore development, dynamic equilibrium between micropores and mesopores and
pore collapse. The Ssa of lignite fly ash (LFA), subbituminous fly ash (SBFA) and anthracite fly ash
(AFA) is maximally increased by 105%, 13% and 72% after steam activation; the order of the largest carbon
reaction rate and decomposition ratio of steam among the three kinds of CGFA is SBFA > LFA > AFA. As the
ratio of oxygen to carbon during the fluidization activation of LFA is from 0.09 to 0.19, the carbon con-
version ratio increases from 14.4% to 26.8% and the cold gas efficiency increases from 6.8% to 10.2%.
The Ssa of LFA increases by up to 53.9% during the fluidization activation process, which is mainly due
to the mesoporous development. Relative to steam activation in a tube furnace reactor, fluidization acti-
vation takes an extremely short time (seconds) to achieve the same activation effect. It is expected to fur-
ther improve the activation effect of LFA by regulating the carbon conversion ratio range of 27%-35% to
create pores in the initial development stage.
© 2023 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights reserved.
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(CFB) coal gasification technology has the advantages of high
gas-solid contact efficiency, strong adaptability to raw material

1. Introduction

Coal gasification, a process to convert coal into fuel gas or syn-
gas, has the potential to allow efficient and clear utilization of coal.
This thermal conversion process achieves a high-value utilization
of lignite, subbituminous coal, and bituminous coal [1-3]. How-
ever, with the popularization of gasification technology, the pro-
duction of coal gasification fly ash (CGFA) increases accordingly.

Industrial coal gasifiers are typically categorized as fixed bed,
fluidized bed and entrained flow [4-7]. Circulating fluidized bed
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types and stable operation; therefore, it occupies a large share in
the market [8-10]. For this gasification technology, the gasification
agent is used as a fluidization medium to pass through the bed
layer from the bottom to the top of the gas distribution plate so
that the raw material is gasified with violent stirring and back mix-
ing [11]. When the generated gas leaves the fluidized bed layer,
much of the CGFA and incompletely reacted carbon particles are
entrained, leaving the gasifier from the top of the furnace; a small
amount of slag particles are discharged from the bottom of the fur-
nace [12]. Methods for making good use of the residual carbon of
CGFA are related to the economy of CFB gasification.
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CGFA is an industrial solid waste that has a high carbon content,
it is different from circulating fluidized bed fly ash (CFBFA), usually
used as building materials [13,14]. In recent years, the combustion
has been the main disposal method of CGFA [15]. Ren and Bao [16]
conducted the combustion experiment of CGFA on a 5 t-d™! circu-
lating CFB facility. The results showed that CGFA was stably burned
in a specially designed CFB furnace without auxiliary fuel. How-
ever, during the combustion, there existed an issue of NO, and
SO, emission. At the equivalent fuel-air-ratio of 2, the NO, emis-
sion was the lowest, 195 mg-m >, At the equivalent fuel-air-ratio
of 1.1, the SO, emission was the lowest, 2100 mg-m*E‘. Li et al.
[17] used thermogravimetric to study the combustion process of
CGFA in an oxygen-enriched atmosphere. The results showed that
an oxygen-enriched combustion improved ignition and burnout
performances and combustion stability. As the O, concentration
increased from 30% to 70%, the activation energy of CGFA
increased. Liu et al. [18] studied the flameless mode of CGFA in a
30 kW self-preheating combustion test rig. The results showed that
a stable flameless combustion of CGFA was easily established, and
in the combustion zone, the image luminosity was uniform and no
obvious flame fronts was observed. The NO, emission was lowered
down a lot and the general emissions were less than 100 mg-m >
with the lowest value less than 50 mg-m~>. Furthermore, the schol-
ars also studied the co-combustion of CGFA and coal gangue (CG).
Zhang et al. [19] studied their co-combustion characteristics and
coupling mechanism. The results indicated that the combustion
intensity of CGFA was more intense than that of CG. As the mass
ratio of CGFA increased, the value of the combustion characteristic
index gradually increased. The nitrogen-containing gaseous prod-
ucts mainly included NH; and NO. The coupling release of NHs
was derived from the conversion of char-nitrogen. The mass ratio
of CGFA and CG at 2:1 was suggested in actual co-combustion
application. To maximize the utilization of CGFA, CGFA was also
used for soil improvement, ecological fertilization and water
restoration [20].

Concerning the special feature of developed porous structure,
CGFA is suitable as a precursor for porous materials [21-24]. There
are two reported strategies for activating carbon: physical activa-
tion (using the activating agent of CO, or steam) and chemical acti-
vation (using the activating agent of KOH, H3PO,4, NaOH, or ZnCl,)
[25-28]. Li et al. [29] studied the pore and chemical structure char-
acteristics of CGFA. The results showed that CGFA had a well-
developed pore structure, abundant active sites and carbon-
containing functional groups. Yang et al. [30] analyzed the physic-
ochemical properties of ten kinds of CGFA. It was found that the
pore structure of CGFA was relatively developed, and part of the
CGFA had the basic conditions to be used as porous carbon mate-
rials. The CGFA contained abundant amorphous carbon structure,
thus the CGFA had a good reactivity and a potential to improve
pore structure through further activation. Qi et al. [31] conducted
the fluidization activation experiments of CGFA in a bench-scale
CFB and established a theoretical model for the activation. The
results showed that ultrafine particle size and developed pore
structure greatly increased the diffusion rate of active components
into CGFA particles. Under strong diffusion, increasing temperature
is an important method for achieving the rapid and effective acti-
vation of CGFA in a limited time. Qi et al. [32] also studied the gasi-
fication of anthracite in a pilot-scale CFB gasifier and the pore
structure evolution of CGFA during steam activation. After activa-
tion, the Ssa (it is defined as the specific surface area) of CGFA max-
imally increased by 63%, reaching 452 m?.g~". Through the whole
experiment, the periodic law of pore development was obtained,
and the activation process was divided and quantified according
to the amount of carbon loss to realize the optimal activation of
CGFA. Nevertheless, research on the preparation of porous carbon

materials using CGFA is still limited, especially that involving
specific processes and equipment.

Against the aforementioned background, this study will first
demonstrate the feasibility of the high-value utilization of CGFA
as porous materials via steam activation experiments. Based on
this, a fluidization activation technology for this utilization was
experimentally studied in a bench-scale CFB test rig.

2. Methodology and Experiment
2.1. Materials and methodology

Three kinds of CGFA sampled in the fabric filter from different
industrial CFB gasifiers were employed. The CGFA samples are
originated from lignite, subbituminous coal, and anthracite, and
they are named lignite fly ash (LFA), subbituminous fly ash (SBFA),
and anthracite fly ash (AFA), respectively.

The proximate and ultimate analysis of the CGFA samples were
performed according to the Chinese standards GB/T 212-2008, GB/
T 214-2007, GB|T 476-2008 and GB/T 19227-2008.

The CGFA particle size distribution was measured by the wet
method using a laser particle sizer (Analysette 22 NanoTec,
FRITSCH, Germany).

The X-ray fluorescence (XRF) spectrometer of the ash was con-
ducted in the experiment by using S8 TIGER (Bruker, Germany).
The operating voltage was 20-60 kV, the operating current was
5-170 mA, the maximum output power was 4 kW, and the angle
resolution was 0.001°.

The crystal phase composition was measured by an X-ray
diffractometer (XRD, Bruker D2 PHASERX). The measurement
was carried out in the range of the diffraction angle from 10° to
80°, with a scanning step size of 0.02° (tube voltage 40 kV, tube
current 100 mA, Cu target and graphite monochromatic filter).

All samples were dried at 105 °C for 12 h for further character-
ization. Then, the pore structure was measured by an automatic Ssa
and a pore size analyzer (ASAP2460, Micromeritics, USA). The
working pressure was 0.1-0.15 MPa. The Ss4 and pore size distribu-
tion were obtained by the Brunauer-Emmett-Teller (BET) method.

2.2. Steam activation experiments

Steam activation experiments of CGFA were conducted in a test
rig of a vertical tube furnace, as illustrated in Fig. 1. The test rig
included a gas-water system, tube furnace reactor, and analyzer
system. The reactor had an inner diameter of 26 mm and was
designed with a porous plate with an aperture of less than 5 pm
at the bottom for distributing the activating agent and loading
the samples. Following the placement of samples into the reactor,
a 50 ml-min~! N, flow was introduced into the reactor to purge the
exhaust air for 10 min. Afterward, the reactor was put into the fur-
nace after the furnace increased to a target temperature (850, 900,
950, and 1000 °C). At this time, a 25 ml-h~! liquid water flow con-
trolled by a double plunger pump was introduced. The liquid water
was heated into superheated steam at the target temperature in
the intake pipe. The apparent velocity of gas flow in the reactor
exceeded the critical fluidization velocity of CGFA (approximately
0.026 m-s~ 1), which placed CGFA particles in a fluidization state.
The gas leaving the reactor was filtered and monitored online by
a gas analysis. After a certain time, the experiment was terminated
by turning off the double plunger pump. The reactor was removed
from the furnace and purged continuously by N, until the samples
were cooled to room temperature.

Due to the fine particle size of CGFA, the apparent gas flow rate
in the reactor was lower than 0.083 m-s—!; however, some CGFA
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Fig. 1. Schematic diagram of the vertical tube furnace test rig.

particles still escaped. We assumed that the escaped CGFA had the
same activation process as the residue in the reactor under these
conditions; during steam activation experiments, the percentage
of ash content of CGFA (Washccra, %), the percentage of ash con-
tent of activated samples (Wash accra, %), the percentage of carbon
content of CGFA (wcccra, %), the percentage of carbon content of
activated samples (Wcaccra, %), the inlet flow rate of N, during
the experiment (Qu,, L-min™'), the actual yield of CGFA
(Yaccra, %), the carbon conversion ratio (X, %), the generation rate
of gaseous product i (r;, mol-min~!), the carbon reaction rate of
CGFA (rc, mol'min~!) and the decomposition ratio of steam
(Yn,0, %) were estimated by Eqgs. (1)-(5) [33].

Yacce — —VAHCGFA L 1000 1)
Wash ACGFA
X — Wecra — Weaccra X Y ACGEA % 100% 2)
Wc ccra
_uix QN2
"= 2240y, 3)
T'c =Tco + T'co, + T'cH, (4)
18 2
Yio = M %« 100% (5)
H,0

2.3. Fluidization activation experiments

Fluidization activation experiments were conducted in a bench-
scale CFB test rig, as shown in Fig. 2. The system had two main
reaction units: a CFB unit and a downward gasifier. The CFB unit
included a riser, cyclone, and seal loop. A detailed description of
this test rig can be found in our previous study [31].

The variable studied was the molar ratio of oxygen to carbon,
and three ratios (0.09, 0.15, and 0.19 mol-mol~') were investigated.
Under stable conditions, the average feeding rate of CGFA was
approximately 10 kg-h™'; the main operating parameters were
shown in Table 1. Each test was operated stably for more than 1 h.

During fluidization activation experiments, the dry gas yield
(m3kg™"), the carbon conversion ratio (X¢, %) and cold gas effi-

ciency (1, %) were estimated by Egs. (6)-(8), in Eq. (8), the
HHV represented high heating value [32].

Qn
Yoas = ———2 6
g Un, % Fecra ©)

X — 12Ygas(l)co + Uco, + UCHA)
€= 22~4WC,CGFA

x 100% (7)

Y gas x HHV goq
HHVCGFA

where Fcgra was the feeding quantity of CGFA, kg-h™'; where
Wcccra Was the percentage of carbon content of CGFA, %; where
UcolVco,/Uen, Was the volume concentration of CO/CO,/CHy, %;
where HHVg,s/HHVcgea was the high heating value of gas/CGFA,
kcal-m~3,

Mgas = x 100% (8)

3. Results and Discussion
3.1. Physicochemical property

The proximate and ultimate analysis results of the three kinds
of CGFA are shown in Table 2. The moisture content of CGFA is
extremely low, and it is near zero for LFA and SBFA. The volatile
content is as low as 2.10%-3.67%. The fixed carbon content is in
the range of 54.06%-74.09%. Therefore, CGFA is characterized by
low moisture, low volatile matter and high carbon content, indicat-
ing that CGFA can be used as a potential raw material to prepare
porous carbon materials [34,35].

The particle size distribution is shown in Fig. 3. The particle size
of CGFA is extremely fine, mostly below 100 pm. The cumulative
volume fractions of 10%, 50%, and 90% (dqq, dso and dgp) are 3.3—
11.6 pm, 16.3-26.1 pm, and 51.0-74.7 pum, respectively. Most of
the particles are concentrated below 100 pm. According to Geldart
[37], the particle classification method shows that some samples
are C-type particles.

The results of composition of CGFA are shown in Fig. 4. Among
the three kinds of CGFA in Fig. 4(a), the ash composition is very dif-
ferent. SBFA contains more alkali metal and alkaline earth metal
components that will catalyze the gasification reaction [38-40],
including CaO, MgO and Na,O; its total amount reaches 46.4%.
The AFA contains more inert components, such as SiO, and Al,03,
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Fig. 2. Schematic diagram of the CFB test rig (1: riser, 2: cyclone, 3: loop seal, 4: downward gasifier, 5: gas cooler, 6: bag filter, 7: stack, 8: air compressor, 9: oxygen cylinder,
10: steamer, 11: gas mixer I, 12: gas mixer II, 13: water pump, 14: water tank, 15: feeder, 16: electric furnace I, and 17: electric furnace II).

Table 1

Main operating parameters during the experimental process
Parameter Case | Case Il Case III
Molar ratio of oxygen to carbon/mol-mol " 0.09 0.15 0.19
Molar ratio of steam to carbon/mol-mol ! 0.49 0.49 0.49
Highest temperature in the riser/°C 962 941 950
Apparent fluidized velocity/m-s~! 0.81 0.86 0.93

and the sum of the two is more than 78%. From Fig. 4(b), it is found
that the mineral composition of CGFA is also different among the
three samples. The LFA contains oldhamite, the SBFA contains
nepheline and lime, the main phases in the AFA samples are quartz
and mullite. The difference in ash composition is mainly related to
raw coal [27].

The N, adsorption and desorption isotherms of the samples are
shown in Fig. 5(a). According to the definition of the International
Union of Pure and Applied Chemistry (IUPAC) [41], it is inferred
that the isotherm of AFA is type I with a large slope at low P/Pg;
the isotherms of LFA and SBFA are type IV (i.e., typical mesopore
structure), without an obvious plateau period. The overlap pre-
sented in the isotherms of LFA and AFA at low P/P, values indicates
that there are semi-open micropores [42,43]. The two types of pore
structures mentioned above are indirectly described by the corre-
sponding pore size distributions, as indicated by Fig. 5(b).

The characteristic parameters of pore structure, which are cal-
culated according to the isotherms, are shown in Table 3. CGFA
has a developed pore structure with a specific surface area (Ssa)

Table 2
Proximate and ultimate analysis of samples

above 139.29 m?.g~!, a pore volume (Vi) above 0.16 cm>.g~!
and an average pore diameter (d,ye) of 2.38-5.59 nm. In particular,
SBFA has the most developed pore structure (Ssa: 551.97 m2.g !
and Vi: 0.60 cm>.g~"). This CGFA basically meets the conditions
for use as porous carbon [44].

3.2. Steam activation characteristics

Fig. 6 shows the variations in the volume concentration of the
gas component with time during the activation of CGFA. The main
gas components during the activation include H,, CO, CO,, and CHy,.
These concentrations follow a trend of first rapidly increasing and
then slowly decreasing. With an increase in temperature, the trend
is accelerated.

According to the gas components, it is inferred that the reac-
tions listed in Table 4 occur during the activation and that R1 dom-
inates the activation process. Since R1 is endothermic, increasing
the temperature promotes the forward reaction. The presence of
CO, may be attributed to the water gas shift reaction R2, which
occurs under the catalysis of alkali and alkaline earth metal
(AAEM) in coal ash [31]. For the three CGFA cases, the CO, concen-
tration in the gas is only positively correlated with the AAEM con-
tent inside CGFA (Fig. 4(a)) in the order of SBFA, LFA, and AFA.

Fig. 7 shows the variations in the carbon reaction rate and
decomposition ratio of steam. The two parameters partly reflect
the activation intensity. Clearly, the activation process is enhanced
with an increase in temperature, and the three CGFA cases are in
the order of SBFA, LFA, and AFA (from strong to weak). At
1000 °C, the maximum carbon reaction rates for SBFA, LFA, and

Samples Proximate analysis/% (mass) Ultimate analysis/% (mass) High heating value (HHV)/M]J-kg~!
Mad Fcad Vad Aad Cad Had Oad Nad Sad

LFA 0.58 73.64 2.10 23.68 73.72 0.47 0.25 0.50 0.80 25.69

SBFA 0.78 74.09 3.67 21.46 75.50 0.54 0.38 0.24 1.10 26.42

AFA 2.92 54.06 3.06 39.96 53.26 0.99 1.77 0.60 0.50 18.41

Notes: ad: air dry basis, M: moisture, FC: fixed carbon, V: volatile matter, A: ash, C: carbon, H: hydrogen, O: oxygen, N: nitrogen, S: sulfur. The HHV of fuels is calculated by the
predicting model in the reference [36], HHV = —0.03A,q — 0.11M,q4 + 0.33V,4 + 0.35FC,q (M]-kg '), the predicting error is 13%.
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Fig. 3. Particle size distributions of samples.

AFA are 10.8 x 1073, 8.3 x 1072 and 6.5 x 10> mol-min~', corre-
sponding to maximum steam decomposition rates of 60.9%, 51.5%,
and 31.9%, respectively. The strongest activation for SBFA may be
due to the enrichment of AAEM inside, especially alkali metals
(Na,O content in the SBFA ash reaches 3%, as shown in Fig. 4(a)),
acting as an activation catalyst [39]. In addition, the parabola-like
trends of the carbon conversion ratio and steam decomposition
ratio are related to the evolution of the internal pore structure
[46,47].

3.3. Pore structure evolution during steam activation

Fig. 8(a)-(c) shows the variations in the Ssa of activated CGFA
with time. For the three CGFA samples, the overall variations in
Ssa are similar, first increasing, then basically remaining constant,
and finally decreasing. After activation, the Ssn is maximally
increased by 105% for LFA (285 m2g!), by 13% for SBFA
(623 m>.g "), and by 72% for AFA (452 m?.g~"). This finding indi-
cates that CGFA has the potential to develop pore structures
through steam activation.

Due to the greatest physical activation potential, the case of LFA
is focused on to reveal the evolution of the pore structure during
activation. Fig. 9 shows the variations in Sy and Sey of the
activated LFA with time. As activation proceeds, both Sy;c and Sex

basically follow the dynamic law of developing and collapsing.
Relative to Sext, Smic contributes more to the increase in Ssa. Before
the collapse of the pore structure, there is a stage in which the
micropores and mesopores fluctuate dynamically; however, the
total Ssp remains basically unchanged. Overall, increasing the tem-
perature significantly accelerates the activation progress of CGFA
without weakening the activation potential of CGFA. This result
provides an important theoretical basis for the rapid and effective
activation of CGFA. From the perspective of the whole life cycle of
the pore structure, the evolution of the pore structure is divided
into three stages [32]: initial development, dynamic equilibrium,
and final collapse.

More detailed pore distribution characteristics are obtained by
calculating the proportions of Spic and Sexc in Ssa, as shown in
Fig. 10. As shown in Fig. 10(a), the pore structure in the LFA is dom-
inated by mesopores with a proportion up to 90.64%. Within the
first 15 min during the activation, the ratio of micropores gradually
develops from 9.36% to 57.43%. For the SBFA in Fig. 10(b), however,
as the activation time increases, the ratio of mesopores gradually
increases from 49.09% to 72.66%, indicating that the increase in
Ssa is mainly due to the contribution of mesopores. For Fig. 10(a)
and (b), the proportion of micropores re-increases at 30 and
45 min, maybe due to excessive activation resulting in the forma-
tion of new fragmented micropores after pore fragmentation. For
AFA in Fig. 10(c), as the activation time increases, the number of
micropores gradually increase and then decrease, the number of
mesopores begin to increase. It means that both of micropores
and mesopores development contribute to the improvement in
Ssa. Regarding the overall activation process, the pore development
of LFA occurs mainly due to the contribution of micropore develop-
ment, the pore development of SBFA occurs mainly due to the con-
tribution of mesopore development, and the pore development of
AFA contributes to both. It is concluded that the kind of CGFA
greatly impacts the evolution of pore structure during activation,
which may be related to coal rank and gasification conditions
[30,48].

Fig. 11 shows the relationships between Sss and the carbon con-
version ratio for all cases. Under different activation temperature
conditions, the changes in Ssp with carbon conversion ratio are reg-
ular: first increase, then remain unchanged briefly, and finally
decrease. This regularity corresponds well to the three-stage evolu-
tion of the pore structure, it is indicated that the activation process
is quantified into three stages according to the carbon conversion
ratio [32]. For LFA, the carbon conversion ratios corresponding to
the three stages are 0-35%, 35%-52%, and >52%, respectively. For
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Fig. 4. Results of (a) ash composition and (b) XRD patterns of samples (1: quartz, 2: oldhamite, 3: nepheline, 4: lime, 5: mullite).
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Table 3

Characteristic parameters of pore structure according to nitrogen adsorption test
Sample SSA®/m2‘g71 smic®/n’lz‘g71 Sext©/rnz'g71 th®/cm3'g4 dave©/nm
LFA 139.29 13.04 126.25 0.19 5.59
SBFA 551.97 272.06 279.91 0.60 4.63
AFA 277.44 202.34 75.10 0.16 2.38

Note: PSsa: specific surface area, @Sy;c: micropore surface area, @S,: external surface area is the sum of mesopore and macropore surface area, ®V,,: total pore volume,®

daye: average pore diameter.
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SBFA, the ratios are 0-22%, 22%-56%, and >56%, respectively. For
AFA, the ratios are 0-15%, 15%-65% and >65%, respectively. To
achieve the pore development of CGFA, it is presumed that the car-
bon conversion ratio of LFA, SBFA and AFA shall be separately con-
trolled within 35%, 22%, and 15%.

60 90 120 30 60 90 120
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3.4. Fluidization activation characteristics

Due to the largest physical activation potential, LFA is selected
for the fluidization activation experiment. Fig. 12 illustrates the
volume concentration of the gas component and the HHV of the
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Table 4
Main reactions involved during the experimental process [12,45]
Number Name Reaction equation AH/kJ-mol !
R1 Steam gasification C+ Hy,0 = CO + H, +131
R2 Water gas shift reaction CO +H,O0 = CO, +H, -41
R3 Hydrogasification C+2H, = CH4 -75
R4 Boudouard reaction C+CO, =2C0 +172

gas during activation. During the activation process, CO,, CO, and
H, are dominant in the gas; the volume concentration of CHy is
low, below 0.3%. According to experience, at such a low ratio of
oxygen to carbon, the concentration of combustible components
and HHV of the gas either increase with increasing ratio, or first
increase to the peak and then decrease. If not considering the influ-
ences of other factors, the regularity presented in Fig. 12(a) is obvi-
ously unreasonable. By considering the actual operating conditions
listed in Table 1, this irrationality is caused by the difference in
operating temperature among the three cases. At a ratio of 0.15
(Case II), the operating temperature is the lowest among the three
cases, approximately 941 °C. In this case, the exothermic reaction
C—O0, shifts toward the direction of combustion with generating
more CO,, and the endothermic reaction C—H,O is suppressed
[31]. This influence of lower temperature can be reflected by the
final volume concentration of the gas component and HHYV, as
shown in Fig. 12(a).

However, the carbon conversion ratio and cold gas efficiency
increase with increasing ratio of oxygen to carbon, as shown in
Fig. 12(b). As the ratio of oxygen to carbon increases from 0.09 to
0.19, the carbon conversion ratio increases from 14.4% to 26.8%,
and the cold gas efficiency increases from 6.8% to 10.2%. This result

12
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shows that the fluidization activation process of LFA obtains partial
gasification benefits.

Fig. 13 illustrates the results of the pore structure of activated
LFA during fluidization activation. Relative to raw ash, the pore
structure of the activated LFA becomes more developed after flu-
idization activation. When evaluating the activation effect accord-
ing to the Ssa, there seems to be an optimal ratio of oxygen to
carbon. At a ratio of 0.15 mol-mol~!, the Sss of activated LFA is
the highest, reaching 214 m2.g~!, which is 53.9% higher than that
of raw ash. This finding indicates that CGFA is effectively activated
in this complex fluidization environment.

As illustrated in Fig. 13(b), with an increase in the ratio of oxy-
gen to carbon, the proportion of micropores decreases from 38.11%
to 24.22%; this phenomenon indicates that increasing the ratio is
not conducive to the formation of micropores but conductive to
the formation of mesopores. Hence, the evolution of the pore struc-
ture during fluidization activation obviously differs from that dur-
ing steam activation. The intervention of oxygen is mainly
responsible for this phenomenon because of its extremely rapid
reaction with carbon.

3.5. Comparison between fluidization and steam activation

The actual fluidization activation of CGFA is extremely complex
since it involves the effectiveness of the activation reaction under
the action of various active media, including O, and H,O, and
issues relevant to mass transfer and flow between the gas and solid
phases. By comparison, steam activation in the tube furnace is sim-
pler and more effective. The latter provides theoretical reference
for the analysis of the former.
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Fig. 7. Variations in (a)-(c) carbon reaction rate and (d)-(f) steam decomposition ratio with time during the steam activation of CGFA.
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Fig. 9. Variations in Spc and Sex of activated LFA with time during the steam activation: (a) 850 °C, 900 °C, (c) 950 °C, and (d) 1000 °C.
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Fig. 14(a) shows the variations in the Ssa of the activated LFA
with time during fluidization and steam activation. In the fluidiza-
tion activation process, the activation time of LFA is on the order of
seconds; in the steam activation process, the activation time is
controlled on the order of minutes or hours. Under the same acti-
vation effect, the time required for fluidization activation is

approximately two orders of magnitude shorter than that of steam
activation. Clearly, the presence of O, significantly accelerates the
activation progress of CGFA.

Fig. 14(b) shows the variations in the Ssa of the activated LFA
with the carbon conversion ratio during fluidization and steam
activation. It is observed that there are few differences between
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the fluidization activation results and theoretical activation curves
fitted according to the results of steam activation. This phe-
nomenon indicates that under experimental conditions, the activa-
tion potential is not obviously weakened by the violent reaction of
C—O0.. In addition, according to the three-stage division standard,
the fluidization activation process of LFA is still in the development
stage of the pore structure. It is expected to further improve the
activation effect of LFA by regulating the carbon conversion ratio
range of 27%-35% to generate pores in the initial development
stage.

4. Conclusions

In this paper, it is aimed to demonstrate the feasibility of the
high-value utilization of CGFA. Through the study of physicochem-
ical properties, steam activation and fluidization activation, the
main conclusions are as follows:

(1) The three kinds of CGFA are characterized by a high carbon
content in the range of 54.06%-74.09%, an ultrafine particle
size (dso: 16.3-26.1 pm), and a relatively developed pore
structure (Ssa: 139.29-551.97 m?.g~!). The proportion of
micropores in CGFA increases gradually with increasing coal
rank.

(2) The kind of raw coal affects the development of pores during
the activation. The Ssa values of LFA, SBFA and AFA are max-
imally increased by 105%, 13% and 72% after steam activa-
tion. From the perspective of pore development, the
activation of CGFA mainly includes three stages: initial pore
development stage, dynamic equilibrium stage and pore col-
lapse stage. The carbon reaction rate and decomposition
ratio of steam of SBFA is the highest among the three kinds
of CGFA.

(3) The fluidization activation process of LFA obtains partial
gasification benefits. As the ratio of oxygen to carbon
increases from 0.09 to 0.19, the carbon conversion ratio
increases from 14.4% to 26.8%, and the cold gas efficiency
increases from 6.8% to 10.2%. The Ssy of LFA increases to
53.9% during the fluidization activation process, it is mainly
caused by mesoporous development. Relative to steam acti-
vation, fluidization activation takes an extremely short time
on the order of seconds to achieve the same activation effect.
It is expected to further improve the activation effect of LFA
by regulating the carbon conversion ratio range of 27%-35%
to generate pores in the initial development stage.
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